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Introduction

Tamoxifen (ICI 46,474 Nolvadex) is a non-steroidal antioest-
rogen (Harper & Walpolc. 1966) with antifertility properties
in rats and mice (Harper & Walpole, 1967a,b). The com-
pound was shown to have efficacy in the treatment of
advanced breast cancer (Cole et al., 1971; Ward, 1973), but it
is the low incidence of side effects and the continuing conver-
sation between laboratory and the clinic that has guided the
strategic application of tamoxifen, for the therapy of all
stages of breast cancer. Indeed, tamoxifen is now being
evaluated as a prevvinve arent in women at risk of breast
cancer (Powles et at, 1989;. Fisher, 1992).

In the laboratory, tamoxifen prevents the induction (Jor-
dan, 1974; 1976) and growth (Jordan & Dowse, 1976; Jordan
& Jaspan, 1976) of carcinogen-induced rat mammary
tumours. However if tnmoixifen is administered daily after
the carcinogenic insult is delivered to rats, the induction of
tumours is prevented as long as the drug is administered
(Jordan, 1978; Jordan et al., 1979). If therapy is stopped,
tumours reappear (Jordan & Allen, 1980; Gottardis & Jor-
dan, 1987). Tamoxifen is now considered to be both a
tumoristatic and tnPgicidal agent so that a strategy of long
term treatment (up to 5 years or indefinitely) after mastec-
tomy has become accepted as a reasonable therapeutic
approach (Jordan, 1983; 1990).

It is not the purpose of this lecture to review the develop-
ment and comple,; pharmacology of antioestrogens; this has
been done elsewhere (Jordan, 1984; 1988; Jordan & Murphy,
1990; Lerner & Jordan, 1990), rather it is to provide an up to
date evaluation of thw cqrrnt mode of action of antioest-
rogens, their applications and the problems for future treat-
ment strategies. Most importantly I will point out areas that
need to be developed to clarify toxicological issues.

Basic molecular mecha*m of action

Oestrogen action is mediated through the nuclear oestrogen
receptor in oestrogen taret tissues (uterus, vagina and some
breast cancers) (Jjisen & Ja&Qbson, 1962; Gorski et al., 1968;
Welshon et al., 1984). It has been known for a century that
oestrogen withdrawal causes the regression of some breast
cancers (Beatson, 1896; Boyd, 1900) but the measurement of
oestrogen receptors iB tuwours to predict which will respond
to endocrine ablttiQn (Jens= et al., 1971; McGuire et al.,
1975) revolutionizoed breast cancer therapy and provided a
target for therapeutic intervention. Tamoxifen is a com-

petitive inhibitor of oestrogen binding at the oestrogen rccepw
tor (Skidmore et al., 1972; Jordan & Koerner, 1975; Jordan
& Prestwich, 1977) and blocks oestrogen action in breast
cancer cells which contain receptors.

Within the cell, both oestrogen- and antioestrogen-
oestrogen receptor complexes can bind to response-enhanqr
elements and both cause a similar alteration in chromatip
structure (Pham et al., 1991) but the antioestrogen-oestrogen
receptor DNA complexes are transcriptionally nonproductive
(Green, 1990). The precise molecular mechanism is at preseWt
obscure, but studies in yeast transfected with mutant oestro..
gen receptors indicate that the antagonistic effects of antioes-
trogens arise from a synergistic interaction of transactivating
functions (TAF) of one and two sites on the oestro#eU
receptor protein (Pham et al., 1992) and not simply from 4a
inactivation of TAF-2 as previously thought (Berry et al.,
1990).
An important aspect of recent progress in understanding

antioestrogen action in breast cancer is the use of clini"l
specimens before and after tamoxifen therapy to confirm
studies conducted in the laboratory during the past decade.
Oestrogen causes an increase in the growth factors transfor-
ming growth factor (TGF) a that can stimulate tuiour
growth through an autocrnne loop using the epidermal growth
factor receptor (Figure 1). It is also possible that TOF g
can aid tumour cell survival by promoting angiogenesis
(Schrieber et al., 1986). Tamoxifen therapy causes an up
regulation of the level of oestrogen receptors (Noguchi et al.,
1993a) but a decrease in tumour concentrations of TOF %
(Noguchi et al., 1993b) which might be partly responsible for
stopping tumour growth. However, regulation of TGF a
might also have an important impact on tumour cell survival.
Recent studies (Gagliardi & Collins, 1993) have shown that
antioestrogens can inhibit angiogenesis in laboratory models;
an action that could explain the sustained survival advantage
(up to 10 years) observed after limited (two years) adjiVfant
tamoxifen therapy (Early Breast Cancer Trials Collaborative
Group, 1992).
Another aspect of tumour growth control by tamoxifeg is

the influence on endocrine and paracrine growth regulators
(Figure 2). Tamoxifen increases sex hormone binding
globulin (SHBG) levels in postmenopausal patients which in
turn lowers the amount of free-oestradiol that is present ip
the serum (Rose et al., 1992). Similarly, tamoxifen reduces
the circulating level of insulin-like growth factor 1 (IGFI)
(Pollak et al., 1992), a growth factor that is known lo
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stimulate the growth of breast tumour cells in vitro. Indeed
tamoxifen reduces the production of IGF-I in normal tissues
(Huynh et al., 1993) so it is possible that metastatic spread
would be reduced if there was a reduction in supportive
paracrine growth factor that was needed for tumour cell

ER-
BREAST CANCER

CELL

Figure 1 The potential mode of action of tamoxifen to control the
growth of oestrogen receptor positive (+) and negative (-) breast
cancer cells within a tumour. Tamoxifen can decrease the production
of transforming growth factor (TGF) a in oestrogen receptor-positive
cells that could reduce angiogenesis and can decrease cell replication
by reducing activation of epidermal growth factor receptors (EGFR).
The inhibitor growth factor, TGF P, produced both oestrogen
receptor-positive cells and fibroblasts, can inhibit the growth of
oestrogen receptor negative cells. Insulin-like growth factor (IGF-1),
a stimulatory growth factor is reduced by tamoxifen therapy.

survival. The other piece of the tumour cell mosaic is the role
played by the inhibitory growth factor TGF P (Figure 1).
The peptide is made in oestrogen receptor positive breast
cancer cells in response to tamoxifen (Knabbe et al., 1987)
but in the laboratory, TGF P will inhibit the growth of
oestrogen receptor negative cells (Arteaga et al., 1988). These
observations lead to the view that TGF P produced in oest-
rogen receptor positive cells could influence the growth of
adjacent oestrogen receptors negative cells. However, the
recent finding that tumour stromal cells can also produce
TGF 13 in the laboratory (Colletta et al., 1990) and in res-
ponse to tamoxifen therapy (Butta et al., 1992) provides
compelling evidence that a complex intercellular conversation
occurs to regulate growth.
Although the oestrogen receptor mediated mechanism might

be the most important in the breast tumour, the fact that
tamoxifen can provide significant survival advantages in breast
cancer patients with oestrogen receptor-poor tumours (Early
Breast Cancer Trials Collaborative Group, 1992) has raised
the possibility that all postmenopausal women with a diagnosis
of breast cancer should receive tamoxifen maintenance (Jor-
dan, 1993). The multiple mechanisms of action of tamoxifen
(Figures 1 and 2) that can potentially control tumour growth
provides compelling evidence to support the clinical view that
all menopausal patients can benefit from tamoxifen.

Pharmacology of tamoxifen

Tamoxifen displays an interesting spectrum of agonist and
antagonist actions in different tissues and in different species.
This pharmacology has been reviewed (Furr & Jordan, 1984;
Jordan, 1984; Jordan & Murphy, 1990) but several recent

Figure 2 An overview of the actions of tamoxifen in controlling breast cancer growth. Tamoxifen will inhibit oestrogen binding to
tumour oestrogen receptors and alter the regulation of growth factors in the tumour (see Figure 1). The circulating level of
insulin-like growth factor (IGF-1) is reduced and in postmenopausal patients, tamoxifen increases the circulating level of sex
hormone binding globulin (SHBG). As a result, the level of free versus SHBG bound oestradiol is reduced in the tamoxifen-treated
patient.
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laboratory findings have implications for the clinical applica-
tions of tamoxifen. The wide acceptance of tamoxifen as a
breast cancer therapy coupled with its potential as a preven-
tive in normal women has re-focused attention on laboratory
studies that could have long term consequences for patients.

In short term laboratory assays, tamoxifen is usually
classified as an oestrogen in the mouse, and partial
antagonist in rats and man. At present there is no adequate
explanation for the species differences in pharmacology.
Numerous studies have been completed to determine whether
different metabolites are present in different species (Lyman
& Jordan, 1985; Langan-Fahey et al., 1990; Robinson et al.,
1991). However, the studies have only demonstrated in-
creased production of 4-hydroxytamoxifen in the mouse
(Robinson et al., 1991). This metabolite has high binding
affinity for the oestrogen receptor (Jordan et al., 1977) but
does not display exceptional oestrogenicity in mouse assays
(Jordan et al., 1978). In fact the view that tamoxifen is an
oestrogen in the mouse might be an over simplification,
because the sustained administration of tamoxifen to ovariec-
tomized mice results in the uterus becoming refractory to
oestrogen administration (Jordan et al., 1990). It appears that
the uterus initially responds to tamoxifen as an oestrogen but
the longer tamoxifen administration is continued, uterine
weight decreases back to untreated values.
The pharmacology of tamoxifen is extremely complex and

appears not only to be species- but also tissue- and duration
of administration-specific. This pharmacology has yet to be
resolved; nevertheless, the necessity of determining the
mechanism of actions of tamoxifen in various tissues to
explain its agonist and antagonist actions is becoming essen-
tial. Obviously the safety of a medicine is of paramount
importance so laboratory test systems are established to dis-
cover any potential toxicities that might have important con-
sequences for the deployment of a drug. Unfortunately it
may become difficult to determine what is a clinically
relevant toxicological result from the laboratory in the light
of extensive clinical experience.
A current concern is the potential of tamoxifen to produce

liver tumours because the laboratory and clinical information
is divergent. Tamoxifen has 4.5 million women years of
experience and by and large the toxicology monitoring has
revealed few serious side effects. At present there are no
reports of increases in the incidence of hepatocellular car-
cinoma at the 10mg tamoxifen twice daily dose, although
two cases of hepatocellular carcinoma have been noted with
the use of 20 mg tamoxifen twice daily. In contrast, tamox-
ifen is known to form DNA adducts in the rat liver and to
cause rat liver tumours (Dragan et al., 1991; Han & Liehr,
1992; White et al., 1992; Williams et al., 1993). These data in
the laboratory cannot be ignored because they represent
important information about the pharmacology of tamox-
ifen. Indeed the research effect must be intensified in the
laboratory to determine the mechanism for the carcinogenic
effect of tamoxifen. It may be found that the phenomenon is
species-specific and does not occur to a significant extent in
man. However the comparative study will yield valuable
comparative toxicities and an insight into the mechanism of
toxicity. One explanation for the carcinogenic action of
tamoxifen in the rat liver may be as an oestrogenic tumour
promoter. It is known that oestradiol and synthetic oest-
rogens are powerful promoters of rat liver carcinogenesis but
the administration of contraceptive oestrogens and oestrogen
replacement therapy in patients has not demonstrated an
increased incidence of liver tumours that restricts clinical
usage.

Overall the toxicology of tamoxifen has proved to be a
controversial issue and the adverse publicity has become
extremely troublesome for the hundreds of thousands of
women who benefit from the drug. Fortunately the benefit of
tamoxifen as an anticancer agent can be quantitated and has
been the subject of a recent overview analysis of controlled
clinical trials.

An overview of adjuvant tamoxifen therapy

The effectiveness of adjuvant tamoxifen in both node positive
(tumour spread to lymph nodes) and node negative breast
cancer has recently been established in an overview analysis
(Early Breast Cancer Trials Collaborative Group, 1992). The
review included 30,000 women in randomized trials of
tamoxifen. Highly significant reductions in the annual rates
of recurrence and death are produced (25% for recurrence
and 17% for mortality) and tamoxifen reduced the risk of
developing a contralateral breast cancer by 39%. Most inter-
estingly, the differences in survival produced by two years of
tamoxifen therapy was larger at 10 years than at 5 years.
However, as was predicted by the laboratory data (Jordan,
1983), the duration of adjuvant therapy was important for
controlling recurrence and improving mortality. Women who
received only one year of tamoxifen had a worse prognosis
than those receiving more than two years of tamoxifen. Node
negative women had a similar benefit from tamoxifen
monotherapy whether they were above or below the age of
50. In contrast, the node positive women had more benefit
from tamoxifen containing regimens if they were post-
menopausal and less benefit if they were premenopausal.
This, in part, could be because the node positive breast
cancer patients also received combination chemotherapy
which is known to cause ovarian ablation (Rose & Davis,
1977). It is therefore possible that the benefit to be gained
from this form of 'endocrine therapy' i.e. chemical oophorec-
tory, is optimal and tamoxifen can add little further benefit.
It is perhaps pertinent to point out that the overview analysis
found that ovarian ablation below the age of 50 decreases
mortality (25%) to a similar extent as polychemotherapy
(16%).

Finally, there has been much controversy about the role of
the oestrogen receptor in predicting response to tamoxifen
therapy. In the United States tamoxifen is approved as an
adjuvant therapy for all postmenopausal patients with node
positive disease but an increased level of oestrogen receptor
might improve the chances of a beneficial response. The
overview analysis found that oestrogen receptor-poor post-
menopausal patients (<1O fmol mg-' cytosol protein) had a
16% reduction in annual odds of recurrence. The situation
improves if the oestrogen receptor is > 10 fmol mg-' cytosol
protein; the reduction in the annual odds of recurrence is
36% for women over 50 years of age.
These statistical studies have established the worth of

adjuvant tamoxifen to aid survival and placed a valuable
therapeutic agent in the hands of the medical community.
This success has resulted in an extension of adjuvant tamox-
ifen therapy and a careful evaluation of the potential side
effects of long term adjunct tamoxifen therapy.

Long term tamoxifen therapy

During the 1970's, several clinical trials organizations decided
to select a conservative course of one year of adjuvant
therapy. This decision was, however, based upon a number
of reasonable concerns. Patients with advanced disease
usually respond to tamoxifen for one year and it was
expected that oestrogen receptor negative disease would be
encouraged to grow prematurely during adjuvant therapy. If
this occurred, then the physician would have already used a
valuable palliative drug and would have only combination
chemotherapy to slow the relentless growth of recurrent
disease. The argument produced an intuitive reluctance to
use long term tamoxifen therapy because it would lead to
premature drug resistance: longer might not be better.

Finally, there were sincere concerns about the side effects
of adjuvant therapy and the ethical issues of treating node
negative patients who might never have recurrent disease.
Few women in the mid 1970's had received extended therapy
with tamoxifen, so that long-term side effects were largely
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unknown. The majority of tamoxifen-treated patients had
received only about two years of treatment for advanced
disease before drug resistance occurred. Potential side effects
of thrombosis, osteoporosis, and so on were only of secon-
dary importance. The use of tamoxifen in the disease-free
patients would change that perspective.
The first evaluation of long-term tamoxifen therapy in

node positive breast cancer patients was initiated in 1977
at the University of Wisconsin Comprehensive Cancer
Center. This pilot study was to determine whether patients
could tolerate five years of adjuvant tamoxifen therapy and
whether changes in the metabolism of the drug would occur
during long-term treatment. No unusual side effects of
tamoxifen were noted, and blood levels of tamoxifen and
its metabolites N-desmethyltamoxifen and metabolite Y
remained stable throughout the five years of treatment
(Tormey & Jordan, 1984; Tormey et al., 1987). Although this
study was not a randomized trial, those patients who are

receiving long-term tamoxifen therapy continue to make
excellent progress and many patients have been taking the
drug for more than 15 years. We have recently reported
(Langan-Fahey et al., 1990) that tamoxifen does not produce
metabolic tolerance during 10 years of administration.
The clinical data from the pilot study in Wisconsin and the

DMBA rat mammary carcinoma data (Jordan, 1983) were
used to support randomized Eastern Cooperative Oncology
Group trials EST 4181 and 5181. An early analysis of both
EST 4181 (Falkson et al., 1990) and EST 5181 (Tormey et
al., 1992) which compares short term with long term tamox-
ifen (both with combination chemotherapy) has demon-
strated an increase in disease-free survival with long-term
tamoxifen therapy. In fact, the five year tamoxifen arm has
now gone through a second randomization either to stop the
tamoxifen or to continue the antioestrogen indefinitely.
The National Surgical Adjuvant Breast and Bowel Project

(NSABP) has conducted a registration study of two years of
combination chemotherapy plus tamoxifen and compared the
result with the same regimen but with an additional year of
tamoxifen (Fisher et al., 1987). Overall, the NSABP inves-
tigators conclude that three years of tamoxifen is superior to
two years of tamoxifen. Most importantly, there is now a

belief that tamoxifen alone may be optimal adjuvant therapy
for postmenopausal patients. However, this point is con-

troversial as tamoxifen is clearly effective in postmenopausal
but such high numbers are needed to discern any small
additional advantages in survival by adding chemotherapy.
Be that as it may, even if modest differences are detected in
survival, or even disease-free survival, this apparent advan-
tage does not take into account the decrease in the quality of
life experienced by the recipient of combination chemo-
therapy. The NSABP has demonstrated a survival advantage
for patients receiving an adriamycin containing regimen with
tamoxifen compared with tamoxifen alone (Fisher et al.,
1990). In contrast, a report from Italy has demonstrated that
the addition of combination chemotherapy to long term
tamoxifen (5 years) therapy does not seem to improve
significantly the clear cut effectiveness of tamoxifen alone to
prevent occurrence in oestrogen receptor and node positive
disease (Boccardo et al., 1990).

Although the two year adjuvant tamoxifen study that was
conducted by the Nolvadex Adjuvant Trials Organization
(NATO) was the first to demonstrate a survival advantage
for women with tamoxifen alone (Nolvadex Adjuvant Trial
Organization, 1985) current clinical trials are all evaluating a
longer duration of therapy. The Scottish trial has evaluated
five years of tamoxifen versus treatment and has demonstrated
a survival advantage for patients who take 10 mg b.i.d._tamox-
ifen (Breast Cancer Trials Committee, 1987). The Scottish
trial is particularly interesting because it addresses the ques-
tion of whether to administer tamoxifen early as an adjuvant
or save the drug until recurrence. This comparison was

possible because most patients (92%) in the control arm

received tamoxifen at recurrence. Early concerns that long-

term adjuvant tamoxifen would result in premature drug
reistance are unjustified as the patients have a survival
advantage on the adjuvant tamoxifen arm.

Finally the NSABP landmark study B14 to evaluate
adjuvant tamoxifen therapy in oestrogen receptor positive,
node negative patients (Fisher et al., 1989) has demonstrated
advantages for both pre- and postmenopausal patients. The
patients were initially randomized to placebo or tamoxifen
(10 mg bi.d.) for five years but now the tamoxifen treatment
arm is being randomized either to stop tamoxifen or to
continue for another five years.

All of the long term tamoxifen clinical trials have led to a

general trend for extended tamoxifen therapy in general prac-
tice. This broad use of tamoxifen in women who are either
disease free or indeed may never have a recurrence has
mandated the re-evaluation of the toxicology and side effects
of therapy.

Additional benefits of tamoxifen therapy

In the mid 1980's, concerns were raised about the wisdom of
treating women chronically with an antioestrogen. Oestrogen
is beneficial to women to maintain bone density and to
maintain a favourable lipid profile and protect against cor-
onary heart disease. However tamoxifen exhibits numerous
oestrogen-like effects in postmenopausal women (Furr & Jor-
dan, 1984). It was believed that these partial agonist actions
of tamoxifen could translate into beneficial effects to main-
tain bone density and to prevent coronary heart disease. At
present there are several encouraging studies that indicate the
possible merit of long term tamoxifen therapy.
Tamoxifen does not cause any reduction in bone density

(Love et al., 1988; Fentiman et al., 1989; Powles et al., 1990;
Kalef-Ezra et al., 1992) and in two clinical trials post-
menopausal patients receiving tamoxifen experienced a
beneficial effect on bone density compared to patients receiv-
ing no endocrine treatment (Love et al., 1992a; Turken et al.,
1989). However, no comparisons have been made between
the ability of tamoxifen or exogenous oestrogens to maintain
bone in postmenopausal women. Nevertheless, since women
with breast cancer are a group of patients that is uniformly
ineligible for postmenopausal oestrogen replacement therapy,
any bone preserving effect produced by tamoxifen is an
added benefit to its antitumour actions.

Furthermore patients treated with tamoxifen also exper-
ience significant reductions in total serum cholesterol, low-
density lipoprotein cholesterol and apolipoprotein B levels
(Powles et al., 1989; Love et al., 1990; 1991a). The other
interesting observation is that the high density lipoprotein
cholesterol either increases or is unchanged but total serum
cholesterol is reduced relative to baseline i.e. if the patient
has a higher than normal baseline cholesterol there is a

greater percentage decrease than a patient with a low
baseline cholesterol value (Love et al., 1991a). These effects
of lipids are usually associated with reductions in the risk of
cardiovascular disease and in one study, a significant reduc-
tion in the incidence of fatal myocardial infarction was
observed in the tamoxifen-treated group compared to con-
trols (McDonald & Stewart, 1991).

Overall, the oestrogenic activity of tamoxifen could pro-
duce a profound effect to support physiological functions in
women and help to prevent the development of osteoporosis
and coronary heart disease. However the oestrogenicity may
also cause deleterious side effects that must be carefully
monitored in patients.

Side effects related to the ostrogenicity of tamoxifen

There are several anecdotal reports (Nevasaari et al., 1978;
Hendrick & Subraminian, 1980; Lipton et al., 1984) of
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thromboembolic events occurring in association with tamox-
ifen therapy. However, detailed studies documenting statis-
tically significant increases in thromboembolic disorders
during long term tamoxifen monotherapy are lacking.
Venous and arterial thombosis does occur more frequently in
patients receiving chemotherapy and tamoxifen (Saphner et
al., 1991), so it might be prudent to monitor this parameter.
Tamoxifen has been associated with decreased levels of
antithrombin III (Jordan et al., 1987; Love et al., 1992b) but
these are not clinically significant reductions, except possibly
in the case of a patient with a previous history of a clotting
disorder. It is however important to point out that tamoxifen
alters the blood transport of the coumarin type anti-
coagulants (Ritchie & Grant, 1984; Tenni et al., 1989) so
special care must be taken to ensure the appropriate types
and levels of medication.

Considerable interest is currently focused on the risks of
developing endometrial carcinoma during long-term tamox-
ifen therapy. However, the relationship between tamoxifen
and endometrial carcinoma remains controversial. Interest-
ingly, though, tamoxifen has been used as a treatment for
endometrial carcinoma (Broens et al., 1980; Swenerton, 1980;
Bonte et al., 1981). The antioestrogenic action of tamoxifen
dominates in this pharmacological application. However,
recent evidence from both the laboratory and clinic indicate
that tamoxifen can act as a growth promoter for occult
endometrial carcinoma. In the athymic mouse model, oest-
rogen receptor-positive human endometrial carcinoma will
grow in response to tamoxifen (Satyaswaroop et al., 1984).
Indeed in animals co-transplanted with human endometrial
tumours and breast tumours, tamoxifen will prevent the oest-
rogen stimulated growth of the breast tumours but enhance
the growth of the endometrial tumours (Gottardis et al.,
1988). This observation heightened awareness about the pos-
sibility that tamoxifen could encourage the development of
endometrial carcinoma during breast cancer therapy.
Tamoxifen has now been implicated in the development of

endometrial tumours in patients. In one study, with accrual
of over 1 800 postmenopausal women who received either
tamoxifen or placebo after primary surgery for breast cancer,
13 patients in the tamoxifen-treated group compared to two
in the placebo-treated group developed endometrial cancer
(Fornander et al., 1989). This study also showed that the
incidence of endometrial cancer was correlated with the dura-
tion of tamoxifen. Women who received tamoxifen for five
years were at greater risk for developing endometrial car-
cinoma. However, the women in the study all received
tamoxifen 20 mg b.i.d. which is twice the dose normally
prescribed in the United States. There are other reports of
endometrial carcinoma with high dose tamoxifen treatment
(Hardell, 1988; Atlante et al., 1990; Magriples et al., 1993)
but interest is currently focused on the epidemiology of
endometrial cancer at the standard dose regimen of 20 mg
daily. In a study conducted by the Southwest Oncology
Group, four of the 641 patients treated for one year with
tamoxifen developed endometrial cancer, compared to no
cases of endometrial cancer in the 325 patients treated with
adjuvant chemotherapy (Sunderland & Osborne, 1991).
Similarly in a study by Anderson and colleagues (1991) of
one year of adjuvant tamoxifen there was a trend toward an
increased risk of developing endometrial carcinoma. Unfor-
tunately in neither report was any clinical information given.
However, in a recent review of the published information
(Nayfield et al., 1991) (Table 1), the incidence data only
translates to an extra four women per thousand who take
tamoxifen who will develop endometrial carcinoma. In fact
the difference becomes insignificant if high dose tamoxifen-
treated patients are excluded. It has been suggested (Gusberg,
1990) that careful patient monitoring, using serial endomet-
rial biopsies, may be an appropriate screening technique.
Unfortunately, this approach may not be acceptable to
patients. Careful patient monitoring and endometrial biopsies
when the patient experiences unexplained spotting or bleeding

may be the most appropriate. Surgical intervention may then
become necessary.
The strategy of targeting individuals on tamoxifen who

experience symptoms rather than screening the whole treat-
ment population may have merit by analogy with oestrogen
based hormone replacement therapy in postmenopausal
women. Horowitz & Feinstein (1986) argue that the observed
increase in endometrial carcinoma attributed to oestrogens
(and presumably we can also suggest tamoxifen) may be due
to increased detection of lesions that would otherwise remain
as silent tumours. They support this conjecture by reporting
that the incidence of 'silent' endometrial cancers diagnosed at
autopsy is roughly three times the incidence in the living
population. It is possible that the partial agonist action of
tamoxifen could act on silent tumours and any resultant
abnormal bleeding would bring about an increased detection
rate. Indeed this may be beneficial to the patient. The pro-
bability of surviving five years after a diagnosis of endomet-
rial carcinoma is 0.89 for previous oestrogen users but only
0.53 for non-users (Schwartzbaum et al., 1987). One inter-
pretation of these data is that oestrogen promotes the early
detection of occult tumours by causing abnormal bleeding
before the development of metastases. Early detection may
be the best strategy for the patient rather than the slow
growth of silent disease.

It is also important for the gynaecologiest to appreciate
that tamoxifen has been associated with endometriosis,
endocervical and endometrial polyps (Ford et al., 1988;
Neven et al., 1989; Nuovo et al., 1989; DeMuylder et al.,
1991; Corley et al., 1992). As a result, any bleeding that
occurs does not automatically mean the patient has endomet-
rial carcinoma.

Despite concerns about the development of the endomet-
rial carcinoma during long term tamoxifen therapy for breast
cancer there is insufficient evidence to deny a woman tamox-
ifen treatment. The benefits far outweigh the risks and
regular gynaecological examinations will provide adequate
safeguards for both the physicians and the patient.

Overall the past decade has established the effectiveness of
tamoxifen as a valuable therapeutic agent. The proven
antitumour actions of tamoxifen and the low incidence of
side effects have increased enthusiasm to evaluate the role of
tamoxifen to prevent breast cancer in high risk women. The
concept is a direct result of a sound laboratory rationale and
broad clinical experience.

The biological basis for prevention

During the past two decades a growing body of literature on
the prevention of mammary cancer in rodents has been used
to support the clinical use of tamoxifen to prevent breast.
However it was Lacassagne (1936) who predicted that a
therapeutic intervention could be developed that would 'pre-
vent or antagonize the congestion of oestrogen in the breast'.
Unfortunately, at that time no therapeutic agent was

Table 1 Cumulative frequency of uterine
adjuvant tamoxifen therapy

Trial

Copenhagen
ECOG
NATO
NSABP
Scottish
Stockholm
Toronto-Edmonton

Total

Tamoxifen-treated
cancers (n)

2
l
0
2
4
13
0

(164)
(91)
(564)
(1419)
(661)
(931)
(198)

cancers during

Control cancers

(n)

0

0
0
2
2

0.5%

(153)
(90)
(567)
(1428)
(651)
(915)
(202)

0.1%

Adapted from Nayfield et al. (1991).
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available and all his predictions were based upon the known
effect of early oophorectomy in preventing the development
of mammary cancer in high incidence strains of mice.
The animal studies with tamoxifen have been undertaken

for two reasons. First, to establish the efficiency of tamoxifen
in well-described models of carcinogenesis and second to
discover whether tamoxifen would always be an inhibitor or
whether the drug could exacerbate tumorigenesis. Two
animal model systems have been used extensively: the
carcinogen-induced rat mammary carcinoma model and
mouse mammary tumour virus (MMTV) infected strains.
The mammary carcinogens DMBA (Huggins et al., 1961)

and NMU (Gullino et al., 1975) induce tumours in young
female rats. The timing of the carcinogenic insult is very
important because as the animals age they become resistant
to mammary carcinogens. Tumorigenesis does not occur in
oophorectomized animals and the sooner oophorectomy is
performed after the carcinogenic insult the more effective it is
in preventing the development of tumours (Dao, 1962). The
administration of tamoxifen to carcinogen-treated rats
prevents the initiation of carcinogenesis and animals remain
tumour-free (Jordan, 1976; Turcot-Lemay & Kelley, 1980).
The short term administration of tamoxifen at different

times after the carcinogenic insult is effective in reducing the
number of tumours that develop (Jordan et al., 1979; Jordan
& Allen, 1980; Wilson et al., 1982) although most animals
develop at least one tumour after therapy is stopped. In
contrast, continuous therapy that is started one month after
the administration of carcinogens completely inhibits the
appearance of mammary tumours (Jordan, 1983; Gottardis &
Jordan, 1987). Under these circumstances, tamoxifen is
preventing promotion and is suppressing the appearance of
occult disease.

Consideration of the use of tamoxifen in mouse models
was delayed because the pharmacology of tamoxifen in the
mouse was initially thought to be very different from the rat.
Tamoxifen is oestrogenic in short term tests in oophorec-
tomized (Harper & Walpole, 1967b) and immature mice
(Terenius, 1971). However, the finding that long-term
therapy renders the oophorectomized mouse vagina (Jordan,
1975) and athymic mouse uterus (Gottardis & Jordan, 1988)
refractory to oestrogenic stimuli prompted a reconsideration
of the value of tamoxifen as a preventive in mouse mammary
tumour models. Tumorigenesis is ovarian-dependent in the
MMTV model (Lathrop & Loeb, 1916). However, unless the
animals are ovariectomized just after weaning about 50% of
the animals produce tumours. In contrast the sustained
administration of tamoxifen prevents mammary tumori-
genesis in 90% of the animals; a result that is superior to
ovariectomy (Jordan et al., 1991).
Although the animal studies are encouraging, the most

compelling evidence that tamoxifen can be an effective
preventive comes from an analysis of adjuvant clinical trials.
The incidence of contralateral breast cancer is estimated as

Table 2 Comparison of contralateral breast cancer rates
for tamoxifen-treated versus placebo-treated women with
early-stage breast cancer

8/1 000 women annually (Chaudary et al., 1984) and it was
possible that the tumoristatic action of tamoxifen could
reduce second primary breast cancers. Cuzick & Baum (1985)
were the first to note that tamoxifen prevented the
appearance of secondary breast cancers. A review of pub-
lished clinical trials which involve nearly 5 000 women per
arm, shows a one third reduction of contralateral breast
cancer with tamoxifen treatment (Table 2). Similarly the
overview analysis of randomized clinical trial (EBCTC 1992)
with 9000 women per group showed a rate of developing
primary breast cancers in control of 2% but 1.3% in
tamoxifen-treated groups. Since the timing of initiation in
human breast cancer is unknown, tamoxifen will be given to
target populations to suppress and hopefully reverse the pro-
motional effects of oestrogen during carcinogenesis.

Current tamoxifen prevention trials

Unlike the laboratory models of mammary tumorigenesis
where all animals develop tumours and the efficacy of tamox-
ifen is readily demonstrated, it is difficult to target the appro-
priate population of women at risk for breast cancer.
Numerous risk factors have been identified (Table 3) but
these have been reviewed elsewhere (Morrow, 1992; Morrow
& Jordan, 1992). However, because the incidence of breast
cancer is so small in the general population, it is essential to
recruit women volunteers with a high risk profile to be able
to evaluate the worth of tamoxifen. It is essential to design a
double blind trial, but the large numbers of volunteers
required and the long time period necessary to obtain a
statistically significant results mandates an enormous clinical
trials effort, data management, and compliance monitoring.

There are currently three clinical trials recruiting women to
test the worth of tamoxifen to prevent breast cancer. The
first trial was begun at the Royal Marsden Hospital in 1986
(Powles et al., 1989; 1990). At present about 2 000 women
are randomized to receive either tamoxifen 20 mg daily or
placebo for five years. High risk women, for the purposes of
this study, are defined as those with at least one first degree
relative who developed breast cancer under age 40, or
bilateral cancer at any age, or at least two first degree
relatives with breast cancer at any age. Risk factors other
than family history are not considered. The age range of
study participants is from 30 to 66 with a mean age of 48
years. At 12 months an 83% compliance rate was noted for
women in the tamoxifen arm which by two years had
decrease to approximately 70%. This study is designed as a
feasibility trial with the ultimate goal being a large scale
multi-centre trial. In March 1992 the Medical Research
Council (MRC) of Great Britain voted to restrict entry to the
multi-centre trial to women over the age of 40 with a four
fold or greater relative risk of breast cancer. The current
estimate for the risk of the recruited population is 3.8. Con-
cerns over the induction of liver tumours in rats by tamox-
ifen was cited by the MRC as the major reason for restricting
entry into the study (Anonymous, 1992). The trial is, how-
ever, now (July, 1993) approved by the department of health
and is actively recruiting 15,000 women.

Clinical trial

Copenhagen
ECOG 1178
Stockholm
Toronto-Edmonton
Scottish
CRC
NATO
NSABP-14

Average

Rate for tamoxifen-
treated women

1.8%
1.1%
1.9%
1.5%
1.4%
0.7%
2.7%
1.6%

1.6%

Rate for control-
treated women

2.6%
3.3%
3.5%
1.5%
1.8%
1.9%
3.0%
2.2%

2.4%

Adapted from Nayfield et al. (1991).

Table 3 Estimates of increase in the risks of a woman
developing breast cancer if she has individual risk factors

Increase in
relative risk

Mother or sister with breast cancer
Mother plus sister
Nulliparous woman
First pregnancy >30
Atypical hyperplasia
Lobular carcinoma in situ (LCIS)

Adapted from Morrow (1992).

1.5-3.0
4.6
1.4
2-5
4.4

6.9-12
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A second study, again randomizing participants to treat-
ment with tamoxifen, 20 mg daily or placebo, opened in the
United States in May, 1992. This study, administered by the
NSABP with National Cancer Institute funding, has an acc-
rual goal of 16000 women over the next two years. Those
eligible for entry into the study include any woman over the
age of 60, or women between the ages of 35 and 59 whose
five year risk of developing breast cancer, as predicted by the
Gail model (Gail et al., 1989) equals that of a 60 year old
woman. Any woman over age 35 with a diagnosis of lobular
carcinoma in situ (LCIS) treated by biopsy alone is eligible
for study entry. In the absence of LCIS, the risk factors for
entry vary with age so that a 35 year old woman must have a
relative risk of 5.07 while a 45 year old woman's relative risk
must be 1.79 to be eligible for study entry. Treatment will
continue for a minimum of five years.

Finally, in Italy, the Milan Cancer Institute has initiated a
five year study of tamoxifen (20 mg daily) versus placebo for
five years in hysterectomized women over the age of 45 years.
The aim is to avoid any complications with either pregnancy
or endometrial carcinoma. The group will recruit 20 000
volunteers for the study.
For the first time, the clinical trials community is in the

process of evaluating a therapy to prevent breast cancer.
However, the majority of women recruited to the trials will
not develop breast cancer although they will experience
symptoms and side effects related to the pharmacology of
tamoxifen. The evaluation of the toxicology of tamoxifen in
the trials is extremely important not only to determine the
therapeutic value of the intervention but also to assess
whether compliance can be maintained by the study popula-
tion. Extra attention is being paid to acute and chronic
toxicities.

Side effects of tamoxifen therapy

The side effects of tamoxifen are related to its differential
oestrogenic and antioestrogenic properties at various target
tissues. Several studies (Ingle et al., 1981; Fisher et al., 1989;
Pritchard et al., 1980; Nolvadex Adjuvant Trial Organiza-
tion, 1983; 1985; Cummings et al., 1985; Buchanan et al.,
1986; Love, 1988; Powles et al., 1989; Paterson et al., 1990;
Love et al., 1991b) have compared the incidence of side
effects observed in patients treated with tamoxifen with those
in an alternate therapy or given a placebo. The range of the
percentage incidence of side effects during tamoxifen therapy
are illustrated in Table 4. Interestingly the only adverse side
effect consistently reported by patients receiving tamoxifen
that was significantly greater than placebo was hot flushes.
All of the other side effects occurred with a similar incidence
in the placebo arm. This illustrates how important it is to
have placebo controlled trials and good support services
for prevention studies. Gynaecological symptoms can become
troublesome and must be a focus for attention in premeno-
pausal women recruited into prevention studies. Patients
experience leukorrhoea, endometrial hyperplasia (Gal et al.,
1991; Neven et al., 1990), polyps (Corley et al., 1992) and
one recent case report describes the rapid growth of a
leiomyoma in a patient receiving tamoxifen (Dilts et al.,
1992). Although some premenopausal women become amen-
orrhoeic during tamoxifen therapy, most continue to have
normal or mildly altered menstrual cycles. These women
should be considered to be at risk for pregnancy and indeed
tamoxifen is known to induce ovulation in sub fertile women
(Furr & Jordan, 1984). Although there are no reports of
teratogenicity in response to tamoxifen, the drug should not
be prescribed to the pregnant patient. The endocrinological
effects of tamoxifen in pre- and postmenopausal women are
summarized in Figure 3. Tamoxifen induces ovarian ster-
oidogenesis (Groom & Griffiths, 1976; Jordan et al., 1991)
elevating serum oestradiol levels to as high as 2500 pg ml-
in premenopausal women (Manni & Pearson, 1980; Jordan et

Table 4 Percentage of patients with acute adverse side
effects from tamoxifen

Fatigue*
Vasomotor instability (hot flushes)
Insomnia
Headache
Depression
Altered menses -

(amenorrhoea, oligomenorrhoea, menstrual disorders,
vaginal discharge, vaginal bleeding)

Pain (bone or musculoskeletal)
Fluid retention (oedema)
Nausea
Anorexia
Leukopaenia
Skin rash
Vomiting
Diarrhoea
Ovarian cysts
Constipation
Weight gain
Hypercalcaemia
Abdominal cramps
Thrombocytopaenia
Phlebitis
Dizziness, light-headedness

5-70%
17-67%
0-54%
9-37%
1-33%
1-31%

2-30%
2-25%
3-21%
1-16%
1-15%
4-13%
1-12%
8-10%
3-5%
2-4%
4%
3-4%
1-3%
1-2%
<1%
<1%

*Shown are the range of the percentages of
tamoxifen-treated patients reporting side effects (Pritchard et
al., 1980; Ingle et al., 1981; NATO, 1983; 1985; Cummings
et al., 1985; Buchanan et al., 1986; Love, 1988; Powles et al.,
1989; Fisher et al., 1989; Paterson et al., 1990; Love et al.,
1991b).

al., 1991). Chronically elevated oestrogen levels normally
cause decrease follicle stimulating hormone (FSH) and
leutinizing hormone (LH) production. Treatment with tam-
oxifen might be expected to elevate gonadotropin levels by
blocking negative feedback. However, FSH and LH levels
remain largely unchanged which indicates that tamoxifen
may act directly on the ovary to increase steroidogenesis, and
the balance between its agonist and antagonist activities
maintains pituitary gonadotropin secretions at normal levels
in the face of elevated serum oestradiol. It is unclear whether
or not hypersecretion from the ovary will result in an in-
creased pathology, but tamoxifen has been associated with an
increased incidence of fibroid ovaries and ovarian cysts
(Powles et al., 1989).
A recent concern is the increasing reports of ophthalmic

problems. Triphenylethylenes, including tamoxifen and clo-
miphene can cause cataracts in rats (Furr & Jordan, 1984).
The difficulty in assessing the anecdotal reports is the fact
that the incidence of problems is not being assessed in large
treatment or placebo groups. Case reports of retinopathy
(Kaiser-Kupfer & Lippman, 1978; Kaiser-Kupfer et al., 1981;
Vinding & Nielsen, 1983; Griffiths, 1987; Bentley et al.,
1992), optic neuritis (Pubesgaard & Von Byben, 1986) and
keratopathy (Kaiser-Kupfer & Lippman, 1978) have been
reported in patients receiving tamoxifen. Retinopathy was
initially reported in patients receiving very high doses of
tamoxifen, but recent reports suggest retinopathy can also
occur at the usual low dose of 20mg/day (Griffiths, 1987;
Gerner, 1989; Pavlidis et al., 1992).
Two prospective studies have demonstrated no adverse

ocular effects associated with low dose tamoxifen therapy
(Beck & Mills, 1979; Longstaff et al., 1989) whereas a recent
prospective study has demonstrated reversible ocular toxicity,
macular degeneration, associated with low dose tamoxifen
therapy (Pavlidis et al., 1992). Patients with macular
degeneration are not candidates for recruitment to the
NSABP prevention trial. Clearly new studies to evaluate the
visual acuity and ocular changes in pre-existing tamoxifen
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Figure 3 The endocrine effects of tamoxifen in pre- and postmenopausal patients.

versus placebo clinical trials are essential to reassure the
clinical community.

Summary and conclusions

Tamoxifen has been found to be a safe and effective treat-
ment for all stages of breast cancer. Long term tamoxifen
therapy is associated with some rare, but potentially serious,
side effects so patients should be carefully monitored. How-
ever, long term tamoxifen therapy is also associated with a
number of physiological benefits over and above its

tumouristatic action. These benefits include a decrease in the
development of contralateral breast cancer, the maintenance
of bone density in postmenopausal women and a decrease in
cardiovascular disease.
The successful application of tamoxifen to treat breast

cancer has increased enthusiasm to test its worth to prevent
breast cancer. Although there are individual requests by
patients for tamoxifen to prevent breast cancer, individual
treatment is inappropriate. Tamoxifen can only be adequately
evaluated as a preventive in randomized, double-blind
clinical trials. These trials are in place and physicians should
encourage women to participate and establish a new
therapeutic option as rapidly as possible.
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PAF activation of a voltage-gated R-type Ca2+ channel in
human and canine aortic endothelial cells
'Ghassan Bkaily, tPedro D'Orleans-Juste, Radha Naik, Jacqueline Perodin, *Jana Stankova,
lElias Abdulnour & *Marek Rola-Pleszczynski
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Sherbrooke, Sherbrooke, Quebec, Canada J1H 5N4

By the use of fura-2 and digital imaging techniques, [K]0 depolarization or PAF (10-9 M) were shown to
induce a sustained increase of [Ca]i in human or canine single aortic vascular endothelial cells (VEC)
that was insensitive to nifedipine but sensitive to (-)-PN200-1 10 or to lowering of [Ca].. The PAF-
induced effect on [Ca]i was blocked by the PAF receptor antagonist, WEB2170. Our results suggest that
[K]0 depolarization and PAF increase [Ca]i via the activation of R-type Ca2+ channels.

Keywords: Endothelial cells; Ca2+ channel; PAF; calcium blockers; calcium

Introduction A sustained increase of intracellular free cal-
cium ([Ca]i) in vascular endothelial cells (VEC) after stimula-
tion by diverse vasoactive agents is dependent on Ca2" influx
(Sturek et al., 1991). However, the ionic channels responsible
for this sustained increase of [Ca]i are not known (Takeda &
Klepper, 1990). The difficulty in identifying the Ca2" channel
type that is responsible for the sustained increase of [Ca]i in
VEC has been attributed to damage of these cells during
enzymatic dispersion and/or to the use of long term culture
preparations (Sturek et al., 1991). Recently, in our lab-
oratory, we have reported the presence of a new type of Ca2"
channel (R-type), in several cell types, that is responsible for
the sustained increase of [Ca]i (Bkaily, 1991; Bkaily et al.,
1991; 1992).
The present study was undertaken in order to verify if the

voltage-dependent steady-state R-type Ca2" channel exists in
VEC and if platelet-activating. factor (1-O-alkyl-2-acetyl-sn-
glycero-3-phosphocholine; PAF)-induced stimulation of [Ca]i
(Bregestovski & Ryan, 1989) is mediated via activation of
this type of channel.

Methods VEC were isolated as single cells from the luminal
surface of human and adult mongrel dog aortae by use of
0.1% trypsin solution as previously described for vascular
endothelial cells (Sturek et al., 1991); the single cells were left
to attach (within 1 h) to a glass cover slip that fitted a bath
chamber (1 ml) of 20 mm diameter (Bkaily et al., 1992). The
work was performed in accordance with the requirements of
the institutional review committee for the use of human
material. The technique used to load the VEC with fura-2
and the Ca2+ measurement technique in single cells using an
Imagescan microfluorometer (Photo Technology Interna-
tional Inc., Princeton, NJ, U.S.A.) are identical to those
previously described for vascular smooth muscle cells (Bkaily
et al., 1992).

Freshly isolated VEC were superfused (5 ml min-') with
Tyrode solution containing (in mM) either: NaCl 130, KC1 5,
CaCl2 2, HEPES 10 and glucose 10 or NaCl 105, KCI 30,
CaCl2 2, HEPES 10 and glucose 10. The solutions were
buffered to pH 7.4 with Tris base and the osmolarity was
adjusted with sucrose to 310mOsm (Advanced DigiMatic
Osmometer 3DII, Massachusetts, U.S.A.). The dual L-
(Striessnig et al., 1986) and R-type (Bkaily et al., 1992) Ca2+
channel blocker (-)-isradipine (PN200-110) was obtained
from Sandoz Canada Inc. PAF was obtained from Bachem
(U.S.A.) and WEB2170 (3-[4-(2-chlorophenyl)-9-methyl-6H-
thieno[3,2-fl[1 ,2,4]triazolo-[4,3-a][l1,4]-diazepin-2-yl]- 1-(4-mor-

Author for correspondence.

pholimyl)-l-propanone; Casals-Stenzel, 1987) was a generous
gift of H. Heuer (Boehringer-Ingelheim, Germany). The fura-
2AM was purchased from Molecular Probes Inc. (Eugene,
OR, U.S.A.) and all other substances were purchased from
Sigma (St Louis, MI, U.S.A.).
Data used in the text and figures are expressed as

means ± s.e.mean of n different observations. Statistical com-
parisons between controls and each experimental interaction
were made by paired Student's t test. P values of < 0.05 were
considered to be statistically significant. All experiments were
carried out at 28°C.
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Figure 1 Blockade of the sustained increase of [Ca]i induced with
high [K]0 by PN200-110 in human aortic vascular endothelial cells.
(a-b) control (5 mM [K]0) digital colour image maps of basal steady
state free [Ca]i at 1 min (170 nM) and 5 min (170 nM) recording. (c)
Increase in [Ca]i taken at I min (280 nM) in presence of high [K]0
(30 mM). (d-e) Sustained increase in [Ca]i taken at 2 min (d, 560 nM)
and 5 min (e, 560 nM) in presence of high [K]0. (f-k) Superfusion
with high [K]o containing 10-7 M PN200-1 10 rapidly (f, at I min,
262 nM) and progressively blocked the sustained increase of [Ca]i
induced with high [K]0. Addition of 30mM EGTA did not further
decrease the [Ca]i (156 nM).
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Results The basal level of [Ca]i of human and canine VEC
in normal K+ (5 mM) solution was 135 ± 24 nM (n = 12)
154 ± 27 nM (n = 12) respectively. Sustained depolarization
with 30 mM KCl induced (within 1 min) a steady-state in-
crease of [Ca]i in both human (from 132 ± 21 to 506 ±
63 nM, n = 5) and canine (from 156 ± 21 to 281 ± 33 nM,
n = 5) VEC that was, as in vascular smooth muscle cells
(VSMC) (Bkaily et al., 1992), insensitive to the L-type Ca2+
blocker nifedipine (Figure 2) but sensitive to the dual Ca2+
L- and R-type blocker PN200-110 (Figure 1, an example out
of 8 experiments and Figure 2) and to the Ca2+ chelator
EGTA (Figure 2). As for high [K]0, superfusion with a
Tyrode solution containing 10-9 M PAF induced (within
1 min) a sustained increase of [Ca]i of both human and
canine VEC (Figure 2) that was insensitive to nifedipine
(10-5M) but significantly decreased by PN200-110 (10-7M).
The remaining increase of [Ca]i was completely blocked by
30 mM EGTA (Figure 2). The PAF-receptor antagonist,
WEB2170 (10-5M) significantly decreased the PAF-induced
sustained increase of [Ca]i (Figure 2).

Discussion Our study demonstrates that the mean basal
resting [Ca]l in human and canine aortic VEC is similar, and
comparable to values obtained in endothelial cells from
bovine aorta (Sturek et al., 1991) and human umbilical cords
(Jacob et al., 1988). Our results show that a voltage-sensitive
Ca2` channel does exist in VEC and that this channel is
similar to the nifedipine-insensitive and PN200-110-sensitive
R-type Ca2+ channel described in heart and vascular smooth
muscle cells in response to endothelin-1 and insulin (Bkaily et
al., 1991; 1992). This channel in human and canine VEC
seems also to be responsive to PAF. Since the PAF receptor
antagonist, WEB2170, reversed the effect of PAF, it may
suggest that the effect of PAF on the R-type Ca2+ channel is
mediated via a receptor-dependent mechanism which remains
to be determined. Our results also show that high [K]b or
PAF induced a 4 fold increase of steady-state [Ca]i, in human
VEC and a 2 fold increase in canine VEC. These species
differences in response to sustained depolarization or PAF
could be due to dependence of the steady-state increase of
[Ca]i on mechanisms that are responsible for Ca2+ seques-
tration and/or efflux.
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Figure 2 High [K]o (30 mM) depolarization (M) and PAF (10-9M,
El)-induced a sustained increase of [Ca]i in both human (H) and
canine (C) vascular endothelial cells that was completely blocked by
30mM EGTA ( F) (a, c and d). The high [K]0- or PAF-induced
sustained increase of [Ca]i in both preparations is insensitive to
10- M nifedipine ( i ) but sensitive to I0-7 M PN200-1 10 ( i )
(Hb, c and Cb, c) and the PAF receptor antagonist, WEB2170
(10-I M, M ) (Hd and Cd for PAF only; effects against high [K]o
are not shown). The control steady-state [Ca]i basal level is 0. The
number of experiments (n) in Ha, Ca, Hb, Cb, Hc, Cc, Hd and Cd
are respectively 5, 5, 4, 4, 3 4, 4, and 3. *P<0.01 compared to
control values only. Substances were added sequentially at intervals
of approximately 7 min in the order indicated.

We suggest that the presence of an R-type Ca2+ channel
that could be gated by voltage or a receptor in VEC may
play an important role in excitation-secretion coupling
mechanisms in the VEC and subsequent release of vasoactive
factors such as endothelium-derived relaxing factor and
endothelin- 1.
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Nitric oxide synthase in pig lower urinary tract:
immunohistochemistry, NADPH diaphorase histochemistry and
functional effects

Katarina Persson, *Per Alm, tKjell Johansson, Bengt Larsson & 'Karl-Erik Andersson

Departments of Clinical Pharmacology, *Pathology and tZoology, Lund University, Lund, Sweden

1 The distribution and colocalization of nitric oxide synthase (NOS)-like immunoreactivity and
NADPH diaphorase activity in the pig lower urinary tract were investigated by immunohistochemical
and histochemical staining techniques. Functional in vitro studies were performed to correlate the
presence of NOS-immunoreactivity/NADPH diaphorase staining with smooth muscle responses involv-
ing the L-arginine/nitric oxide (NO) pathway.
2 NOS-immunoreactivity and NADPH diaphorase activity were expressed in nerve trunks and fine
nerve fibres in and/or around muscular bundles in the detrusor, trigone and urethra. Thin nerve fibres
that dispersed within the muscle bundles were mainly found in the urethral/trigonal area, whereas such
fibres were less common in the detrusor.
3 Almost all neuronal structures that were NOS-immunolabelled were also stained for NADPH
diaphorase. In contrast, the urothelium, which was intensively stained by the NADPH diaphorase
technique, remained unstained by immunohistochemistry.
4 Electrical field stimulation of pig isolated trigonal and urethral preparations induced relaxations,
which were inhibited by tetrodotoxin (1 fLM) and NG-nitro-L-arginine (L-NOARG, 1O IM).
5 L-Arginine (1 mM), but not D-arginine, inhibited (25-30%) electrically evoked detrusor contractions.
This inhibition was reversed by L-NOARG (0.1 mM). L-Arginine did not inhibit detrusor contractions in
the presence of scopolamine (1 jiM) and had no direct smooth muscle effects per se.
6 Acetylcholine (1 nM-10 liM) caused concentration-dependent relaxations of noradrenaline-induced
contractions in pig vesical arteries. Removal of the endothelium practically abolished the acetylcholine-
induced relaxation. Pretreatment with L-NOARG (0.1 mM and 0.3 mM) caused a rightward shift of the
concentration-response curves to acetylcholine, but the maximal relaxation obtained was significantly
reduced (to 65 ± 12%; n = 6; P<0.05) only at 0.3 mM L-NOARG.
7 In vessel segments contracted with K+ (60 mM), acetylcholine induced concentration-dependent
relaxations. When the vessels were incubated with 0.3 mM L-NOARG and then contracted with K+
(60 mM) all relaxant responses to acetylcholine were abolished.
8 The presence of NO synthesizing enzyme in nerve fibres and the pharmacological evidence for
NO-mediated relaxation of the trigone and urethra suggest that NO or a NO-related substance may
have a role in inhibitory neurotransmission in these regions. In the detrusor, the presence of NO-
synthesizing enzyme in nerves can be demonstrated, but its functional importance is unclear. NO, as well
as other endothelium-derived factors seem to be involved in the endothelium-dependent acetylcholine-
induced relaxation of pig vesical arteries.

Keywords: Nitric oxide; nitric oxide synthase; immunohistochemistry; NADPH diaphorase; urinary tract; N0-nitro-L-arginine

Introduction

Much evidence has been produced showing that nitric oxide
(NO) plays a major role in the non-adrenergic, non-

cholinergic (NANC) inhibitory response in the urethra, blad-
der neck and trigone from various species (Garcia-Pascual et
al., 1991; Dokita et al., 1991; Andersson et al., 1991; 1992;
Persson & Andersson, 1992; Persson et al., 1992; Thornbury
et al., 1992). The relaxation induced by electrical stimulation
is totally or partially abolished by enzymatic blockade of NO
production by use of analogues of L-arginine, the natural
substrate for NO synthase (NOS). Furthermore, in these
studies NO and NO-donors (e.g. sodium nitroprusside and
SIN-1) were shown to have postjunctional effects producing
smooth muscle relaxations more effectively in the trigone and
urethra than in the detrusor (Persson & Andersson, 1992;
Persson et al., 1992). Thus, while it seems that NO is released
from nerves and acts like a neurotransmitter in the bladder
outlet, the possible role of NO in the detrusor is still uncer-

tain. A mechanism for detrusor relaxation mediated by
release of NO, not from nerves, but from the smooth muscle
itself, has been suggested (James et al., 1991).
NO is synthesized from L-arginine by two main classes of

synthase: a constitutive form that is present in the brain,
endothelial cells and peripheral nerves, and an inducible form
that can be induced in macrophages, endothelial cells and
vascular smooth muscle cells by endotoxin and cytokines
(e.g. Moncada, 1992). The constitutive NOS has been
purified from rat cerebellum and antibodies raised against the
enzyme have been used to determine the localization of NOS
(Bredt et al., 1990). By means of immunohistochemistry
major populations of NOS positive nerves have been demon-
strated throughout the peripheral nervous system in, e.g., the
gastrointestinal tract (Bredt et al., 1990; Ward et al., 1992b;
Young et al., 1992; Saffrey et al., 1992; Alm et al., 1993), the
urogenital tract (Burnett et al., 1992; Sheng et al., 1992; Alm
et al., 1993) and perivascular nerve fibres (Kummer et al.,
1992). The distribution of nerves staining for NOS does not
seem to be associated with any particular neurotransmitter
system, although some NOS immunolabelled nerves in the
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brain also express somatostatin, neuropeptide Y (NPY) and
choline acetyltransferase (Dawson et al., 1991), and in the
intestine, VIP (Ward et al., 1992b). However, extensive
colocalization has recently been reported between NOS
immunopositive nerves and nerves stained histochemically by
the NADPH diaphorase method (Dawson et al., 1991; Hope
et al., 1991; Alm et al., 1993).

In an attempt to obtain highly specific antisera against
neuronal NOS, we have immunized rabbits with fragments of
the C- and N-terminal parts of the NOS sequence (Alm et

al., 1993), described from rat cerebellum (Bredt et al., 1991).
Antibodies raised against the two fragments visualized
immunoreactive nerve structures in, e.g., the rat intestine,
adrenal glands and penile erectile tissue. No immunoreactive
staining was found in the endothelium, suggesting that these
fragments of the NOS enzyme may be used for specific
localization of neuronal NOS (Alm et al., 1993).
The aim of the present study was to establish the distribu-

tion of NOS containing nerves, as studied by immunohis-
tochemistr- and NADPH diaphorase histochemistry, in the
pig lower urinary tract. In addition, functional in vitro studies
were performed in order to evaluate whether the presence of
NOS immunoreactivity/NADPH diaphorase staining cor-

relates with smooth muscle responses involving the L-
arginine/NO pathway.

Methods

The bladder and urethra from female pigs were removed in a

slaughterhouse shortly after the animals had been killed. The
tissue was transported to the laboratory in cold Krebs
solution (for composition, see below). The bladder and
urethra were opened longitudinally and tissue pieces from the
detrusor, trigone, urethra and vesical arteries were prepared.
The specimens used for morphological studies were fixed for
3-4h in an ice-cold freshly prepared solution of 4% for-
maldehyde in phosphate buffered saline (PBS, pH 7.4) and
then rinsed in 15% sucrose in PBS (for 2-3 days). The tissue
pieces were frozen at - 40°C in isopentane and stored at
- 700C.

NADPH diaphorase histochemistry

Tissue demonstration of NADPH diaphorase activity was

performed by incubating tissue sections with 1 mM P-
NADPH and 0.5 mM nitro blue tetrazolium dissolved in
50 mM Tris/HCl buffer (pH 8.0) containing 0.2% Triton
X-100 for 30-120 min at 37°C. After rinsing in PBS the
sections were mounted in Kaiser's glycerol gelatin. In some

sections f-NADPH was excluded, or exchanged for 1 mM

a-NADPH or 1 mM P-NADP. Various other methods were

also used to study the specificity of the P-NADPH
diaphorase reaction. The heat-stability was checked by pre-
incubating some sections at 770C for 5 min. Other pretreat-
ments included incubation with 0.1 mM NG-nitro-L-arginine
(L-NOARG) at room temperature for 40 min, 0.1 mM dicou-
marol, or 1 and 5 mM L-canavanine for 60 min, or incubation
with 1 mM 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB) for
90 min. All substances used for preincubation were also pre-
sent during the NADPH diaphorase activity reaction, except
DTNB, which was present only at the preincubation.
The NADPH diaphorase activity obtained by the various

procedures was judged subjectively.

NOS immunohistochemistry

Tissue sections, cut at a thickness of 9 gm, were air-dried for
15 min and then incubated in PBS containing 0.2% Triton
X-100 for 2 h. Incubation took place overnight at room

temperature in an antiserum, raised in rabbits against a

15-amino acid C-terminal fragment of NOS, diluted 1:1280

(Alm et al., 1993) in PBS containing 0.2% Triton X-100.
After rinsing in PBS the sections were incubated with FITC,
(diluted 1:80 in PBS) for 90 min, followed by rinsing in PBS.
The sections were then mounted in buffered PBS/glycerol
containing p-phenylenediamine to prevent fluorescence fading
(Johnson & Araujo, 1981) and investigated in a fluorescence
microscope. The immunoreactivity was documented by
microphotography, after which the cover-slips were carefully
detached from the slides and subsequently rinsed overnight in
PBS. Tissue demonstration of NADPH diaphorase activity
was then undertaken in the same section. As cross-reaction to
other proteins sharing amino acid sequences with the syn-
thesized products cannot be excluded, the immunoreactive
products were referred to as NOS-like immunoreactive
(NOS-IR). Details and characterization of the antiserum are
described elsewhere (Alm et al., 1993).

In control experiments, sections were incubated in the
absence of the primary antiserum or with antiserum absorbed
with the soluble, purified homogenate from rat cerebellum
(Knowles et al., 1989).

Functional studies

Recording of mechanical activity The preparations were
transferred to 2.5 or 5 ml organ baths containing Krebs
solution maintainied at 37'C by a thermoregulated water
circuit. The Krebs solution was bubbled with a mixture of
95% 02 and 5% C02, maintaining pH at 7.4. The strips were
mounted between two L-shaped hooks by means of silk
ligatures. One of the hooks was connected to a Grass
Instrument FT03C force-displacement transducer for regis-
tration of isometric tension and the other was attached to a
movable unit. By varying the distance between the hooks the
tension could be adjusted. The transducer output was
recorded on a Grass Polygraph model 7D or E. During an
equilibration period of 45-60 min, the preparations were
stretched until a stable tension was obtained.
When subjected to electrical field stimulation (EFS), the

preparations were mounted between two parallel platinum
electrodes in the organ baths. Transmural stimulation of
nerves was performed using a Grass S48 or S88 stimulator
delivering single square wave pulses (duration 0.8 ms) at
supramaximum voltage. The polarity of the electrodes was
reversed after each pulse by means of a polarity-changing
unit. The train duration was 5 s and the stimulation interval
120 s.

Tissue preparations and experimental procedures The pre-
parations were investigated on the same day as the tissue was
obtained, or stored for 24 h at 4°C in Krebs solution before
investigation. There was no difference in the response to
drugs between preparations investigated on the first day and
those studied the day after.

Detrusor: Preparations (1 x 2 x 5 mm), stripped of mu-
cosa, were prepared from the anterior wall of the detrusor.
The tension of the preparations was adjusted during the
equilibration period to a final level of 4-6mN. After the
equilibration period, each experiment was started by expos-
ing the detrusor preparations to a K+ (124 mM) Krebs
solution (for composition, see below), until two reproducible
contractions (difference < 10%) had been obtained. The fol-
lowing investigations were performed: (1) The supramax-
imum voltage was determined individually for the detrusor
preparations at 20 Hz, then electrically-induced contractions
were recorded at 10, 20 or 40 Hz. At least three consecutive
reproducible contractions (difference < 10%) were required
before the different drugs (L-arginine, D-arginine, L-NOARG,
SIN-1, propranolol, isoprenaline or scopolamine) were added
to the baths. (2) Concentration-response relations for car-
bachol (10 nM-0. 1 mM) with or without preincubation with
L-arginine (1 mM), L-NOARG (0.1 mM) or SIN-I (0.1 mM).
(3) Responses of L-arginine (1 mM) and SIN-I (0.1 mM) in
precontracted (carbachol 10 jiM) muscle strips.



NITRIC OXIDE IN PIG LOWER URINARY TRACT 523

Urethra and trigone: Smooth muscle strips (1 x 2 x
5 mm), stripped of mucosa, were prepared from the trigone
and urethra. The urethral strips were cut transversely from
the proximal part of the urethra. The trigone strips were
taken in an oblique direction from the internal urethral
orifice towards one of the ureteric orifices. The tension of the
urethral and trigonal strips was adjusted during the equilibra-
tion period to 4-8 MN. Trigonal strips were initially exposed
to a K+ (124 mM)-Krebs according to the procedure
previously described for the detrusor. Responses to EFS in
urethral and trigonal preparations were studied after precon-
traction of the strips, to a stable level, with noradrenaline
(10 JAM). First, the supramaximum voltage was determined
individually for each strip at 8 Hz. This frequency has
previously been shown to cause maximal relaxation of the
pig urethra and trigone (Persson & Andersson, 1992).
Thereafter, relaxant responses at 8 Hz were studied in the
presence or absence of L-NOARG (10 JAM) and TTX (1 JM).
SIN-l (0.1 mM) was added to the baths at the end of the
experiment followed by determination of baseline level by
changing the bath medium to a Ca2+ free solution.

Vesical arteries: Extramural arteries (inner diameter=
250-400 ,um) supplying the detrusor were taken from the
fascia adjacent to the lateral surface of the bladder, 2-4 cm
before entering the bladder wall. The vessels were then
dissected free from surrounding tissue under a microscope
and cut into 1-2mm long ring segments. After mounting,
the vessels were stretched stepwise during the equilibration
period to a stable tension of 2-4 MN. Each experiment was
started by exposing the vessels to a K+ (124 mM)-Krebs
solution. At least two reproducible contractions (difference
< 10%) were required before the experiments were begun: (1)
The vessel segments were precontracted with a submaximal
concentration of noradrenaline (50-80% of the initial K+
(124 mM)-induced contraction). The noradrenaline concentra-
tion (0.5-61aM) was chosen individually for each segment
since this ensured that the precontracted level was the same,
relative to K+, in all experiments. Separate experiments, with
different levels of noradrenaline-induced tension, showed that
when the tension was higher than 80% of K+, the relaxation
to acetylcholine was impaired. (2) The presence of an intact
endothelium was confirmed in each preparation by addition
of acetylcholine (1 fAM), and only vessels exhibiting >80%
relaxation of the noradrenaline-induced tension were accepted
for relaxation studies. (3) To study the endothelium-
dependent relaxation, the endothelium was removed by
allowing carbogen gas to flow through the lumen for
2-3 min. Loss of relaxant response to acetylcholine (1 JAM)
was considered to indicate endothelium removal. (4) The
effects of L-NOARG (0.1 mM-0.3 mM) and indomethacin
(1 pM) on acetylcholine-induced relaxations were examined
by adding the drugs either during a noradrenaline-induced
contraction or before the contraction. In all cases the drugs
were in contact with the vessels over a period of at least
15 min before concentration-response curves for acetyl-
choline were constructed. (5) In some experiments the vessels
were pretreated with phentolamine (1 JlM) and indomethacin
(1 JM) and contracted with 60 mM K+ in the presence or
absence of 0.3 mM L-NOARG. Concentration-response curves
to acetylcholine or SIN-1 were then obtained. (6) Relaxant
responses to exogenous NO (acidified NaNO2 (pH 2), as
described by Furchgott et al., 1988) and SIN-1 were recorded
in vessels without endothelium. Separate experiments showed
that the vehicle (H20, pH 2), in equivalent volumes, had no
relaxing effect per se.

Drugs and solutions

The following drugs were used: (-)-noradrenaline hydro-
chloride, carbamylcholine chloride, acetylcholine chloride,
isoprenaline hydrochloride, nitro blue tetrazolium, propran-
olol hydrochloride, tetrodotoxin, scopolamine hydrochloride,
N0-nitro-L-arginine (L-NOARG), L-arginine hydrochloride,

D-arginine hydrochloride, P-NADPH, tris(hydroxymethyl)
aminomethane (Tris), 5,5'-dithio-bis-(2-nitrobenzoic acid)
(DTNB), L-canavanine, dicoumarol, (Sigma Chemical Com-
pany, St Louis, MO, U.S.A.), indomethacin (Confortid,
Dumex, Copenhagen, Denmark), phentolamine methane sul-
phonate (Ciba-Geigy, Basel, Switzerland), Triton X- 100,
p-phenylenediamine, Kaiser's glycerol gelatin, ethyleneglycol
bis (P-aminoethylether)-N,N'-tetraacetic acid (EGTA) (Merck,
Darmstadt, Germany), FITC (fluorescein isothiocyanate)-
conjugated swine antirabbit immunoglobulins (Dakopatts,
Stockholm, Sweden), SIN-1 (3-morpholino-sydnonimine hyd-
rochloride) was a gift from Dr Kunstmann, Cassella AG,
Germany. Stock solutions were prepared and then stored at
- 70°C. Subsequent dilutions of the drugs were made with
0.9% NaCI, and when appropriate, 1 JAM ascorbic acid was
added as an antioxidant. The reported concentrations are the
calculated final concentrations in the bath solution.
The Krebs solution used had the following composition

(mM): NaCl 119, KCI 4.6, CaCl2 1.5, MgCl2 1.2, NaHCO3
15, NaH2PO4 1.2, glucose 11. K+-Krebs solutions (60 and
124mM) were prepared by replacing NaCl with equimolar
amounts of KCI. Ca2+-free medium was prepared by omit-
ting Ca2+ from the normal Krebs solution and adding
0.1 mM EGTA.

Analysis of data

The relaxant effects of EFS and drugs were normalized and
have been expressed as percentage reduction in tension. In
urethral and trigonal strips, baseline level was defined as the
tension reached after exposing the strips to Ca2+-free
medium. The effect of drugs on electrically induced detrusor
contractions are expressed as percentage change of control
contractions obtained before drug administration. The - log
ICm values (the negative logarithm of the drug concentration
producing 50% of the maximum relaxation obtained) were
determined graphically for each curve by linear interpolation.
P values were determined by an unpaired Student's t test
(two-tailed) corrected for multiple comparisons by Bonfer-
roni's method, and considered significant if lower than 0.05.
n denotes the number of preparations and N the number of
animals. When the number of preparations and animals is
the same, only n is given. Results are given as mean
values ± s.e.mean.

Results

NADPH diaphorase histochemistry

NADPH diaphorase positive varicose nerve fibres of various
thickness, and coarse nerve branches, were found in and/or
around muscular bundles in the detrusor, trigone and urethra
(Figure 1). In general, the nerve fibres in the trigone and
urethra were much thinner and more dispersed within the
muscular tissue than in the detrusor. In the outer parts of the
smooth musculature and the surrounding connective tissue,
some NADPH diaphorase positive nerve cells in ganglionic
structures could be seen. In the urothelium of all tissues, the
NADPH diaphorase reaction was found to be particularly
strong. Frequently, NADPH diaphorase positive nerve fibres
could be seen around arteries, but only rarely around veins.
A positive NADPH diaphorase reaction was found in the
endothelium of some arteries. Arteries that displayed a
positive endothelial and/or perivascular NADPH diaphorase
activity were often seen in the lamina propria and in the
outer parts of the smooth musculature. No NADPH
diaphorase activity was seen in the endothelium of veins. In
segments of the extramural vesical artery, located in the
fascia adjacent to the lateral surface of the detrusor, NADPH
diaphorase positive staining was found in thin nerve fibres
surrounding the vessels and in the endothelium.

In the detrusor and trigone, the specificity of the NADPH
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Figure 1 Microphotographs showing the distribution and colocalization of nitric oxide synthase (NOS)-like immunoreactivity and
NADPH diaphorase activity in tissue sections of the pig lower urinary tract. The sections were processed for NOS immunohis-
tochemistry (a, c, e, g) and subsequently for NADPH diaphorase (b, d, f, h). (a-d) Immunohistochemical localization of NOS,
showing thin nerve fibres (a) and coarse nerve trunks (c) in the smooth muscle layer of the detrusor. Almost identical staining was
observed using the NADPH diaphorase technique (b, d). (e, f) Sections of urethral tissue showing thin NOS-immunolabelled nerve
fibres dispersed within the smooth muscle layer (e). Almost all NOS-immunolabelled nerve fibres were also stained for NADPH
diaphorase (f). (g, h) Intramural vessel in the trigone area surrounded by numerous NOS-immunoreactive (g) and NADPH
diaphorase positive (h) nerve fibres (arrows). The endothelium of the vessel (arrowheads) is strongly positive for NADPH
diaphorase activity, while inconsistent staining is demonstrated by immunohistochemistry. (Scale bar = 50 jm).
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diaphorase reaction was studied by various procedures. The
neuronal and endothelial NADPH diaphorase reaction was
abolished, or virtually abolished, by heat and DTNB, or if
P-NADPH was excluded or substituted with a-NADPH.
When P-NADP was used instead of P-NADPH, nearly all
structures in the tissue reacted strongly and nerves could not
be separated from other structures in the tissue. L-NOARG,
dicoumarol, and L-canavanine were essentially without effect
on the NADPH diaphorase reaction. A NADPH diaphorase
reaction in the urothelium could still be observed if 1-
NADPH was substituted with a-NADPH or in the presence
of L-canavanine, dicoumarol or L-NOARG, or if the sections
were pretreated with DTNB.

NOS immunohistochemistry

NOS-IR nerve fibres in the pig lower urinary tract were
mainly distributed in the smooth muscle layers of the
detrusor, trigone and urethra regions (Figure 1). A gradient
in the density of immunolabelled fibres was discernible,
showing the highest density of NOS-IR fibres in the urethra
and the lowest in the detrusor. The NOS antiserum labelled
different types of neuronal structures, ranging from coarse
trunks to delicate fibres, throughout all regions. Coarse nerve
trunks with NOS-IR fibres were observed mainly in the
adventitia but also in the muscle layers. Finer nerve trunks
consisting of NOS-IR fibres were observed in the connective
tissue between the smooth muscle bundles. In addition,
delicate immunolabelled fibres coursed along and dispersed
within the smooth muscle bundles. Thin NOS-IR fibres could
be found in the lamina propria of all regions, mostly in the
vicinity of vessels. However, no immunolabelling could be
observed in the urothelium.
The NOS antiserum labelled vessels localized in the lamina

propria, intramurally and close to the adventitia in all
regions. Labelling occurred in the endothelial lining of vessels
in the lamina propria, and in perivascular varicose fibres
innervating them. Likewise, intramural vessels in all regions
were surrounded by thin NOS-IR nerves, that formed plexi
around the vessels. NOS-IR labelling also seemed to be
confined to the endothelial lining of some intramural vessels,
but vessels without both NOS-IR perivascular labelling and
endothelium staining were observed. Perivascular fibres
around the extramural vesical artery displayed NOS-IR label-
ling. Thin, delicate fibres as well as nerve trunks were present
in the tunica adventitia and occasionally the former penet-
rated superficially in the tunica media. The endothelium was
also stained.

In sections where the antiserum was absorbed with antigen
extracted from rat cerebellum, immunoreactivity of neuronal
structures was abolished. However, immunoreactivity was
still observed in the endothelium of vessels. No staining of
neuronal structures or endothelium was found when the
primary antiserum was omitted.

Correlation between NADPH diaphorase staining and
NOS immunoreactivity

NADPH diaphorase staining in the lower urinary tract
showed both similarities and differences with the NOS
immunohistochemistry. Thus, the distribution of fibres in the
smooth musculature obtained with the NADPH-diaphorase
technique was almost identical to that revealed with NOS
immunohistochemistry (Figure 1). However, the fibres were
sometimes better visualized with the NOS antiserum than
after NADPH diaphorase staining. In addition, the gradient
with highest density of stained fibres in the urethra was also
revealed with the NADPH-diaphorase staining. In contrast
to the NADPH diaphorase technique, no labelling was
observed in the urothelium with NOS immunohistochemistry.
Moreover, the endothelium of vessels was more frequently
stained using the NADPH diaphorase technique than
immunohistochemistry (Figure lg, h).

Functional studies

Detrusor EFS of pig detrusor strips at 10, 20 and 40 Hz
produced phasic contractions. Separate experiments showed
that these frequencies corresponded to approximately 30, 70
and 100% of the maximal response induced by EFS. Detrusor
preparations were treated with L-NOARG (1 jAM-0.1 mM),
added cumulatively to the bath, and the contractile response
to EFS at 10, 20 and 40 Hz studied. L-NOARG (10 jiM)
increased the contractions by a maximum of 12 ± 2% at
10Hz, 12±5% at 20Hz, and 3±4% at 40Hz (n=6 for
all; data not shown). Compared to time-matched control
preparations, running in parallel, these increases were not
statistically significant.

In the presence of L-arginine (1 mM), contractions induced
by EFS at 10, 20 and 40 Hz were reduced by 28 ± 3%,
30 ± 2%, and 25 ± 4% (n = 6 for all), respectively (Figure 2).
This action of L-arginine was inhibited (P<0.01) by 0.1 mM
L-NOARG (Figure 2). D-Arginine (1 mM; n = 4) was without
effect on EFS-induced detrusor contractions (Figure 3). Pro-
pranolol (1 jiM) had no effect per se, and did not affect the
L-arginine-induced decrease in contractile response (26 ± 2%
at 20 Hz; n = 6 after propranolol pretreatment; Figure 3). On
the other hand, in the presence of scopolamine (1 jIM), L-
arginine had no effect (n = 6) on electrically evoked (20 Hz)
detrusor contractions (Figure 3). The scopolamine- and L-
arginine resistant part of the contraction amounted to
12 ± 4% (n = 6). The NO-donor SIN-i ( iLM -0.3 mM) had
only minor effects on electrically evoked (20 Hz) detrusor
contractions (8 ± 3% reduction at 0.1 mM, n = 5). Isopren-
aline (1 nM-10IM) caused concentration-dependent inhibi-
tion of the EFS-induced detrusor contractions (20 Hz), that
amounted to 52 ± 11% (n = 5) at IOj.tM.

Concentration-response curves to carbachol (10 nM-0.1
mM) were unaffected by pretreatment with L-arginine (1 mM,
n = 5), L-NOARG (0.1 mM; n = 4) or SIN-I (0.1 mM; n = 5).
L-Arginine (1 mM) had no influence on tension when applied
to preparations precontracted by carbachol (1O jM; n = 6),
whereas SIN-1 (0.1 mM) in the same protocol reduced the
tension by 40 ± 5% (n = 6; data not shown).

Urethra and trigone EFS of urethral and trigonal strips at
8 Hz produced pure relaxant responses. All responses were
practically abolished by TTX (1 jM), verifying that they were
nerve-mediated (Figure 4a). The relaxations amounted to
47 ± 5% (n = 7, N= 4) and 49 + 6% (n = 8, N= 5), for
urethral and trigonal preparations, respectively. Addition of
L-NOARG (10 jiM) to urethral and trigonal preparations
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Figure 2 Effect of L-arginine on contractions induced by electrical
field stimulation at 10, 20 and 40 Hz in pig isolated detrusor smooth
muscle preparations. Open columns indicate the response to L-
arginine (I mM) and cross-hatched columns the response to L-
arginine after pretreatment with NG-nitro-L-arginine (L-NOARG,
0.1 mM). Results are expressed as a percentage of the contractions
before drug treatment and given as mean ± s.e.mean (n = 6).
**P<0.01.
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Figure 3 Recordings of contractions evoked by electrical field stimulation at 20 Hz in pig isolated detrusor smooth muscle
preparations. In (a) is shown the effect of L-arginine (I mM) and in (b) the lack of effect in the presence of scopolamine (1 JM). Bars
indicate time of stimulation (supramaximum voltage, 0.8 ms pulses, 5 s train duration).
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Figure 4 Recordings of relaxations evoked by electrical field stimulation at 8 Hz in (a) the pig isolated trigone and (b) the pig
isolated urethra demonstrating the response to tetrodotoxin (TTX; 1 JiM) and NG-nitro-L-arginine (L-NOARG, 10 jLM) in
noradrenaline-contracted preparations. The NO-donor 3-morpholino-sydnonimine (SIN-1, 0.1 mM) was applied at the end of the
experiment. Baseline level was defined as the level reached after exposing the strips to Ca2"-free solution. Bars indicate time of
stimulation (supramaximum voltage, 0.8 ms pulses, 5 s train duration).

stimulated by EFS resulted in a marked decrease in the
relaxant response with time. Maximal inhibition was reached
within 10-15 min and in some preparations the response
changed into a contraction (Figure 4b). Scopolamine (1 IlM)
reversed these contractions to a weak relaxation (Figure 4b).
SIN-1 (0.1 mM) produced pronounced relaxations of both
urethral (88 ± 2%, n = 7, N = 4) and trigonal strips (84+
3%, n = 8, N= 5) (Figure 4).

Vesical arteries Acetylcholine (1 nM-10iLM) caused concen-
tration-dependent relaxations of noradrenaline-induced con-
tractions in pig vesical arteries. A maximum relaxation of
97 ± 1% (n = 16) was obtained with acetylcholine 10 JAM, and
the -log ICso value was 7.1 ± 0.1. The maximum relaxation
(93 ± 3%, n = 6) and the - log IC50 value (7.1 ± 0.1) were
not affected by preincubation with indomethacin (1 JAM)
(Figure 5). Removal of the endothelium practically abolished
the acetylcholine-induced relaxation, since maximum relaxa-
tion was reduced to 4.7 ± 1.9% (n = 8, P<0.001) (Figure 5).
Pretreatment with L-NOARG (0.1 mM and 0.3 mM) caused a
rightward shift of the concentration-response curves, but
-log IC50 values were not calculated since no defined max-
ima were obtained. The maximal relaxations obtained
amounted to 88± 6% (n=6) and 65± 12% (n=6, P<

0.05) of the noradrenaline-induced contraction after pretreat-
ment with L-NOARG, 0.1 mM and 0.3 mm, respectively
(Figure 5).

In vessel segments contracted with 60 mM K+ (contraction
level: 54 ± 4%, n = 10, N = 5, of the initial K+ 124 mM
response), acetylcholine induced concentration-dependent
relaxations (Figure 6). The relaxation obtained at 10 JlM
amounted to 65 ± 9% in K+ (60 mM)-contracted vessels
(compared to 97 ± 1% in noradrenaline-contracted vessels).
When the vessels were incubated with 0.3mM L-NOARG
and then contracted with K+ 60 mm (contraction level:
100 ± 2%, n = 10, N = 5 of the initial K+ 124 mM response)
all relaxant responses to acetylcholine were abolished (Figure
6). In contrast, SIN-1 produced relaxations of K+ 6QmM
contracted vessels both in the absence and presence of L-
NOARG (data not shown). In arteries where the tension was
raised with K+ (124 mM), acetylcholine (1 JAM) reduced the
tension by 24 ± 2% (n = 6).

Addition of L-NOARG (0.1 mM) to vessel segments at
baseline caused a small, approximately 3-4%, increase in
tension. On the other hand, if L-NOARG (0.1 mM) was
applied on top of a noradrenaline-induced contraction, it
resulted in a pronounced increase in tension (26 ± 4%,
n = 12). No increase in tension was seen when L-NOARG
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and NADPH diaphorase staining were present in neuronal
structures both within and/or around smooth muscle bundles
in the detrusor, trigone and urethra. Thin nerve fibres that
dispersed within the muscle bundles were mainly found in the
urethral/trigonal area, whereas such fibres were less common
in the detrusor area. In previous studies, the involvement of
NO as an inhibitory NANC-transmitter has been based
mainly on the fact that relaxant responses to EFS of nerves

\ \* in the urethra, bladder neck and trigone were inhibited by
NOS-inhibitors and that exogenous NO mimicked the res-
ponse to NANC-nerve stimulation (Garcia-Pascual et al.,
1991; Dokita et al., 1991; Andersson et al., 1991; 1992;
Persson & Andersson, 1992; Persson et al., 1992; Thornbury
et al., 1992). Furthermore, relaxations of the rabbit urethra
in response to sodium nitroprusside (Morita et al., 1992) and
electrical stimulation (Persson & Andersson, 1993) seem to be
associated with increases in smooth muscle content of cyclic
GMP. Measurement of NOS activity in the rat urogenital

-9 -8 -7 -6 -5 tract, by monitoring the conversion of [3H]-arginine to [3H]-
citrulline, revealed a high catalytic activity in the bladder

[Acetylcholine] (log M) neck and urethra (Burnett et al., 1992). By localization of the

Relaxation ofpigisolated vesicalaenzyme involved in the synthesis of NO, morphological
Relaxation of plg isolated vesical arteries Induced by evidence for the assumption that NO may act as a neuro-

ine in controls (0) or in the presence of 1 ZLM
Lcin (@), 0.1 mM NG-nitro-L-arginine (L-NOARG, A) transmitter in the lower urinary tract now exists, strengthen-
-NOARG (A) or in vessels without endothelium (U). ing the hypothesis of a role for NO in this tissue. The
re expressed as percentage relaxation of the noradren- morphological findings in the present study, demonstrating
ced tension and given as mean ± s.e.mean (n =6-16). that the detrusor region expresses a low density of thin
**P<0.01; ***P<0.001. NOS-IR/NADPH diaphorase stained fibres compared to the

outlet region, are consistent with previous functional findings
that NO may serve as a NANC inhibitory neurotransmitter

0 mainly in the outlet region (Persson & Andersson, 1992;
Persson et al., 1992).
The observation that NADPH diaphorase histochemistry

can be used to identify neuronal NOS (Hope et al., 1991;
Dawson et al., 1991) has resulted in several reports about the
distribution of NADPH diaphorase positive nerves in
peripheral tissues, including the lower urinary tract (Larsson

50 - et al., 1992; Keast, 1992; McNeill et al., 1992; Grozdanovic
et al., 1992). In the rat urinary tract, NADPH diaphorase
positive staining was observed in the urethra, close to the
urothelium (Keast, 1992) and in the bladder base (McNeill et
al., 1992). Conflicting results have been reported concerning
the NADPH diaphorase staining of the detrusor of different

00- species. No staining could be identified in the rat detrusor by
Keast (1992), but McNeill et al. (1992) and Grozdanovic et
al. (1992) found staining in the rat and mouse detrusor,

[Acetylcholine] (log m) respectively.
In this and a previous study (Larsson et al., 1992), the

Relaxation ofpigisolated vesicalarspecificity of the NADPH diaphorase staining in the pigRelaxation of pig isolated vesical arteriesinduced by lower urinary tract was examined. L-NOARG, in a concen-
line in K+ (60 mM)-contracted preparations in the absence trto sufcin to inii th enyefncinly,cue
)resence of N.-nitro-L-arginine (L-NOARG, 0.3 mm) (0).e functonall, caused
els were pretreated with phentolamine (1 ;Lm) and indo- no reduction in NADPH diaphorase staining. This suggests
(I JLM) for 30 min. Results are expressed as percentage that the portion of the NOS enzyme that yields the NADPH
of the K+ (60 mM)-induced tension and given as diaphorase staining is not identical to, and does not interact

.e.mean (n = 5). with, the site of NO production. The marked increase in
staining using 0-NADP most probably reflects non-specific
staining by other enzymes with diaphorase activity (Hope &
Vincent, 1989). Dicoumarol, reported to inhibit some non-

>was administered to vessels without endothelium specific diaphorase staining (Ernster et al., 1962), and L-
canavanine, known to inhibit the inducible form of NOS

Irenaline-contracted pig vesical arteries without endo- (Iyengar et al., 1987), were without effect on the NADPH
responded to increasing concentrations of SIN-1 and diaphorase reaction found in this study. However, DTNB
sent in acidified solution of NaNO2) with concen- and a-NADPH abolished the NADPH diaphorase activity in
lependent relaxations. SIN-I (1OIM) relaxed the nerves and in the endothelium, but not in the urothelium.
by 96 + 3% (n = 6) and NO (1 mM) by 97± 2% Thus, the neuronal and endothelial NADPH diaphorase
lata not shown). activity, suggested to indicate NOS (Dawson et al., 1991;

Hope et al., 1991), exhibited characteristics different from the
activity found in the urothelium.

ion Immunohistochemistry and NADPH-diaphorase histo-
chemistry performed on the same preparations in the pig

sent study demonstrates that NOS-IR and NADPH lower urinary tract, revealed an extensive colocalization of
ise activity are expressed in nerve trunks and fine the two markers in all regions. However, the urothelium of
res throughout the pig lower urinary tract. NOS-IR all regions was intensively stained by the NADPH dia-
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phorase technique, whereas no immunolabelling of the
urothelium could be observed. The reason for this may be, as

discussed above, that the NADPH diaphorase technique
stains additional enzymes besides NOS, or that NADPH
diaphorase staining of the urothelium represents an isoform
of NOS not readily detectable with our antiserum The
antiserum used in this study, raised against a fragment of the
rat cerebellar NOS, has been shown to be selective for
neuronal compared to endothelial NOS in rat tissue (Alm et
al., 1993). This was not the case with antisera raised against
the whole enzyme (Bredt et al., 1990; Schmidt et al., 1992).
In tissues from pig lower urinary tract, the present antiserum
stained besides neuronal structures, also the endothelium of
some vessels. Thus, it seems that our rat neuronal NOS
antiserum recognizes a protein in the pig endothelium that is
similar, but not identical to the neuronal one; possibly
endothelial NOS.

Activation of inhibitory nerves to the detrusor might be
one factor, behind the largely unknown mechanism, by which
the detrusor muscle relaxes to promote urine storage (e.g. De
Groat & Kawatani, 1985). In the stomach, NO has been
suggested to have a function as a mediator of adaptive
relaxation to accommodate food and fluid (Desai et al.,
1991). Likewise, a neurogenic inhibition involving NO release
would theoretically be a possible factor for bladder relaxa-
tion during filling. However, a role for NO in detrusor
relaxation has been questioned (Persson & Andersson, 1992;
Persson et al., 1992), due to difficulties in demonstrating
relaxant responses upon nerve stimulation, and because the
potency of NO-related agonists was low in the detrusor. In
the present study, NOS-IR nerves were demonstrated in the
pig detrusor muscle, although not as pronounced as in the
outlet region, which indeed suggests that NO is present in
neuronal structures in the detrusor. Even if NO does not
seem to act as a neurotransmitter causing direct smooth
muscle relaxation of the detrusor smooth muscle, it is possi-
ble that the L-arginine/NO system modulates the bladder
tone by other mechanisms. L-Arginine was found to be with-
out postjunctional effects on the detrusor muscle, but caused
a small inhibition of the electrically evoked detrusor contrac-
tions that was reversed by L-NOARG. This may be explained
by L-arginine stimulating neuronal NOS to yield an increased
NO production. NO production, in turn, may be initiated by
contractile activation. However, the NO production in the
absence of exogenous L-arginine was apparently not sufficient
to depress significantly the electrically induced contractions.

L-Arginine had no effect after muscarinic receptor block-
ade, indicating that the effect of L-arginine was restricted to
cholinergic neurotransmission. Thus, available information
suggests that the effect of L-arginine on the cholinergic
neurotransmission in the pig detrusor may be due to either
functional antagonism at the smooth muscle level, or to
prejunctional inhibition of acetylcholine release. It has been
suggested that the L-arginine/NO pathway affects cholinergic
neurotransmission in guinea-pig trachea at the level of the
smooth muscle or via a pre-junctional inhibition of acetyl-
choline release (Belvisi et al., 1991). However, recent studies
found no evidence for an affect on acetylcholine release either
in guinea-pig trachea or human airway smooth muscle (Brave
et al., 1991; Ward et al., 1992a), suggesting that functional
antagonism accounts for the inhibitory action of NO rather
than attenuation of transmitter release. However, it cannot
be excluded that L-arginine per se and/or NO caused a

release of an unknown substance, which in turn modulated
the cholinergic response.
Smooth muscle cells have been suggested as a possible

source of NO formation in the human detrusor muscle
(James et at., 1991) as well as in the gastrointestinal tract

(Grider et al., 1992). An inducible form of NOS has been
demonstrated in vascular smooth muscle cells (Rees et al.,
1990) but the physiological relevance of an inducible enzyme,
involved in immunological responses, for normal detrusor
relaxation seems limited. On the other hand, if smooth mus-

cle cells express a constitutive form of NOS it must be
different from the neuronal and endothelial NOS since in this
study no labelling of the musculature could be detected with
markers for the constitutive enzyme.

Interestingly, retrograde axonal tracing has recently been
performed to examine the origin of NADPH diaphorase
positive nerves in the rat bladder (McNeill et al., 1992).
Numerous NADPH diaphorase positive nerves were present
in the major pelvic ganglia and the (T13-L2, L6 and SI) dorsal
root ganglia, but not in the inferior mesenteric ganglia. This
indicates that if NO contributes to the function in the
detrusor, it is most likely through the parasympathetic and/
or sensory nervous system. Colocalization studies of NOS,
choline acetyltransferase and various peptides are currently
being carried out, and may help to elucidate whether some
portion of the peripheral nervous system in the lower urinary
tract uses NO as a cotransmitter.
Urodynamic studies have revealed a decrease in urethral

pressure, in normal micturition, 5-15 s before the detrusor
contracts (Scott et al., 1964; Tanagho & Miller, 1970; Low,
1977). Whether this reflects an involvement of a NANC-
transmitter reducing the urethral tone is not known. Several
histological studies (e.g. Gu et al., 1984; Crowe & Burnstock,
1989) have demonstrated a rich occurrence of NANC-nerves
in the bladder outlet region, in support of activation of
NANC-inhibitory nerves as a possible mechanism for
urethral relaxation. In the present study, histological evidence
was provided that nerves coursing through the smooth mus-
cle bundles in the pig urethra and trigone contained the
enzyme producing the inhibitory substance NO. In addition,
the fact that transient relaxant responses induced by electrical
stimulation of pig urethral and trigonal preparations were
practically abolished by inhibition of NOS, suggests that NO
might have a functional role in urethral relaxation. However,
NANC-relaxations evoked at high frequencies in the dog
urethra do not seem to be mediated by NO (Hashimoto et
al., 1993), implying that at least two neurogenic responses are
involved in dog urethral relaxation.

In the unanaesthetized rat, intra-arterial administration of
a NOS-inhibitor caused bladder hyperactivity and decreased
bladder capacity (Persson et al., 1992). The mechanisms
behind bladder hyperactivity are not known, but changes in
afferent and/or efferent activity due to lack of inhibitory
substances in either the detrusor or the outlet region might
be one possible mechanism (Gu et al., 1983; Chapple et al.,
1992). Since the NO innervation was found to be particularly
well developed in the outlet region, it seems reasonable to
assume that the observed bladder hyperactivity evoked by
inhibition of NOS, was caused by functional disturbance in
this region. In agreement with this, it has been suggested that
bladder hyperactivity may be initiated from the bladder
outlet region, rather than from the detrusor muscle itself
(Hindmarsh et al., 1983; Low et al., 1989). In the present
study, L-arginine was found to have an inhibitory effect on
the cholinergic neurotransmission in the pig detrusor. This
was not found in the rat detrusor (Persson et al., 1992).
Despite this, it cannot be excluded that the bladder hyperac-
tivity observed in the rat was due to a lack of inhibitory
mechanisms modulating the efferent neurotransmission in the
detrusor.
The majority of the vessels throughout the pig detrusor,

trigone and urethra were supplied by fine plexus of NOS-IR
fibres. Moreover, labelling of the endothelium was seen in
some, although not all vessels. It is known that acetylcholine
produces relaxations of vessels entirely dependent on the
presence of endothelium (Furchgott & Zawadzki, 1980) by
release of an endothelium-derived relaxing factor (EDRF)
identified as NO (Palmer et al., 1987). The endothelium-
dependent acetylcholine-induced relaxation of the pig vesical
artery was only partially inhibited by the NOS-inhibitor,
L-NOARG. This indicates that NO, provided that the NO
formation is completely blocked by L-NOARG, is not the
only endothelium-derived factor activated in response to
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acetylcholine. Indomethacin had no effect on the relaxation,
excluding contribution of a cyclo-oxygenase product. Vas-
cular smooth muscle cells are able to relax upon hyper-
polarization and an endothelium-derived hyperpolarizing
factor (EDHF) has been postulated (e.g. Taylor & Weston,
1988). If the L-NOARG-resistant, acetylcholine-induced
relaxation of the pig vesical artery is mediated by EDHF, an
inhibition would be expected if the vessels are pretreated with
L-NOARG and contracted with a potassium solution high
enough to counteract the effect of EDHF (Nagao & Van-
houtte, 1992). This was also found and indicates that the
overall relaxant response to acetylcholine in the pig vesical
artery is determined by a combined effect of NO release and
possible activation of a hyperpolarizing factor. It was further
shown that L-NOARG, in endothelium-intact preparations,
caused a marked increase in tension of preconstricted vessels.
This was not found in vessels at resting level, suggesting that
in vessel segments maintained under active tone, NO genera-
tion occurs continuously.

Neuronally-mediated vasorelaxations in e.g. bovine penile
artery (Liu et al., 1991) and dog, bovine and monkey cere-
bral arteries (Toda & Okamura, 1990; Gonzalez & Estrada,
1991) have been reported to be blocked by NOS-inhibitors.
In preliminary experiments, long-lasting relaxations evoked
by EFS were recorded in the pig vesical artery. However, the
responses were unaffected by tetrodotoxin (TTX) and L-
NOARG, which raises questions about the origin of the
relaxations.

The physiological role of neuronal and endothelial NO-
mediated vasodilatation in the bladder can only be spec-
ulated upon. The urinary bladder wall frequently undergoes
changes in wall tension during filling, which may be sufficient
to affect the blood flow. If the blood flow decreases during
filling of the bladder (Dunn, 1974; Siroky et al., 1990) an
activation of vasodilator mechanisms has to take place in
order to supply oxygen to the detrusor muscle. There is
evidence from e.g. the guinea-pig coronary vasculature (Park
et al., 1992) and rabbit pulmonary circulation (Persson et al.,
1990) that hypoxia stimulates the release of NO. This may be
the case also in bladder vessels.

In conclusion, the data obtained by immunohistochemistry
and NADPH diaphorase staining suggest that NOS is
localized in nerve fibres throughout the pig lower urinary
tract and predominantly in the outflow region. This is consis-
tent with functional data showing NANC nerve-mediated
relaxation, involving the L-arginine/NO pathway, in trigonal
and urethral smooth muscle preparations. In the detrusor,
the presence of NO-synthesizing enzymes in nerves can be
demonstrated, but its functional importance is unclear. NO,
as well as other endothelium-derived factors seems to be
involved in the endothelium-dependent acetylcholine-induced
relaxation of pig vesical arteries.

This work was supported by the Swedish Medical Research Council
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Sweden.
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Differential Class III and glibenclamide effects on action
potential duration in guinea-pig papillary muscle during
normoxia and hypoxia/ischaemia
II. MacKenzie, V.L. Saville & J.F. Waterfall

Roche Research Centre, PO Box 8, Welwyn Garden City, Hertfordshire AL7 3AY

1 Microelectrode recording techniques were used to study the effects of several potassium channel
blockers which are considered to be Class III antiarrhythmic compounds. The effects of (+)-sotalol,
UK-66,914, UK-68,798 and E-4031 on action potential duration (APD) were determined in guinea-pig
isolated papillary muscles. The compounds were evaluated under normoxic or hypoxic/ischaemic condi-
tions at 36.5°C and compared to glibenclamide, which is considered to be a blocker of ATP-dependent
potassium channels. Prolongation of action potential duration at 90% repolarization (APD90) was taken
as an indirect measure of potassium channel blockade.
2 Under normoxic conditions, the Class III compounds prolonged APD in a concentration-dependent
manner. According to EC15 values, the order of potency of the Class III compounds was found to be
UK-68,798> E-4031 > UK-66,914> (+)-sotalol. Glibenclamide did not significantly prolong APD90
under normoxic conditions.
3 Perfusion with an experimental hypoxic or ischaemic bathing solution produced qualitatively similar
effects on action potentials. Over a period of 20-25 min in either of the experimental solutions, there
was a small decrease in action potential amplitude (APA) and a prominent shortening of APD. The
ischaemic solution also depolarized the resting membrane potential by about 15 mV.
4 (+)-Sotalol and UK-66,914 did not reverse the shortening of APD induced by perfusion with
hypoxic Krebs solution. High concentrations of glibenclamide (10I M) and UK-68,798 (30 and 60ZlM)
partially reversed the hypoxia-shortened APD. Glibenclamide was more potent and exhibited a greater
time-dependent action than UK-68,798.
5 During experimental ischaemia, the Class III compound E-4031 (10IOM, n = 7) produced small, but
significant, increases in the APD90 (11 ± 3 ms after 20 min) which were not clearly time-dependent
(14 4 ms after 30 min). UK-68,798 (10 SAM) also produced a small, but insignificant, increase in APD90
(12 6 ms at 20 min, n = 4). Higher concentrations of UK-68,798 (30 and 60 JiM, n = 4) did not
produce a consistently significant increase in APD90 during ischaemia: significance was only attained
after 20 min in the presence of 60 tLM UK-68,798 (24 ± 12 ms). However, in marked contrast to the
effects of the Class III compounds, glibenclamide (10 ItM) produced large time-dependent increases in
ischaemic APD90 (34 ± 11 ms at 7 min, n = 9) which were significant 15 min or more after drug addition
(52 ± 12 ms at 20 min, n = 7; 74 + 5 ms at 30 min, n = 6).
6 The present microelectrode data suggest that blockers of ATP-dependent potassium channels, such
as glibenclamide, might prove to be more effective than Class III compounds against ischaemia-induced
shortening of cardiac action potentials.

Keywords: Antiarrhythmic drugs; ATP-dependent potassium channels; Class III drugs; glibenclamide; guinea-pig papillary
muscle

Introduction

One of the principal causes of sudden death in the western
world is the onset of lethal ventricular arrhythmias which
follow myocardial ischaemia where partial membrane
depolarization, a shortened action potential duration and
impaired conduction velocity set up re-entrant arrhythmias
(Janse & Wit, 1989). There has been much discussion as to
the most appropriate form of therapy for these ischaemic
arrhythmias since the sodium channel blockers flecainide and
encainide increased mortality in a population of patients
which had previous myocardial infarction (CAST Investi-
gators, 1989). Therefore, attention has recently turned to the
modulation of other ion channel subtypes, particularly potas-
sium channels, for an antiarrhythmic compound which pro-
longs action potential duration in the ischaemic myocardium.
Vaughan Williams (1970) originally termed compounds

which selectively prolonged action duration as Class III
agents. Subsequently, these drugs were believed to prolong
action potential repolarization by blockade of a delayed

'Author for correspondence.

rectifier (Carmeliet, 1985), a low-conductance potassium
channel which is both voltage- and time-dependent (Giles &
Shibata, 1985; Matsuura et al., 1987; Shibasaki, 1987). Early
Class III compounds in clinical use are typified by sotalol
(Antonaccio & Gomoll, 1988; Nademanee & Singh, 1990).
More recently, there have been other highly potent sotalol
derivatives (such as UK-66,914, UK-68,798 and E-4031)
which, under normoxic conditions, prolong ventricular action
potential duration and refractoriness in electrophysiological
studies (Tande et al., 1990; Gwilt et al., 1991a,b). These Class
III drugs also prolong refractoriness in some in vivo models
(Gwilt et al., 1989; 1991b) and, additionally, exhibit anti-
arrhythmic effects in other in vivo models of prior myocardial
infarction (Katoh et al., 1990; Lynch et al., 1990; Zuanetti &
Corr, 1991).
An ATP-dependent outward potassium conductance is

activated in cardiac myocytes by a reduction in intracellular
ATP concentration (Noma, 1983), which can be produced
either by attenuation of the glycolytic pathway (e.g. by
hypoxia), or by use of metabolic inhibitors (Trube &

Br. J. Pharmacol. (1993), 110, 531-538 '." Macmillan Press Ltd, 1993
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Hescheler, 1984; Weiss & Lamp, 1989). Promotion of this
ATP-dependent potassium current by hypoxia or. metabolic
inhibition results in a shorter action potential duration
(Kodama et al., 1984; Fosset et al., 1988). Thus, blockers of
ATP-dependent potassium channels which could selectively
prolong APD in metabolically compromised tissue represent
a potential drug target with a pathophysiological relevance in
myocardial ischaemia. Blockers of cardiac ATP-dependent
potassium channels are typified by sulphonylureas such as

glibenclamide (Fosset et al., 1988). Glibenclamide also has a

therapeutic effect on insulin secretion associated with its
blocking action on pancreatic ATP-dependent potassium
channels (Zunkler et al., 1988). However, some of the
differences in the biophysical and pharmacological properties
of cardiac and pancreatic ATP-dependent potassium chan-
nels could be exploited to yield novel cardioselective com-

pounds.
The present work has investigated the effects of the Class

III compounds (+)-sotalol, UK-66,914 (N-[4-[1-Hydroxy-2-
[4-(4-pyridyl)-l -piper = azinyl] ethyl] phenyl] methanesulphon-
amide), UK-68,798 (N-[4-[2-[N-methyl-[2-[4-(methylsulphon-
amido) = phenoxy]ethyl]amino]ethyl]phenyl]methanesulphon-
amide) and E-4031 (N-[4-[1-[2-(6-Methyl-2-pyridyl)ethyl]-4-
piperidinyl = carbonyl]phenyl]methanesulphonamide dihydro-
chloride) on action potential duration in guinea-pig isolated
papillary muscle under normoxic conditions. Maximally
effective concentrations were determined and the compounds
additionally tested under hypoxic or ischaemic conditions.
These drug profiles were then compared with those of gliben-
clamide.
Some of this work has been communicated in preliminary

form (MacKenzie et al., 1990; Saville et al., 1991).

Methods

Electrophysiological recording

Guinea-pigs (300-550g) underwent cervical dislocation, or

were stunned and exsanguinated. The heart was quickly
removed and a papillary muscle (generally from the right
ventricle) with attached piece of ventricular wall was pinned
out in a tissue bath (2 ml, flow rate of 6 ml min ') containing
oxygenated Krebs solution at 36.5°C. The preparations were

stimulated at a frequency of 1 Hz (2 ms pulse width,
threshold voltage plus 50%) by bipolar platinum electrodes
placed against the preparation. After an initial stabilization
period (1-1.5 h), action potentials were recorded from the
papillary muscle using microelectrode recording techniques.
Data were displayed on a digital oscilloscope (Gould 1604)
where waveforms were overlaid and output as necessary.

Figure 2 was taken from a chart recording (Gould 3400, pen

frequency-response of 30-50 Hz) and other experiments used
a DAT tape recorder (Biologic) in conjunction with a high-
frequency recorder (Gould TA4000, with 10 kHz).

The temporal characteristics of the action potentials were

recorded semi-automatically, at regular time intervals, from
prolonged impalements of a single cell in the preparation.
The effects of drugs on these steady-state determinations
were then evaluated at fixed time points. The action potential
duration at 90% repolarization (APD90) from maximal
amplitude (APA) was aken as an indirect measure of potas-
sium channel activity. Drugs which prolonged the APDgo
without effects on the action potential upstroke velocity
(Vmax) were considered to be potassium channel blocking
agents. Action potential duration at 30 and 50% repolariza-
tion (APD30 and APD50, respectively) was also routinely
measured. The effects of Class III compounds on the APD90
were quantified by establishing concentration-response curves

using a 7 min time cycle. This time cycle was chosen because
preliminary experiments with the reference compound (+)-
sotalol had shown that there was no further increase in the
APD90 with extended exposure. Due to difficulty in com-

pletely washing out the effects of the compounds, only one
agent was studied in each preparation. From these experi-
ments, EC15 values were determined (i.e. the concentration of
compound which prolonged the APD90 by 15%) and used to
establish the relative potencies of the Class III compounds.
An EC15 value was chosen for two reasons: firstly, because
the prolongation induced by some compounds did not con-
sistently exceed 20 or 25% and, secondly, because the errors
associated with this value were small.

Illustrations show a continuous recording from a single cell
in a preparation. Mean data (± s.e.mean) were compared by
Student's paired t test where appropriate with P <0.05 con-
sidered statistically significant.

Bathing solutions and drugs

The Krebs solution was of the following ionic composition
(mM): Na+ 149.1, K+ 5.4, Mg2+ 1.2, Ca2+ 2.0, Cl- 144.2,
HCO3- 15.5, H2PO4- 1.2 and glucose 11. This 'normoxic'
Krebs had a pH of 7.3 and was gassed by 95% 02/5% CO2-
The 'hypoxic' Krebs solution was of the same composition as
that above, except that it was glucose-free and gassed by
95% N2/5% 02 to reduce substantially the oxygen tension in
the solution (Po2 in bath 150 mmHg, by Corning 168
analyser). The 'ischaemic' Krebs solution was also glucose-
free but the potassium concentration and pH were changed
to simulate some of the changes measured in the in vivo
myocardium during ischaemia (see Gettes, 1986). The
ischaemic bathing solution was of the following composition
(mM): Na+ 137.3, K+ 9.2, Mg2+ 1.2, Ca2+ 2.0, Cl- 143.7,
HC03- 8.0, H2P04- 1.2 and glucose 0. The ischaemic
bathing solution was gassed with 55% 02/40% N2/5% CO2
to produce a less severe change in oxygen tension (Po2 in
bath 200 mmHg), and had a pH of 6.9.

Glibenclamide was obtained from Sigma. The Class III
agents were synthesized in the Cardiovascular Chemistry
Department at Roche Products Ltd. E-4031 was made up as
a stock solution in distilled water and (+)-sotalol was dis-
solved initially in ethanol. Other drugs were dissolved in
dimethylsulphoxide (DMSO), to a maximal solvent concen-
tration of 0.5%, which had no effects on action potential
configuration.

Results

Action potentials under normoxic conditions

Action potentials were usually recorded from preparations
maintained for 2-4 h after equilibration. Within any experi-
ment, a sample of cells tested in the absence of drugs
generally exhibited action potentials of similar amplitude
(mean APA was 113 ± 1 mV, n = 22) and duration. Between
preparations, however, the duration of the action potential
repolarization was quite variable (range 85-180 ms, mean
APD90 130.5 ± 3.2 ms, n = 68). The average action potential
upstroke velocity (Vm,,a) was 215 ± 14 mVs-' (n = 18) with
an average APD30 and APD50 of 74.6 ± 6.3 ms and 99.3 ±
7.2 ms (n = 22), respectively. In any given preparation, once
the time-course and amplitude of the action potentials had
attained a steady-state level (usually 10- 15 min after impale-
ment), the effects of drugs on the action potential parameters
were measured.

Prolongation of normoxic action potentials
The order of potency of the Class III compounds in this
study, as determined using EC15 values (see Methods)
obtained from concentration-response relationships (Figure
1), was UK-68,798>E-4031>UK-66,914>(+)-sotalol.
The mean EC15 values together with their 95% confidence

limits were calculated as 0.92 (0.18-4.68) JtM (n = 3) for
UK-68,798, 2.25 (1.48-3.41)tM (n = 7) for E-4031, 3.37
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Figure 1 Concentration-dependent effects of UK-68,798 (0), E-
4031 (A), UK-66,914 (-) and (+)-sotalol (*) on action potential
duration recorded from guinea-pig papillary muscles under normoxic
conditions and measured at 90% repolarization (APD90). See text for
details.

(2.08-5.45) iM (n = 4) for UK-66,914 and 29.8 (1.28-
691) jLM (n = 3) for (+)-sotalol. The mean maximal increase
in APD90 obtained with a 10 gM concentration of each com-
pound was 20.6 ± 3.1% for UK-68,798 (n = 3, control
APD% = 159.5 ± 2.0), 33.0 ± 4.7% for E-4031 (n = 7, con-
trol APD90 = 95.0 ± 11.9), 18.5 ± 4.7% for UK-66,914 (n= 5,
control APD90 = 136.5 ± 8.7) and 5.9 ± 3.0% for (+)-sotalol
(n = 6, control APD90 = 132.8 ± 6.8). These agents prolonged
the APD at 30, 50 and 90% repolarization. The percentage
increase in APD90 for a Class III compound was larger than
corresponding increases in either APD30 or APD50 (for exam-
ple 1OIM UK-68,798 prolonged the APD¶1 by 20.6 3.1%,
the APD50 by 17.7 ± 3.5% and the APD30 by 8.6 2.5%,
n = 3). These drugs prolonged repolarization without any

significant reduction in the Vm,. These observations confirm
the reported Class III profiles of these compounds.

In contrast to the Class III compounds described above,
the ATP-dependent potassium channel blocker, glibenclamide
(10 gM for up to 30 min) did not significantly prolong APD90
under normoxic conditions. The values for APD90, in the
presence of 1O giM glibenclamide, over a 30 min incubation
period were as follows: control = 146.6 ± 6.3 ms, 7 min gliben-
clamide 145.2 + 6.7 ms, 15 min glibenclamide 151.4 ± 5.6 ms,
20 min glibenclamide 152.7 ± 5.3 ms, 25 min glibenclamide
152.6 ± 5.8 ms and 30 min glibenclamide 151.8 ± 7.7 ms
(n = 5).

Effect of drugs under hypoxic conditions

When the Krebs bathing solution was exchanged for the
'hypoxic' bathing solution (see Methods), there was a small
but consistent reduction in the APA of a few millivolts and a

marked reduction in the APD9.. These changes attained a
near steady-state after 20-25 min. Thereafter, drugs were

added during continued hypoxia to assess whether they had
any effect on action potential configuration.
A high concentration of the Class III compound (+)-

sotalol (30 tLM) had no effect on the APDw under hypoxic
conditions (Figure 2a), which contrasted with its Class III
activity under normoxic conditions (Figure 1). The more

potent Class III compounds, UK-66,914 and UK-68,798,
were used in another series of experiments at concentrations
which were maximal for their Class III effects. UK-66,914
(30 ltM) had no effect under hypoxic conditions (Figure 2b).
However, UK-68,798 (30 ItM) had some effect on the hy-
poxia-shortened APD (Figure 3). There was a small increase
in the mean APD¶1 produced by 30 pM UK-68,798 which was
significant only after 1S min (the hypoxic APD90 was in-
creased by 22 ± 5.5 ms, n = 3) and this increase did not
become larger with time (23 11 ms, n = 3, after 20 min). At
a higher concentration (60 gAM UK-68,798, n = 3) there was
no significant increase in APD%.

Hypoxia Hypoxia
(20 min) + 30 AM (+)-sotalol

(20 min)

b

118mV \ 118mV 119mVl

187 ms 52ms 48ms

Control Hypoxia Hypoxia
(25 min) +30gM UK-66,914

(1 5 min)

Figure 2 Lack of effect of (a) (+)-sotalol (30 jAM) and (b) UK-
66,914 (30 jAM) during hypoxic conditions. Action potentials were

recorded initially under normoxic conditions (controls) and then
progressively shortened under hypoxic conditions until they attained
a steady-state. The subsequent addition of (a) (+)-sotalol or (b)
UK-66,914 did not prolong the hypoxic APD90 in these experiments.
(In this and subsequent figures of this type, the hypoxic action
potential illustrated was measured at the annotated time after the
onset of hypoxia. The APD90 had then reached a steady-state and
drugs were subsequently added to the hypoxic solution for the times
shown below these drug-treated responses). There was no apparent
effect of hypoxia on resting membrane potential in these
experiments.

The ATP-dependent potassium channel blocking agent
glibenclamide also prolonged the hypoxia-shortened APD90.
The threshold concentration for this effect was about 1O jiM.
One striking feature of the action of glibenclamide was its
clear latency (around 10-15 min) before an initial effect was

apparent (compare the insignificant increase of 4 ± 2.1 ms at
7 min, n = 7, with that of 28 ± 7.3 ms at 15 min, n = 6,
significant at P <0.01). Thereafter, the effect of gliben-
clamide at a fixed concentration (generally 10 JiM in these
studies) progressively increased as the period of drug incuba-
tion was extended (Figure 4). A significant (P <0.01) net
increase in the APD90 of 50 ± 9.6 ms (n = 4) was observed
after 20 min exposure to 1O jM glibenclamide.

Effect of drugs under ischaemic conditions

Although the experimental hypoxia methodology is often
used in cardiac electrophysiological studies, we also used an
alternative experimental stimulus which would better
simulate some of the ionic and chemical changes which arise
within the myocardium during ischaemia. A simulated
ischaemic bathing solution (see Methods) was used to
shorten the APD, probably by activating ATP-dependent
potassium channels. The ability of compounds to reverse the
shortening effect of ischaemia on the APD was then assessed.

The 'ischaemic' bathing solution prolonged qualitatively
similar effects on action potential configuration to those seen

with the 'hypoxic' solution. There was a small decrease in the
APA and a pronounced shortening of the APD90, both of
which reached a steady-state after about 20 min (Figures 5
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89 mV 97 mV

2ms

104 mV

35 ms
___

106 mV

46 ms
I.

Hypoxia (7 min) (15 min)
20 min

Hypoxia + 30 AM UK-68,798

Figure 3 The effect of UK-68,798 on the APD90 recorded from a guinea-pig papillary muscle following exposure to the hypoxic
bathing solution. There was a significant reduction in the APD90 after 20 min experimental hypoxia. UK-68,798 (30 JAM) elicited a
small increase in APD90 (see text). In this recording, there was some instability in the resting membrane potential as the hypoxic
solution entered the bath. This quickly restabilized, at the lower level shown, and remained constant for the rest of the experiment.

113mV

Control

120 mV

,45ms

Hypoxia
20 min

|98ms

(15 min) (30 min)

Hypoxia + 10 RM glibenclamide

Figure 4 The effect of glibenclamide (10 pM) on hypoxia-induced shortening of APD90 in guinea-pig papillary muscle. There was a
latency of 10- 15 min following the infusion of glibenclamide before an increase in the APD90 was observed. Thereafter,
glibenclamide progressively increased the duration of the hypoxic APD90 as its period of incubation was extended.

and 6). The following data demonstrate the stability of the
response under ischaemic conditions and shows that DMSO
(the solvent used to dissolve some of the drugs) had no effect
on APD90. The control APD90 was 137.8 ± 8.5 ms, after
20 min ischaemia it was reduced to 63.8 ± 18.8 ms and in the
presence of 0.1% DMSO the APD90 values obtained over
time were 66.0 ± 17.7 ms (7 min), 65.8 ± 18.2 ms (15 min),
66.7 ± 15.3 ms (20 min), 66.7 ± 15.1 ms (25 min) and 67.6 +
15.8 ms (30 min) (n = 4 in all cases). In most experiments,
test drugs were added after 20 min of ischaemia, although a
few preparations required a further 5 min for APD90 readings
to attain steady-state. One marked difference between the use
of hypoxic and ischaemic bathing solutions was the de-
polarization of the cell membrane potential (by about 15 mV)
which occurred with the ischaemic bathing solution. The
depolarization preceded the shortening of the APD90 by
several minutes, and was presumably a consequence of the
elevated extracellular K+ (9.2 mM) in the ischaemic solution.
The aim of this series of experiments was to obtain more

quantitative data about the effects of high (near-maximally
effective) concentrations of E-4031 and UK-68,798, which

were the two most potent Class III compounds previously
studied under normoxic conditions. As far as we are aware,
this is the first time that these Class III drugs have been
compared with glibenclamide under ischaemic conditons for
their effects on APD. Neither E-4031 (1O gM, Figure 5a) nor
UK-68,798 (10, 30 and 60 1M, Figure 5b) produced substan-
tial reversal of the ischaemia-induced shortening of the action
potential. E-4031 (1O JAM, n = 7) produced a net mean in-
crease of 7± 3ms (at 7min), 11 ± 3ms (at 20min) and
14 ± 4 ms (at 30 min); these small increases in the APD90
after 20 and 30 min were significant (Figures 5a and 6a).
UK-68,798 (10 IAM, n = 4) produced net increases in the
APD90 (Figure 5b) similar to those observed with the same
concentration of E-4031 (see above data) with increases of
7±4ms (at 7min) and 12±6ms (at 20min). Even with
higher concentrations of UK-68,798 (30 and 60 JAM, n = 4), a
significant net increase in APD90 was only attained after
20 min in the presence of 60 JAM UK-68,798, when the inc-
rease was 24 ± 12 ms (Figures 5b and 6b).

Glibenclamide prolonged ischaemic action potentials in a
similar manner to that described above for the hypoxic solu-

102 mV
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tion. The threshold concentration for glibenclamide was
about 6 LM and it exhibited a pronounced and progressive
time-dependent action (Figure 5c and see Figure 4, in
hypoxia). Glibenclamide (10JM) produced net increases in
the ischaemic APD90 of 34 ± 11 ms (at 7 min, n = 9),
52± 12ms (at 20min, n = 7) and 74±5ms (at 30min,
n = 6). These increases in the APD90 were significant 15 min
or more after drug addition (Figures Sc and 6a) and were
larger than those observed with either E-4031 or UK-68,798
(see above data). Despite prolonged exposure to gliben-
clamide, ischaemic action potentials were incompletely
restored to their control (pre-ischaemic) values. For example,
after 30 min of glibenclamide treatment (1O JiM), there was
85 ± 8% (n = 6) restoration of the APD90.
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Figure 5 Comparison of the effects of (a) E-4031 (10 JAm), (b)

UK-68,798 (10, 30 and 60 JAm) and (c) glibenclamide (10 JAm) on

APD90 recorded from guinea-pig papillary muscles under conditions

of experimental ischaemia (see Methods). The APD90 recorded under

ischaemic conditions (open columns show measurements after 7, 15,
and 20 min of ischaemia, respectively) was smaller than a correspon-
ding control value (solid column). Once the action potentials under
ischaemic conditions had attained a steady-state a test drug was

added (hatched columns for times indicated). (a) E-4031 produced a

small, but significant, increase in the ischaemic APD90 after 15 min
or more (shaded columns show data 7, 15, 20, 25 and 30 min after
drug treatment, respectively). (b) UK-68,798 was studied at three
concentrations (1O JM [left hand group of shaded columns], 30 JAM

[central group of shaded columns] and 60 JAM [right hand group of
shaded columns]) and changes in APD90 were measured after 7, 15
and 20 min. There were small increases in APD90 which were only
significant at the highest concentration used (60 JLM for 20 min). (c)
Glibenclamide induced larger increases in APD90 during ischaemia
which was clearly a time-dependent effect (columns represent
measurements made 7, 15, 20, 25 and 30 min after drug addition,
respectively). The time-dependent action of glibenclamide contrasts
with the effects of E-403 1 and UK-68,798. Asterisks represent
significant increases in the ischaemic APD90 (measured after 20 min
ischaemia) by drug treatment: *P <0.05; **P <0.01; ***P <0.001.

Discussion

In the present experiments, the electrophysiological effects of
several Class III compounds have been studied under either
normoxic conditions or conditions designed to simulate ex-
perimental hypoxia or myocardial ischaemia. The Class III
compounds evaluated here exhibited different pharmaco-
logical profiles in comparison to the ATP-dependent potas-
sium channel blocking agent, glibenclamide. Under normoxic
conditions, the Class III compounds prolonged the intracel-
lularly recorded APD, whereas glibenclamide had no signifi-
cant effect. In contrast, during hypoxia, the ability of both
(+)-sotalol and another more potent methanesulphonamide,
UK-66,914, to prolong APD was lost whereas glibenclamide
significantly prolonged the shortened action potentials.
Similarly, during experimental ischaemia, a near-threshold
(10 JM) concentration of glibenclamide produced larger in-
creases in the APD9O than did high concentrations of E-4031
or UK-68,798. This is particularly pertinent since UK-68,798
is the most potent Class III compound studied to date. In
addition, this is the first time that the effects of glibenclamide
on APD have been compared with those of E-403 1 and
UK-68,798 during simulated ischaemia.

Effect of Class III compounds during normoxia and
ischaemia

The present data agree with the earlier characterization of
the compounds studied ((+)-sotalol, UK-66,914, UK-68,798
and E-4031) as Class III agents (Carmeliet, 1985; Sawada et
al., 1988; Tande et al., 1990; Gwilt et al., 1991a,b) since they
prolonged the APD90 without any changes in the Vma.,
although there was generally a small increase in the APA of
a few millivolts. The threshold concentrations for Class III
effects in this study were similar to those obtained in other
tests used within our laboratory (for example, changes in the
refractory period, Cooper, Lad & MacKenzie, unpublished
observations), although they are at variance with other
studies which have shown that UK-66,914 and UK-68,798
are about 30 times more potent than the present data. For
example, in experiments which used similar experimental con-
ditions (36-37°C and a stimulation frequency of 1 Hz) UK-
68,798 and UK-66,914 elicited threshold increases in the
canine ventricular muscle APD at > 5 nM and > 0.1 JAM,

respectively (Gwilt et al., 1991a,b). In addition, Tande et al.
(1991) used continuous microelectrode recordings from
guinea-pig papillary muscles (32°C and 1 Hz) to show that
> 10 nM UK-68,798 prolonged the APD.
Although some differences in methodology are apparent

between the present microelectrode work and that of other
groups (for example, slight differences in bathing solution
composition, cell sampling technique or experimental
temperature), the differences in threshold potency between
the present data and that from other studies cannot be fully
explained. Like Tande et al. (1991), we studied action poten-
tial parameters from prolonged recordings of a single,
representative, cell within the preparation in the absence and
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Figure 6 The effect of (a) E-4031 (10 iM) followed by glibenclamide (1O 1M) and (b) UK-68,798 (10, 30 and 60 AM) on

ischaemia-induced shortening of APD90 in guinea-pig papillary muscle. (a) In this cell, there was only a small effect of E-4031,
which showed no time-dependency, over a 30 min period (see Figure 5a for quantified data). After 30 min treatment with E-403 1,
this drug was removed from the ischaemic bathing solution and replaced with glibenclamide (10 gM for 30 min). During this period,
glibenclamide induced a prominent and characteristic time-dependent prolongation of APD90. There was a latency of 10-15 min
following the infusion of glibenclamide before an increase in the APD90 was observed. (b) In this cell, there was a small effect of
UK-68,798 which was more prominent at the lowest concentration used (10 jAM); further increases in concentration (30 and 60 JiM)
produced comparatively small increases in APD90 (see Figure Sb for quantified data).

presence of drugs, rather than use a serial sampling tech-
nique. This is because we wanted to use each cell as its own
control to study the effect of several drug concentrations,
measured at predetermined time-points, once the cell had
completely resealed after impalement. The action potential
parameters usually attained a steady-state 10-15 min after
impalement. Although Tande et al. used a 40 min exposure
period for each concentration of Class III agent, they also
saw significant effects of lower concentrations within 10 min
(which was similar to the 7 min time cycle adopted here).
Our rank order of potency, with UK-68,798 as the most

potent of these compounds, is in good agreement with the
literature. An EC15 value was used only as an indicator of
potency - it did not, however, take into account the different
maximal responses to the Class III compounds. The newer

methanesulphonamide derivatives produced a larger maximal
prolongation of APD90 than (+ )-sotalol, suggesting their
greater efficacy or a slightly different mechanism of action.
(+)-Sotalol was used in these experiments because the (+)-
stereoisomer has less activity as a P-adrenoceptor blocking
agent compared to the (-)-stereoisomer (Woosley et al.,
1990).

Several questions could not be addressed using data from
the present microelectrode experiments. Firstly, which potas-
sium channel(s) is (are) associated with the drug-induced
Class III effects under normoxic conditions? We can

speculate about some possibilities based upon voltage-clamp
data from guinea-pig isolated myocytes. Under normoxic
conditions, time- and voltage-dependent potassium currents
and their associated tail currents are mediated by different
mechanisms (Sanguinetti & Jurkiewicz, 1990; Wettwer, 1990).
It has also been suggested that there are two components of
this 'delayed rectifier' current which exhibit differential drug
sensitivity to the Class III compounds E-403 1 and (+ )-
sotalol (Sanguinetti & Jurkiewicz, 1990). This interpretation
differs from the more established view that Class III com-
pounds act only on the time- and voltage-dependent currents
or their tails (often collectively described as the 'delayed
rectifier' or IK). Secondly, how was the slight prolongation of
the APD90 produced by Class III drugs during experimental
hypoxia or ischaemia? This could have arisen from incom-
plete block of a single component of outward current. Alter-
natively, the high concentrations of Class III agents used
could have had a small effect on other potassium channel
subtypes, or they could have promoted some inward current
which might explain some of the small increases in APA
which we see during ischaemia or hypoxia.
The implications of the present experiments are that Class

III compounds may have limited effects against ischaemic
arrhythmias in some experimental or clinical settings. Cobbe
(1988) reviewed available evidence which suggested that Class
III compounds largely lost their ability to prolong action
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potential duration in abnormal (hypoxic or ischaemic)
myocardium. Much of the experimental support for this
suggestion (see Cobbe, 1988) relied on observations made
with sotalol, but the limited effects of the newer and more
potent Class III compounds studied in the present microelec-
trode experiments endorse these views. Additionally, recent in
vivo data suggest that these newer Class III compounds do
not provide significant protection against the lethal ischaemic
arrhythmias which follow coronary artery occlusion in the
anaesthetized cat, even at relatively high doses (Lad &
MacKenzie, 1991). However, E-4031 has been reported to
have antagonistic effects towards chronic ischaemic arrhyth-
mias in vivo in canine post-infarction models (Katoh et al.,
1990; Lynch et al., 1990). This could be due to either its
primary Class III effect in the normoxic myocardium, rather
than an effect on ATP-dependent potassium channels, or
even some other effect in vivo.

Effect of glibenclamide under hypoxic/ischaemic
conditions

Under hypoxic or ischaemic conditions, ATP-dependent
potassium channels are activated by falls in the intracellular
ATP concentration and the cardiac action potential is
shortened as a result of the promotion of a time-independent
outward K+ current (Noma, 1983; Fosset et al., 1988). When
such a low intracellular ATP concentration was produced by
internal perfusion of guinea-pig cardiac myocytes, gliben-
clamide (20-50 nM) prolonged the shortened APD and also
reduced the opening probability of the ATP-dependent single
channels (Fosset et al., 1988). In the present work, the elec-
trophysiological consequences of hypoxia (shortening of
APD and small reduction in APA) were largely the same as
those following ischaemia, with the exception that the
elevated potassium concentration in the ischaemic bathing
solution elicited an additional partial membrane depolariza-
tion, and these effects were largely antagonized by the subse-
quent addition of glibenclamide. The significant effect of
glibenclamide on APD under hypoxic or ischaemic condi-
tions contrasted with its lack of effect under normoxic condi-
tions. Glibenclamide antagonized the effects of ischaemia at a
slightly lower threshold concentration (about 6 gM) than
under hypoxic conditions (about 10 gM) but the effects of the
drug were qualitatively similar. The incomplete restoration of
ischaemic APD to control values by glibenclamide (approxi-
mately 85% at 10 jiM) could either be interpreted as a
substantial but partial block of ATP-dependent potassium
channels by glibenclamide, or could indicate the presence of
other minor components of potassium current activated dur-
ing ischaemia.
Numerous investigators have shown that glibenclamide

pretreatment has antagonistic effects in isolated cardiac
muscle (usually at micromolar concentrations) against subse-
quent events elicited by metabolic inhibition or experimental
hypoxia/ischaemia. Nakaya et al. (1991) showed that 60 min
pretreatment of guinea-pig isolated papillary muscle with
10 tM glibenclamide partially prevented the subsequent
shortening effects of experimental hypoxia or metabolic
inhibition on APD; this effect of glibenclamide was maximal
at 20AM. In the present work, continuous microelectrode
recordings of action potentials have extended these observa-
tions. For the first time, our recordings from cardiac muscle
under normoxic and, subsequently hypoxic or ischaemic con-
ditions, have highlighted a time-dependent component of the
action of glibenclamide. This effect was apparent 7-O min
after the additon of glibenclamide during ischaemia (or
hypoxia) and was significant and progressive after 15 min or
more. This might have implications for experiments where
long periods of pretreatment with glibenclamide are studied.
The time-dependent action of glibenclamide raises some

questions as to the precise site and mechanism of action of
this drug. Although glibenclamide and other sulphonylureas
have high-affinity binding sites typified by low Kd values
(with potent compounds having activity in the nanomolar
range, see Fosset et al., 1988), the precise relationship
between the concentrations required for binding at these sites
and those required for their pharmacological effects in car-
diac tissue (usually in the micromolar range or higher) have
yet to be determined for a wide range of compounds. In
guinea-pig myocytes, in the presence of low intracellular ATP
concentrations, glibenclamide has been shown to have a
potent action (20-50nM) on both APD and single ATP-
dependent potassium channels (Fosset et al., 1988). However,
other groups have found that much higher concentrations of
glibenclamide are required to modify either hypoxic/
ischaemic APD (Nakaya et al., 1991 and present work),
ATP-dependent potassium current from whole-cell recordings
of guinea-pig myocytes during metabolic inhibition (Ven-
katesh et al., 1991), or single-channel recordings from inside-
out membrane patches (Venkatesh et al., 1991) or open-cell
patches (Nakaya et al., 1991). Sulphonylureas have a com-
paratively short latency of action at single channels in heart
(Nakaya et al., 1991; Venkatesh et al., 1991) and pancreas
(Belles et al., 1987) and a slower time-course in whole-cell
experiments (Belles et al., 1987) so this might have implica-
tions for the present microelectrode study. Perhaps, in addi-
tion to an immediate action on channels in isolated mem-
brane patches, glibenclamide has some delayed effect on
membrane conductance associated with slower second-
messenger systems or by some metabolic pathway compart-
mentalised within the cardiac cells. These second messenger
systems might be better preserved by use of microelectrode
techniques.
While physicochemical properties of sulphonylureas may

contribute to components of their biological activity in pan-
creatic P-cells (Zunkler et al., 1989), it is at present unclear to
what extent these factors come into play in myocardial tissue.
Since sulphonylureas are generally more potent in electro-
physiological terms in pancreatic tissue compared to cardiac
muscle (Trube et al., 1986; Belles et al., 1987), ATP-
dependent potassium channel blockers with greater cardio-
selectivity would obviously be desirable for the management
of some ischaemic cardiac rhythm disturbances.

Conclusion

Class III agents clearly have an important role to play in the
management of certain atrial and ventricular rhythm distur-
bances in normoxic situations, whereas glibenclamide would
be ineffective. In a pro-arrhythmic ischaemic environment, a
compound with a glibenclamide-like profile (showing de-
creased dispersion of refractoriness) would probably be more
effective than a Class III agent. Indeed, the Class III agent
might still prolong APD in normoxic tissue and exacerbate
the dispersion in refractoriness between normoxic and
ischaemic tissue. However, a more complete understanding of
the functional effects of glibenclamide against ischaemic
arrhythmias is desirable in a wider range of species in vivo
before ATP-dependent potassium channel blockers can be
used clinically in the treatment of lethal ventricular arrhyth-
mias which arise after acute myocardial ischaemia.

The Class III compounds were prepared for us by our colleagues in
the Cardiovascular Chemistry Department and we are particularly
grateful to M.G. Carr, R.M. Dunsdon, D.N., Hurst, Dr P.S. Jones
and Dr P.B. Kay for their assistance. We would also like to thank
David Adams, Sara Cooper, Nagin Lad and Ian Lightbown for their
comments and Helen Searle for her help in the preparation of this
manuscript.
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Characteristics of the binding of [3H]-GR32191 to the
thromboxane (TP-) receptor of human platelets
'Roma A. Armstrong, 2,*P.P.A. Humphrey & *P. Lumley

Department of Pharmacology, University of Edinburgh Medical School, 1 George Square, Edinburgh EH8 9JZ and *Department
of Cardiovascular and Respiratory Pharmacology, Glaxo Group Research Ltd., Park Road, Ware, Herts SG12 ODP

1 The interaction of the specific thromboxane (TP-) receptor blocking drug, [3H]-GR32191 with human
intact platelets and platelet membranes has been investigated in vitro.
2 On intact platelets, association of specific [3H]-GR32191 binding at 37'C was biphasic, with an initial
rapid component and a slower secondary phase. Dissociation experiments indicated displacement from
two sites with t4 values of 8.1 and 65.6 minutes. Kd values derived from the kinetic rate constants for the
rapid onset/offset and slow onset/offset phases were 0.4 and 0.5 nM respectively.
3 Competition binding of [3H]-GR32191 and GR32191 on intact platelets gave an IC50 of 2.3 nM.
Scatchard analysis indicated a single class of binding site with a Kd of 2.2 nM. Further analysis of the
data yielded a Hill slope of - 1.0 again indicating an interaction at a single binding site. Saturation
binding experiments gave a similar estimate of the Kd value for [3H]-GR32191 to that obtained from
competition binding experiments. A possible explanation for the biphasic interaction of the GR32191 in
intact platelets may lie in restriction of its access to and egress from a population of TP-receptors.
4 In platelet membranes at 37C, specific [3H]-GR32191 binding was complete within 5 min with a
calculated association rate constant of 3.2 x 108 M-I min-'. Dissociation of [3H]-GR32191 was relatively
slow, with measurable specific binding persisting for >40 min. Analysis of these data yielded a ti of
17.7 min and a dissociation rate constant of 0.04 min-' and indicated dissociation from a single site. The
ti for dissociation appeared to be related to the contact time of platelet membranes with [3H]-GR32191.
Derivation of a Kd from the kinetic rate constants gave a value of 0.13 nM.
5 Competition binding of [3H]-GR32191 and GR32191 to platelet membranes gave an IC50 value of
3.5 nM. Scatchard analysis of these data indicated a single binding site with a Kd of 2.1 nM. Saturation
binding experiments with [3H]-GR32191 yielded similar IC50 and Kd values to those from competition
experiments.
6 In further competition binding experiments, the TP-receptor agonists U-46619, STA2, EP171 and
9,1 1-azo PGH2 and antagonists SQ29,548, BM 13.177 and EP092 all competed with specific [3H]-
GR32191 binding on intact platelets and, where determined, on platelet membranes. All compounds
fully displaced specific [3H]-GR32191 binding. However, where tested, the ICso values for a particular
compound were always greater when [3H]-GR32191 was the radioligand than when [3H]-SQ29,548 was
used. At the concentrations used in these studies (2 and 5 nM respectively), platelets appeared to bind
approximately twice as much [3H]-GR32191 as [3H]-SQ29,548.
7 In conclusion, the interaction of [3H]-GR32191 with human intact platelets was complex but the data
were consistent with an action at a single class of binding site; from competition experiments this
appears to be the functional TP-receptor. The interaction of the drug with this binding site is, however,
characterized by a slow dissociation. This characteristic was confirmed in studies with platelet mem-
branes and does not therefore appear to be an artefact of diffusion. Estimates of the Kd of the drug
differed depending on the method of determination. Because of the slow dissociation of [3H]-GR32191,
those relying upon equilibrium of the radioligand with competing agent may be unreliable. The rate of
dissociation also appeared to be related to the contact time of drug with receptor. An explanation for
this phenomenon may lie in the ability of GR32191 to induce a change in the conformational state or
location of the human platelet TP-receptor.

Keywords: Human platelet; thromboxane A2 receptor blocking drug; radioligand binding; thromboxane A2 receptor

Introduction

Thromboxane (Tx) A2 is a potent platelet aggregatory and and its mimetics (Lumley et al., 1989; Hornby et al., 1989).
vasoconstrictor agent which has been implicated in the The interaction of GR32191 with the human platelet TP-
pathophysiology of occlusive vascular disease (FitzGerald et receptor has been supported by its ability to compete for
al., 1987). To exert its effects, TxA2 appears to act at a binding with the TP-receptor radioligand ['251I]-PTAOH, the
specific receptor which has been termed a TP-receptor (Cole- Ki for inhibition of binding being in close agreement with the
man et al., 1984). GR32191 is a potent and specific TP-recep- Kd value obtained from functional studies (Lawrence et al.,
tor blocking drug which prevents human platelet aggregation 1988). However, in these functional studies, GR32191 ap-
and contraction of vascular smooth muscle induced by TxA2 peared to antagonize U-46619-induced platelet aggregation in

an non-competitive manner, with slopes of the Schild plot
being significantly greater than unity (Lumley et al., 1989). In

I Author for correspondence. addition, the attainment of the peak aggregatory response to
2 Present address: Glaxo Inst. Applied P'armacology, Dept. Phar- U-46619 was slowed in the presence of GR32191. At concen-
macology, University of Cambridge, Tennis Court Road, Cambridge trations approximately 10-30 times greater than the estimated
CB2 1QJ. pA2 value, an unsurmountable antagonism of U-46619-in-
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duced platelet aggregation was seen. This profile of GR32191
appeared unique to platelets since the antagonism of U-
46619-induced contraction of vascular smooth muscle was

competitive and surmountable (Lumley et al., 1989).
The aim of the present study was therefore to investigate

the binding of GR32191 to the human platelet. To achieve
this, [3H]-GR32191 was prepared and binding investigated
both in intact platelets and in a platelet membrane prepara-
tion. For comparison with results observed with [3H]-GR
32191, binding studies were also performed with [3H]-SQ
29,548 (Hedberg et al., 1988). This TP-receptor blocking drug
potently antagonizes U-46619-induced human platelet agg-
regation (Lumley et al., 1989). However, unlike GR32191,
the antagonism produced by SQ29,548 appears to be com-
petitive, with slopes of the Schild regression not significantly
different from unity (Lumley, unpublished). In addition no

marked slowing of the aggregatory response to U-46619 is
observed in the presence of SQ29,548. In binding studies
[3H]-SQ29,548 associates and dissociates rapidly from human
platelets and appears to represent a relatively uncomplicated
radioligand for studying the platelet TP-receptor (Hedberg et
al., 1988).

Methods

Preparation ofhuman platelet and platelet membrane
suspensions

Human blood (180 ml) was withdrawn from the ante-cubital
vein and mixed with 36 ml acid-citrate-dextrose solution (see
Drugs used) before centrifugation at 250 g for 20 min to give
platelet-rich plasma (PRP). Following addition of prostacy-
clic (30 nM) the PRP was further centrifuged at 450 g for
20 min to give a platelet pellet. For intact platelet studies the
pellet was resuspended in 15 ml of assay buffer. For mem-

brane studies, platelet pellets were frozen at - 20°C, thawed,
resuspended in assay buffer and the suspension homogenized
on ice in a Ystral homogenizer.

Radioligand assay

Each assay tube contained 360 gAl buffer, [3H]-GR32191 (final
concentration of 2 nM added in 10 jl), 50 l1 buffer or test
compound and 80 of intact platelets or platelet membrane
suspension.

Association experiments To determine the association rate
of [3H]-GR32191, platelets or platelet membranes were incu-
bated with 2 nm of the radioligand at 37°C for various
periods of time. Incubation was terminated by the addition
of 3 ml of ice-cold assay buffer and rapid filtration under
suction through Whatman GF/B glass fibre filters using a

Brandell cell harvester. Filters were rinsed three times with
3 ml of ice-cold buffer, placed in counting vials containing
3 ml of scintillant and counted in a scintillation counter.

Dissociation experiments Association of 2 nM [3H]-GR32 191
with whole platelets or platelet membranes was achieved by
incubation at 37°C for 30 min before dissociation was initi-
ated by the addition of 5 gAM unlabelled GR32191. Samples
were incubated at 37°C for various lengths of time after the
addition of unlabelled GR32191 before the reaction was
stopped as above. In some experiments the dissociation of
[3H]-SQ29,548 (5 nM) was determined in the same way.

Competition experiments Drugs tested for competition with
[3H]-GR32191 binding were added either to platelet mem-
branes or intact platelets in concentrations ranging from
0.1 nM to 10 gAM simultaneously with 2 nM [3H]-GR32191 and
incubated for 30 min at 37°C before termination of the reac-
tion as above. When aggregatory agonists were studied, 4 nM
cicaprost (Sturzebecher et al., 1986) was included to prevent

platelet aggregation. Inhibition experiments using [3H]-
SQ29,548 were carried out as for GR32191, except that the
concentration of radioligand used was 5 nM.

Saturation experiments Increasing concentrations of [3H]-
GR32191 (2-50 nM) were incubated for 30 min at 37°C with
either intact platelets or membranes before terminating the
reaction.

Non-specific binding (NSB) In all experiments described
above, NSB was determined at either each or selected time
points by co-incubating 5 jtM GR32191 with samples contain-
ing 2 nM [3H]-GR32191. In some experiments on intact
platelets, EP092 (5 fLM) was used instead of GR32191.

Analysis of data

All analyses were performed only on data (counts min-',
c.p.m.) expressed as specific binding utilising published me-
thods/programmes (see Barlow, 1983).

Association/dissociation Association of [3H]-GR32191 with
both intact platelets and platelet membranes was analysed by
linear regression of loglo bound [3H]-GR32191 at equilibrium
(B.q; c.p.m.) divided by Bq minus the amount bound at any
given time (Be) against time, using a computerised least-
squares fit to a straight line ('Linefit'). Kob. was determined
from the slope of the regression x 2.303 and the association
rate constant (k+l) determined as

k + = Kob,-k- I

[LI

where k_ I and [L] are the dissociation rate constant and the
radioligand concentration respectively.
The dissociation rate constant (k I) was determined using

the data from each individual dissociation curve by a least-
squares fit of bound [3H]-GR32191 (B) to time ('Expofit')
according to the equation B = Boe - k where Bo is the c.p.m.
prior to addition of excess GR32191 ('time zero') and
k = k1. The time to half dissociation (t1) was calculated
from the k_, value as:

0.693
k-I

With some data (see Figure 3), points lay consistently above
or below the fitted line suggesting that a two phase dissocia-
tion process may be involved. In these instances data were
fitted to B = Bj[e -k' + e- k2t using the programme 'Doublexp'
which yielded two rate constants.

Competition studies IC50 values were determined from com-
petition studies by analysing specifically bound [3H]-GR
32191 (c.p.m.) versus concentration of competing agent using
'Polyfit' (Barlow, 1991).

Saturation binding Kd values were determined from satura-
tion binding data using a direct fit to a hyperbola using
'Hypmic'.

Scatchard analysis Kd was determined from Scatchard anal-
ysis which was performed on data from both competition
and saturation experiments. A plot of bound (fmol/assay
tube) divided by free (nM) [3H]-GR32191 versus bound [3H1-
GR32191 (fmol/assay tube) was analysed by linear regression
('Linefit'). The negative reciprocal of the slope of the line was
equivalent to Kd. Competition data were also analysed using
a Hill plot of the data according to the equation, log BI
Bm,- B vs log [L] ('Inhibition') with a Bmaxt estimated from
the Scatchard plot of the same data.
For all graphical presentations of data, the linear regres-

sion programme 'Linefit' was used to obtain the line of best
fit.
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Drugs used

The assay buffer (pH 7.4) had the following composition
(mM); NaCI 100, glucose 5, Tris HCI 50 and contained
indomethacin (1 jM). Acid citrate-dextrose solution was pre-
pared by dissolving disodium hydrogen citrate (2 g) and
glucose (3 g) in 120 ml of distilled water. All reagents were
Analar grade and obtained from BDH. Prostacyclin (PGI2)
sodium salt (Schering A.G.) was prepared as a 50 jig ml-'
stock solution in 50 mM Tris-HCI, pH 9.0; dilutions were
prepared in saline. Cicaprost (ZK96480, Schering) was dis-
solved in saline to give a stock solution of 50 jig ml-'.
Indomethacin (Sigma) was prepared as a 1OmM solution in
absolute ethanol; dilutions were prepared in saline. [3H]-
GR32191 hydrochloride salt (specific activity 48.3 Ci mmol- ';
>96% pure) was tritiated at Amersham and incorporated
two tritium atoms in the alkyl carboxyclic acid chain of the
GR32191 molecule (Figure 1) and was supplied as a 50 jiM
solution in ethanol. Dilutions were prepared in the assay
buffer to give a final concentration of ethanol of 0.04% v/v
in each assay tube. GR32191 (la-(6'-carboxyhex-3'2-enyl)-2p-
(N-piperidino)-3a-hydroxy-5S-(4"-biphenylylmethoxy)-cyclo-
pentane; hydrochloride salt, Glaxo Group Research) was
prepared as an 2.0 mg ml-' solution in saline. U-46619 (1la.,
9m-epoxymethano PGH2, Upjohn Diagnostics) was prepared
as its sodium salt by dissolving in approximately 1% w/v
NaHCO3 in saline. Dilutions of these drugs were prepared
using the assay buffer. [3H]-SQ29,548 (2a-(6'-carboxyhex-2'z-
enyl)-3a-(1'-(N-(phenylcarbamoyl)-hydrazino) methyl)- 7 - oxa-
bicyclo [2,2,1] heptane, specific activity 30-60 Ci mmol-')
was purchased from NEN. EP171 ((rac) 9a,1 la-epoxy-IOa-
homo-16-p-fluorophenoxy-w-tetranor-1 5S-hydroxy-prosta-SZ,
13E-dienoic acid) and EP092 ((rac) 9a,lla-ethano-l-methyl-
13 (N-phenyl thio-carbamoyl) hydrazono-w-heptanor-prosta-
SZ-enoic acid) were synthesized in the Department of Phar-
macology, Edinburgh University whilst the following were
obtained as indicated; 9,11-azo PGH2 (Upjohn), STA2 ( lla-
carba-9, 1-thia TXA2, Ono), BM 13.177 (4-[2-[[(4-chloro-
phenyl) sulphonyl]amino] ethyl] benzeneacetic acid, Glaxo),
SQ29,548 Squibb. Stock solutions of the prostanoids
(5-10 mg ml- ') were prepared in ethanol and stored at
-20°C. Aqueous solutions were obtained by adding the
calculated molar equivalent of NaOH, evaporating to dryness
and dissolving the residue in warm saline. Further dilutions
were -prepared in assay buffer. PGI2, cicaprost, U-46619 and
GR32191 stock solutions were stored at - 20C between
experiments. All drugs were stored on ice during an experi-
ment.

/ 3H 3H

44N\ > 4 COOH

HON

HO I

Figure 1 The chemical structure of [3H]-GR32191.

Results

Intact platelets

The rate of association of [3H]-GR32191 to intact platelets at
37°C was slow and complex. Although 80% of binding was
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Figure 2 The onset of [3H]-GR32191 (2 nM) binding to human
intact platelets at 37°C. (a) Individual preliminary experiments show-
ing total binding assessed over 90 min indicate an initial rapid (app-
roximately 80% of maximum) phase of binding over 10 min followed
by a more prolonged phase. In (b) and (c), the fast onset (0-10 min)
and slower onset (10-60 min) specific binding phases are shown
from separate series of experiments (n = 4 and 13 respectively). These
data were analysed separately to obtain k+ values using mean Beq
values, calculated from individual experiments, of 10 min for the
slow component and 53 min for the fast component. Specific binding
(-) was determined at total binding (0) minus non specific binding
(NSB) (A), the latter being determined in the presence of 5 jiM
unlabelled GR32191. In (b), NSB was determined at 10 min whereas
in (c) it was assessed routinely at virtually all time points to allow for
an accurate assessment of the slow binding component. At time
points where NSB was not determined, specific binding was cal-
culated from an average value of NSB from adjacent time points. In
(c), specific binding at 10 min was significantly less than binding at
30, 40, 50 and 60 min (P <0.05, Student's t test).
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Table 1 Association and dissociation rate constants and affinity constants for the interaction of [3H]-GR32191 with human platelets
and platelet membranes in vitro

Measured variables

Association rate constant
(k+1) (x 108m-min-)

kobs
Dissociation rate constant
(k,1) (min-')

t1 (min)
Kd (nM) c

d

Platelet membranes

3.2 ± 0.8

0.69 ± 0.16
0.044 ± 0.004

17.7 ± 2.8
2.1 ± 0.2
1.8 ± 0.1

n Fast component

(4) 1.9 ± 0.3a

Intact platelets
n Slow component n

(4) 0.19± 0.0004b (13)

(4) 0.46 ± 0.05a (4) 0.05 ± 0.01b
(8) 0.093 ± 0.015 (4) 0.011 ± 0.001

(8)
(8)
(4)

8.1 ± 1.5 (4)
2.2 ± 0.1e
2.8 ± 0.03c

65.6 ± 8.8
(4)
(6)

aFor calculation of k.b,, B¢q value taken at 10 min.
bFor calculation of kobS, B,q value taken between 30-60 min (mean, 53 ± 3 min).
Kd was derived from c competition experiments between 2 nM [3H]-GR32191 and increasing concentration of GR32191 and d saturation
binding experiments using [3H]-GR32191. 'Kd measured on intact platelets for both fast and slow sites together.

complete within 10 min, equilibration of a slower component
required 30-60 min. Figure 2a shows data from two pre-
liminary experiments. Because of this complex profile, the
fast component (0-10 min) and slow component (10-60
min) were analysed separately, with parallel comprehensive
analysis of NSB in the case of the latter (Figures 2b and c).
Values for kob, and k + for the two components are shown in
Table 1.

Initial experiments to examine the dissociation of [3H]-
GR32191 from intact platelets, indicated displacement from
two sites. The best fit of the data from an initial series of
experiments is shown in Figure 3a. Experiments were re-
peated (Figure 3b; n = 4), the log plot of these data being
curvilinear (Figure 3c). Each individual dissociation curve
was analysed separately by 'Doublexp' to derive t1 and k_ l
values for the fast and slow offset components separately
(Table 1).

In some experiments in intact platelets the TP-receptor
blocking drug, EP092 (5p1M; Kd 10 nM; Jones et al., 1984),
was used to determine the NSB of [3HJ-GR32191 for com-
parison with the value obtained with GR32191 itself (5 !LM).
In these experiments no significant difference was observed in
the two determinations of NSB, with mean (n = 4) values of
876 ± 42 and 756 ± 85 c.p.m. being obtained with EP092 and
GR32191 respectively.

Scatchard analysis of [3H]-GR32191 binding in intact
platelets was determined by two methods. Firstly, intact
platelets were incubated with 2 nM [3H]-GR32191 at 37C for
30 min simultaneously with increasing concentrations of
unlabelled GR32191. The mean competition curve is shown
in Figure 4a and the mean IC50 for unlabelled GR32191 from
individual experiments was 2.3 ± 0.1 nM (n = 4). Scatchard
analysis of each experiment gave a straight line (mean
r = 0.90 ± 0.05) suggesting a single class of binding site with
a Kd of 2.2 ± 0.1 nM (Figure 4b). Because of the suggestion
of two binding sites from the dissociation experiments in
intact platelets, data was also analysed by 'Inhibition'. Anal-
ysis of the data gave a Hill slope of - 1.0 ± 0.08 also sugges-
ting the existence of one class of binding site. In the second
method, intact platelets were incubated at 37°C for 30 min
with increasing concentrations of [3H]-GR32191. The individ-
ual saturation curves (data not shown) gave a mean Kd of
2.3 ± 0.2 nM (n = 6). Transformation of these data into Scat-
chard plots gave straight lines (mean r = 0.91 ± 0.02), again
indicating one class of binding site with a mean Kd of
2.8 ± 0.3 nM. The Kd values obtained by division of the
measured kinetic rate constants (k_ 1/k +) obtained with
intact platelets for the fast onset/offset and slow onset/offset
components were 0.5 nM and 0.4 nM respectively. This was
some 5 fold lower than the values obtained from both
Scatchard analysis and functional experiments (1.7 ± 0.2 nM)
of GR32191 antagonism of U-46619-induced human platelet
aggregation (Lumley et al., 1989).

Platelet membranes

Figure 5a shows the association binding of 2 nM [3H]-
GR32191 to platelet membranes. At 37°C, binding was vir-
tually complete within 5 min and plateaued at this level for
up to 20 min. The plot of log Bq,/Bq- Bt versus time (Figure
Sb) for individual experiments gave a mean (± s.e.mean,
n=4) ko0b of 0.69±0.16 and k+I of 3.2±0.8x 108M-1
min-'. After incubation of 2 nM [3H]-GR32191 with platelet
membranes for 30 min at 37°C, addition of 5 gM unlabelled
GR32191 reversed specific binding, but this dissociation was
very slow (Figure Sc). Even 40 min after the addition of
unlabelled GR32191, binding of [3H]-GR32191 had not re-
turned to the level of non-specific binding. Figure 5d shows
the mean plot of the log bound ligand against time which
yields a straight line consistent with dissociation from one
site. Each individual dissociation curve was analysed separ-
ately and gave a mean (n = 8) t value of 17.7 2.8 min and
dissociation rate constant k_ value of 0.044 0.004 min-'.
To investigate the possibility that the rate of dissociation of
GR32191 from the platelet TP-receptor was related to the
contact time, dissociation experiments were carried out using
platelet membranes pre-incubated with 2 nM [3H]-GR32191
for 5-10 and 15-20 min. The mean (n = 5-6) ti values
obtained at these times were 8.5 ± 0.2 and 12.3 ± 1.7 min,
respectively.

Scatchard analysis of binding of [3H]-GR32191 to platelet
membranes was determined, as for intact platelets, by two
different methods. The mean IC50 for competition between
unlabelled GR32191 and 2 nM [3H]-GR32191 was 3.5 ± 0.2
nM (n = 8) (Figure 6a). When these data were transformed
into Scatchard plots (Figure 6b), straight lines (mean r =

0.93 ± 0.01) were obtained indicating one class of binding
site with a mean K4 of 2.1 ± 0.2 nM. Increasing concentra-
tions of [3H]-GR32191 gave saturation binding curves (data
not shown) with a mean Kd value of 1.6 ± 0.2 nM (n = 4).
Again the Scatchard plots were straight lines (mean r =

0.93 ± 0.02) indicating one class of binding site with a Kd of
1.8 ± 0.1 nM. These values again correlate well with the
value from functional studies. However, the Kd value ob-
tained by division of the measured mean kinetic rate con-
stants (k l/k+ 1) was 0.14 nM and is therefore lower than the

value obtained from either Scatchard analysis or func-
tional studies.

Competition experiments

The IC50 values for competition between either 2 nM [3H]-
GR32191 or 5 nM [3H]-SQ29,548 and a range of TP-receptor
agonists and antagonists for binding to intact human plate-
lets and, where tested, to platelet membranes is shown in
Table 2. SQ-29,548 is a TP-receptor antagonist with a
reported of S nM (Hedberg et al., 1988). The drug dis-

(13)
(4)

(4)
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Figure 3 The dissociation of specific [3H]-GR32191 binding from
human intact platelets at 37°C. Platelets were pre-incubated with
2 nM [3H]-GR32191 for 30 min at which time dissociation was insti-
gated by the addition of 5 jAM unlabelled GR32191 (time 0). In (a),
dissociation data from a series (n = 3) of experiments has been fitted
either to a single exponential (broken line) or to the equation
B = BO[ekit+ e-k t] (solid line). Note that the scatter of data about
the solid line is uniform compared with that around the broken line
(and has a reduced standard deviation). The half times for the single
exponential (broken arrow) and for the two phase dissociation (solid
arrows) are indicated on the abscissa scale. In the experiments
depicted in (b), each point represents the mean ± s.e.mean of 4
determinations. In all experiments in (a) and (b), determinations of
control binding and nonspecific binding (NSB) were performed at
the beginning ('0' min) and end ('40' min) of each experiment and
showed that these values did not significantly change over this
period. Mean (n = 7) control values of 5262 ± 37 and 5461 +
158 c.p.m. and NSB values of 970 ± 53 and 826 ± 58 c.p.m. were
obtained at the two times respectively. In (c), the log plot of the
dissociation data is curvilinear and tt and k values for a fast and
slow component were determined from individual experiments by
computer analysis (see text and Table 1).

Figure 4 (a) Competition binding between 2 nM [3H]-GR32191 and
unlabelled GR32191 in intact platelets. Each point represents the
mean ± s.e.mean of 4 determinations. (b) Scatchard plot of the data
in (a).

sociates from the TP receptor of human platelets very
rapidly. For example, on intact platelets at 37'C it had a
measured mean (n = 3) t, of 1.7 ± 0.14 min (this study). It
was a consistent finding in these paired inhibition experi-
ments that, at 2 and 5 nM respectively, the specific binding of
[3H]-GR32191 to intact platelets was approximately twice
that of [3H]-SQ29,548 (8065 ± 365 versus 3205 ± 296 c.p.m.,
n = 16). Scatchard analysis of a paired saturation binding
experiment, performed in quadruplicate on a single prepara-
tion of platelet membranes, gave a Kd of 1.7 nM and an x

intercept of 97.3 fmol for [3H]-GR32191 and values of 4.6 nM
and 56.9 fmol for [3H]-SQ29,548. A part of these differences
in binding of the two radioligands appeared to be accounted
for by a difference in their specific activities (see Drugs used).
The mean (n = 4, total counts added for each radioligand,
43991 ± 10760c.p.m. for 2nM [3H]-GR32191 and 78116±
5956 c.p.m. for 5 nM [3H]-SQ29,548, supported this view.
Competition curves for U46619, EP171, STA2 and SQ29,548
are shown in Figure 7. For all TP-receptor agonists and
antagonists tested, the radioligand binding curves obtained
with [3H]-GR32191 for the TP agonists lie to the right of
those found using [3H]-SQ29,548 (Table 2 and Figure 7).
However, all compounds tested were able to displace fully all
specific [3H]-GR32191 and [3H]-SQ29,548 binding.

Discussion

The antagonism of TP-receptor-mediated human platelet
aggregation by GR32191 is characterized by a slowing of the
aggregatory response to agonist, suppression of its maximum
effect and Schild regression slopes of greater than unity
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Figure 5 Onset (a and b) and dissociation (c and d) of specific [3H]-GR32191 (2 nM) binding to human platelet membranes at
37°C. (a) Specific binding (0) was determined as total binding (0) minus nonspecific binding (NSB) A) the latter being
determined in the presence of 5 jM unlabelled GR32191. NBS was not determined at each time point (see legend to Figure 2). Each
point represents the mean ± s.e.mean of 4 determinations. (b) Log transformation of the specific binding data from experiments
shown in (a). Kob, and association rate constant (k,+ ) values quoted in text were derived from similar plots from individual
experiments. In (c), membranes were pre-incubated with 2 nM [3H]-GR32191 for 30 min at 37'C and then dissociation instigated by
the addition of 5 JLM unlabelled GR32191 (time 0). Specific binding data (i.e. total binding minus NSB) (0) are shown, each point
representing the mean ± s.e.mean of 8 determinations. Determinations of control binding and NSB were performed at the
beginning (0 min) and end (40 min) of each experiment and showed that these values did not change significantly over this period.
Mean (n = 8) control values of 2298 ± 220 and 2371 ± 250 c.p.m. and NSB values of 643 ± 95 and 673 ± 79 c.p.m. were obtained
at the two times respectively. (d) Log transformation of dissociation data from the individual experiments from (c). The slope of
the plot gives the dissociation rate constant k -,.

(Lumley et al., 1989). In addition, the drug has a duration of
action upon platelets in man, which far exceeds its detection
in plasma (Thomas & Lumley, 1990). The present study has
examined in vitro, the binding characteristics of GR32191 to
the human platelet TP-receptor in an attempt to explain
some of these phenomena. For this purpose [3H]-GR32191
was synthesized, the resultant radioligand possessing high
specific activity. The specific [3H]-GR32191 binding studied
appeared to occur with the platelet TP-receptor since it was

fully prevented by a range of TP-receptor agonists and
antagonists. In the present study, the interaction of [3H]-
GR32191 with both intact platelets and platelet membranes
was investigated.

In intact platelets a complex picture emerged, with both
association and dissociation of [3H]-GR32191 occurring in
two distinct phases. With association, although 80% of bin-
ding was complete within 10 min at 37°C, equilibration of a

slower component required 30-60 min. Similarly, following a

30min incubation, dissociation ti values of approximately 8
and 66min were observed for the two phases. These data
could be taken as evidence for [3H]-GR32191 interacting at
two sites. However, calculation of Kd values from the kinetic
rate constants for the fast onset/offset and slow onset/offset
phases yielded very similar values. In support of this, Scat-
chard analysis of competition and saturation binding data

with [3H]-GR32191 in intact platelets appeared to indicate
binding of the drug at a single site. Takahara and colleagues
(1990) have also studied the binding of [3H]-GR32191 to
human intact platelets. Association of the drug appeared to
occur at a single site, whereas dissociation was biphasic and
best described by a two site model. The slow dissociation
component seen with [3H]-GR32191 was more pronounced
that that seen in the present study, possibly a reflection of the
higher concentration of drug used (10 nm versus 2 nM in the
two studies respectively).
One possible explanation for the association/dissociation

profile observed in intact platelets with [3H]-GR32191 in both
the present study and that of Takahara and associates is that,
in addition to binding to TP-receptors on the platelet surface,
the drug also undergoes binding to an identical but 'inter-
nalised' TP-receptor. Being a zwitterion, GR32191 is highly
charged at neutral pH and this would be expected to slow its
passage, in both directions, across biological membranes so

explaining the slow onset and offset. Studies with [3H]-
SQ29,548 also indicated the possible existence of such an

internalised pool of receptors (Hedberg et al., 1988). An
alternative explanation is that a proportion of the TP-
receptor population, with which the drug interacts, may
become internalised. The latter hypothesis is supported by
data in vivo in man where GR32191 treatment appears to
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or [3H]-SQ29,548 and a range of TP-receptor agonists and
antagonists for binding to human intact platelets

IC50 (nM)
[3H]-GR32191 [3H]-SQ29,548

GR32191 (log M)

b

60 80 100 120

Bound (fmol/assay tube)

Figure 6 (a) Competition binding between 2 nM [3H]-GR32191 and
unlabelled GR32191 in platelet membranes. In (a) each point re-

presents the mean ± s.e.mean of 8 determinations. (b) Scatchard plot
of the data in (a).

result in a reduction of platelet TP-receptor density (see
below) (Takahara et al., 1990, Armstrong et al., 1990). We
are not aware of a similar biphasic association/dissociation
profile being reported with other antagonists, although it is
well established in studies on P-adrenoceptors that inter-
nalisation of the receptor occurs upon exposure to agonist
which then results in a reduced access, and therefore binding,
with certain ligands (Harden, 1983).

In the simpler membrane preparation, where potential
artefacts arising from internalisation of receptors and
diffusion of drugs are minimized, the onset of [3H]-GR32191
binding was relatively rapid, reaching equilibrium at 37'C
within 5 min. In contrast, the rate of dissociation following a
30 min incubation was slow at 37°C, with measurable specific
binding persisting for greater than 40 min with a ti value of
17.7 min. This dissociation ti was directly related to the
contact time of the drug, being 8.5 min with incubations of
5-0 min and 12.3 min with incubations of 15-20 min. An-
alysis of both association and dissociation data for [3H]-
GR32191 indicated interaction of the drug with a single site.
From competition binding and saturation binding experi-
ments with membranes, mean Kd values of approximately
2 nM were obtained. Scatchard analysis of these data also
indicated interaction at a single binding site. In addition, the

values obtained agree closely with the corresponding value
(1.7 nM) determined from functional studies on human plate-
lets (Lumley et al., 1989).
A feature of the present study on both membranes and

intact platelets was that the Kd value determined from the
kinetic rate constants, k +1 and k-1, was lower than that
determined from Scatchard analysis of both competition and
saturation data and from functional experiments. Clearly, Kd
values determined by all of these methods should theoreti-

TP-agonists
U-46619

STA2

EP171
9,1 1-azo PGH2

TP antagonists
GR32191
SQ29,548
BM13.177
EP092

947 ± 134
1220 ± 150
205 ± 39
420 ± 80a
23.3 ± 2.0

314.9 ± 15.6

2.3 ± 0.12
17.5 ± 2.1

13,400 + 1,200
226.5 ± 22.5

220 ± 21

87± 19

5.4 ± 0.8
NT

1.2 ± 0.12
5.7 ± 0.2
NT
NT

Values are the mean ( ± s.e.mean) from 4 experiments. For
each drug, individual IC50 values for the two radioligands
were obtained from paired experiments using blood from
the same individual. NT = not tested.
aValue, obtained on human platelet membranes.

cally be the same. However, the slow dissociation of the drug
from platelets would suggest that, in some situations (see
below) true equilibrium of a competing agent with the
platelet TP-receptor may not occur, the so-called 'hemi-equi-
librium' state (see Rang, 1966). Thus, the Kd value deter-
mined from experiments assumed to be at equilibrium, such
as competition and functional studies may be unreliable,
whereas those derived from kinetic experiments may be the
more accurate.
The present study points towards interaction of specifically

bound [3H]-GR32191 with a single site on human platelets.
As mentioned, from competition experiments with a range of
TP-receptor agonists and antagonists, specific [3H]-GR32191
binding appeared to occur with the platelet TP-receptor. In
paired experiments the ability of the same range of com-
pounds to compete with [3H]-SQ29,548 for binding was also
studied. In general the ICo values obtained with this range of
compounds using [3H]-SQ29,548, agree with those reported
by others for it and other TP-receptor radioligands such as
[3H]-U-46619 and ['25I]-PTA-OH with values (range) for U-
46619 of 9-125nM, STA2 27-220nM, EP171 2.9nM and
SQ29,548 8-25 nM (Mais et al., 1985; Kattelman et al., 1986;
Narumiya et al., 1986; Liel et al., 1987; Hedberg et al., 1988;
Lawrence et al., 1988; Jones et al., 1989). In contrast, ICm
values obtained with [3H]-GR32191 for any given ligand were
always greater than those obtained with [3H]-SQ29,548 des-
pite the fact that all compounds were able to displace fully
both radioligands. In addition, at the radioligand concentra-
tions used in these studies, platelets appeared to bind approx-
imately twice as much [3H]-GR32191 as they did [3H]-SQ
29,548. Nevertheless, SQ29,548 was able to displace fully all
the [3H]-GR32191 specific binding.
The radioligands were used at concentrations (2 and 5 nM

respectively), close to their Kd values determined from func-
tional studies or Scatchard analysis of competition data. In
addition both compounds possessed similar specific activities.
However, as indicated above, the 'true' Kd value for GR
32191 may be closer to the value of 0.5 nM derived kinet-
ically. Thus in terms of receptor occupancy, 2 nM [3H]-GR
32191 would produce a disproportionately greater amount of
binding than 5 nM [3H]-SQ29,548 and would therefore re-
quire correspondingly greater concentrations of competing
ligand to displace it. The Ki values for U-46619, STA2, EP171
and GR32191, determined from the experiments using [3H]-
SQ29,548, were 117, 46.3, 2.9 and 0.64 nm respectively.
Normally in the Cheng-Prusoff equation, the Kd of the
radioligand is known whereas the K, of the competing ligand
is unknown. However, by utilising the above [3H]-SQ29,548-
derived K, values in the Cheng-Prusoff equation, applied to
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the corresponding data for each compound using ['H]-GR
32191 as the radioligand, the Kd of [3H]-GR32191 can be
calculated as the unknown. From this exercise, Kd values for
[3H]-GR32191 of 0.3-0.8 (mean 0.5) nM are derived which
are lower than those derived from Scatchard analysis or from
functional studies and closer to the values derived from the
kinetic constants.
The slow dissociation of [3H]-GR32191 seen in the present

study could explain the in vitro profile seen with the drug on
platelets (slowing of aggregation, suppression of agonist max-

ima, Schild regression slopes greater than unity) (Lumley et
al., 1989; Hornby et al., 1989). In the presence of a slowly
dissociating antagonist, an agonist can only readily equili-
brate with unoccupied receptors, the so-called 'hemi-equi-
librium' state (see Rang, 1966). Equilibration of the agonist
with antagonist-occupied receptors will be slower and be
dictated by the dissociation rate of the complex. If the
agonist requires only low occupancy to achieve a given res-
ponse, then the response measured may not show any devia-
tion from that predicted by a competitive model. However,
when the agonist occupancy required for the given response
is high, a slowing of the response will ensue, even in the
presence of relatively small amounts of antagonist. With
higher concentrations of antagonist, an agonist response may
not occur at all, either because the biological response is not
observed for long enough or, deactivation or desensitization
processes in the cell nullify the slowly rising activation. In the
case of platelet aggregation, it has been calculated that U-
46619 requires approximately 40% receptor occupancy to
achieve a full effect (Armstrong et al., 1985). With this level
of occupancy required by the agonist and in the presence of a

slowly dissociating antagonist such as GR32191, a hemi-
equilibrium state would be anticipated with consequential
slowing of the response and suppression of the maxima.

Interestingly, in platelets, a maximum shape change res-

ponse to U-46619 requires only 5% receptor occupancy
(Armstrong et al., 1985) indicating that this response is better
coupled than is aggregation. In the case of the shape change,
parallel rightward displacements of the U-46619 concentra-
tion-effect curve are observed in the presence of concentra-
tions of GR32191 which suppress the aggregation responses
to the same agonist (Lumley, unpublished). In this context, it
is interesting to note that an apparent 'resistance' of U-
46619-induced shape change to suppression by GR32191
compared with aggregation has been cited as evidence for
these responses being mediated by different TP-receptors
(Takahara et al., 1990). In the latter study, platelets were

exposed to GR32191 and then washed to remove the rever-
sibly bound drug, U-46619-induced aggregation, phospho-
inositide hydrolysis and 5-hydroxytryptamine secretion were

inhibited, yet shape change and elevation of cytosolic Ca2"
induced by the agonist were not. However, in these studies,
only a single, high concentration of U-46619 was used
(1 LM). This would produce a supramaximal effect upon

shape change but a sub- or just-maximal effect upon aggrega-
tion. It is quite feasible, therefore, that following exposure to
GR32191 complete inhibition of aggregation could be ob-
served whereas shape change, whilst being significantly an-

tagonized, would appear to be unaffected because of the
supra-maximal stimulus used. Construction of full concen-
tration-effect curves for shape change and aggregation might
resolve this question. However, it would seem premature at
this stage to invoke the existence of two TP-receptor popula-
tions in human platelets.
The same in vitro functional profile on platelets, to that

seen with GR32191, has been observed with other structur-
ally-related compounds such as AH23848 (Brittain et al.,
1985). The slow dissociation of [3H]-GR32191 from human
platelet TP-receptors would not appear to be simply a func-
tion of its high potency since [3H]-SQ29,548, which is of
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similar potency (K = 5 nM), dissociates rapidly from human
platelet membranes with a tt of 1.7 min at 37°C (this study).
Furthermore, whilst SQ29,548 potently antagonizes TP-re-
ceptor agonist-induced aggregation of human platelets, no
slowing of the aggregatory response, depression of the ago-
nist maxima nor high slopes of the Schild regression is
observed (Takahara et al., 1990; Lumley, unpublished data).
It is also interesting to note that, in contrast to platelets, on
vascular smooth muscle GR32191 behaves as a fully sur-
mountable and competitive TP-receptor blocking drug (Lum-
ley et al., 1989). This, like the shape change response of
platelets described above, could reflect a better coupling of
TP-receptor stimulation in vascular smooth muscle and
therefore a less pronounced hemi-equilibrium phenomenon in
this tissue.

It is also likely that slow dissociation of GR32191 from the
platelet TP-receptor also, in part, accounts for its long dura-
tion in vivo in man following termination of oral dosing
(Thomas & Lumley, 1990). However, such a mechanism
alone seems unlikely to explain a duration in excess of 4 days
seen in such studies (Thomas & Lumley, 1990; Takahara et
al., 1990). It is possible that the nature of the GR32191
binding changes with time, the binding being stronger the
longer the drug is in contact with the TP-receptor. As men-
tioned above, the dissociation t1 of [3H]-GR32191 from
platelet membranes appeared to be directly related to the
initial contact time of the drug. In a further recent study
(Armstrong et al., 1990), we have presented evidence that

prolonged incubation of human platelets with GR32191 in
vitro or 'exposure' to the drug in vivo leads to a reduction in
the density of platelet TP-receptors. Takahara and colleagues
(1990) have also demonstrated a similar phenomenon, with
suppression of platelet aggregation in patients receiving GR
32191 being more closely correlated with a reduction in
TP-receptor density than with plasma drug levels. The mech-
anism of this reduction in receptor number is, as yet, unk-
nown.

In summary, the present study indicates that GR32191
interacts with a single site on human platelets which has the
characteristics of the TP-receptor. In platelet membranes the
interaction of the drug with the receptor is characterized by a
slow dissociation which is directly related to contact time. In
intact platelets the association and dissociation profile of
GR32191 are more protracted, possibly due to interaction of
the drug with 'internalised' receptors. Because of this com-
plex profile, estimation of a true Kd value for the compound
is difficult. The characteristics of the interaction of GR32191
with the human platelet TP-receptor probably explain its
profile of action in vitro and may go some way to explaining
its long duration following administration to man.

We wish to thank Dr Ian Fellows (Chemical Development, GGR)
for assistance with supplies of [3H]-GR32191, Dr Mike Sumner and
Dr Anton Michel (Pharmacology Division, GGR) and Dr Harry
Olverman (Dept. Pharmacology, Edinburgh University) for helpful
criticism and discussion and Dr Dick Barlow for help and advice on
data fitting.
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Reduction in the number of thromboxane receptors on human
platelets after exposure to GR32191

'Roma A. Armstrong, 2,*P.P.A. Humphrey & *P. Lumley

Department of Pharmacology, University of Edinburgh Medical School, 1 George Square, Edinburgh EH8 9JZ and *Division
of Pharmacology, Glaxo Group Research Ltd., Park Road, Ware, Herts SG12 ODP

1 Exposure of human resuspended platelets in vitro for 30 min to the potent thromboxane A2
(TP)-receptor blocking drug GR32191, followed by its removal by dilution-dissociation, reduced the
degree of subsequent binding to 2 nM [3H]-GR32191 by almost 50%. Exposure for longer periods
(60 min) led to a further reduction. However, no change in the Kd of the radioligand was observed.
2 This effect of GR32191 could not be explained by persistent binding of drug to platelets since a
dilution-dissociation stage, designed to remove all drug, was included prior to measurement of binding.
3 Using an alternative TP-receptor radioligand, [3H]-SQ29,548, to monitor receptor number, a reduc-
tion in Bma,, was observed after GR32191 pre-treatment; the Kd value of the radioligand remained
unchanged.
4 The effect was not a common property of TP-receptor blocking drugs since pre-exposure of platelets
in vitro for 30 min to BM 13.177 or SQ29,548 did not produce a fall in subsequent Bm. to [3H]-SQ29,548.
5 While the mechanism behind this apparent down-regulation of platelet TP-receptor is unknown, it
may explain the long duration of action of GR32191 upon platelets in man which persists in the absence
of detectable drug in the plasma.

Keywords: Human platelet; thromboxane A2 receptor blocking drug; radioligand binding; receptor down-regulation; thrombox-
ane A2 receptor

Introduction Methods

GR32191 is a high affinity thromboxane A2 (TP)-receptor
antagonist which has an exceptionally long duration of
action in man (Thomas & Lumley, 1990). Oral dosing with
GR32191 produces a cumulative antagonism of platelet
aggregation ex vivo induced by the thromboxane (Tx)A2-
mimetic U46619, which is not accompanied by a parallel
increase in plasma levels of the drug. In addition, upon
termination of dosing, the antagonism of platelet aggregation
persists for between 3-5 days (Thomas & Lumley, 1990). In
contrast, repeat dosing with the TP-receptor blocking drug
BM 13.177 is not associated with such phenomena (Pat-
scheke et al., 1986) indicating that it is not a common feature
of this class of drugs.

Binding of [3H]-GR32191 to intact human platelets in vitro
is characterized by a slow dissociation from the platelet
TP-receptor (Armstrong et al., 1993). In keeping with this,
the in vitro TP-receptor blocking profile of the drug upon
human platelets is characterized by a slowing of the aggre-
gatory response to agonists such as U-46619 and an unsur-
mountable antagonism at high concentrations (Lumley et al.,
1989). This may reflect the lack of the equilibrium between
agonist, such as U-46619, and receptor in the presence of
GR32191. However, it is difficult to envisage how the slow
dissociation of GR32191 from the TP-receptor can fully ex-

plain its long duration in man.
The present study was therefore undertaken to determine

whether some other phenomenon contributes to the profile of
GR32191 in man. To this end we have examined whether
exposure of platelets in vitro to GR32191 followed by its
removal, affects the subsequent binding of TP-receptor li-
gands.

Preparation ofhuman platelet suspensions

Human blood (180 ml) was withdrawn from an ante-cubital
vein and mixed with 36 ml acid-citrate-dextrose (ACD) solu-
tion (see Drugs used). Samples were centrifuged at 250 g for
20 min to give platelet-rich plasma. This was treated with
30 nM prostacyclin then further centrifuged at 450 g for
20 min to give a platelet pellet.

Validation of dilution-dissociation procedure

Platelet pellets were resuspended in 4.4 ml assay buffer (see
Drugs used). Four 1 ml aliquots were dispensed and incu-
bated with either 100 il of saline or 1, 10 or 100 nM [3H]-
GR32191 (final concentration) at 37°C for 30 min. The same
concentrations of [3H]-GR32191 were also added to 1 ml
aliquots of buffer and duplicate 100 lI samples withdrawn
and added to 10 ml scintillant for scintillation counting ('con-
trol' count). Preincubation of platelets with saline or [3H]-
GR32191 was terminated by the addition of 100 ml assay
buffer. After further incubation for 3 h at 37°C, the platelet
suspensions were centrifuged and the platelet pellets re-
suspended in 1 ml aliquots of buffer. Duplicate 100 LIl sam-

ples were withdrawn and added to 10 ml scintillant as above.

Pre-incubation with GR32191, SQ29,548 or BM13.177
in vitro

Platelet pellets were resuspended in 4.4 ml assay buffer. Four
1 ml aliquots were dispensed and incubated with either 100 Jl
saline or 1, 10 or 100 nM unlabelled GR32191 at 37°C for 30
or 60 min. In a further series of experiments platelets were

exposed for 30 min to either 5 tLM SQ29,548, 500 tM BM
13.177, 100 nM GR32191 or saline. In both series, this incu-
bation was followed by dilution with 100 ml of assay buffer
and further incubation for 3 h at 37C to ensure complete
dissociation of the drug from the TP-receptor. Samples were

centrifuged at 450 g for 20 min and the platelet pellets

I Author for correspondence.
2 Present address: Glaxo Inst. Applied Pharmacology, Dept. Phar-
macology, University of Cambridge, Tennis Court Road, Cambridge
CB2 IQJ.
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resuspended in assay buffer (2.5 ml) for the radioligand bind-
ing assay described below.

Determination of competition curve for [3H]-GR32191

In platelets exposed to GR32191 (or SQ29,548 or BM
13.177), competition curves between [3H]-GR32191 (2 nM)
and increasing concentrations of GR32191 were determined.
For these experiments, each assay tube contained 360 ILI
buffer, 10 Al [3H]-GR32191 (final concentration 2 nM), 50 la
buffer or unlabelled GR32191 (0.1 nM-I1LM), and finally
80 yl of the platelet suspension to initiate binding. Incubation
at 37C for 30 min was terminated by the addition of 3 ml
ice-cold assay buffer and rapid filtration under suction
through Whatman GF/B glass fibre filters using a Brandell
cell harvester. Filters were rinsed three times with 3 ml ice-
cold assay buffer, then suspended in scintillation fluid and
counted in a scintillation counter.

In some platelets exposed to GR32191 (or SQ29,548 or
BM 13.177), saturation binding experiments were performed
using [3H]-SQ29,548 and maximal, TP-receptor binding (Bm.)
determined from Scatchard analysis of the data. Each assay
tube contained 360 JAl buffer, 10 tlI [3H]-SQ29,548 (1-30 nM),
50 Al buffer or 50 Al unlabelled GR32191 (50 SAM, for de-
termination of non-specific binding) and 80 Al platelet sus-
pension. Incubations and separation of bound and free
radioligand were carried out as above.

Analysis of binding data

Data from competition binding experiments were expressed
as IC"0 values (Armstrong et al., 1993). For Scatchard
analysis, data were plotted as bound/free radioligand vs
bound radioligand. The line of best fit was obtained by the
method of least squares using a computer programme
'Linefit' (Barlow, 1983). Bma,, and Kd values (the intercept
with the abscissa scale and the negative reciprocal of the
slope of the line respectively) as well as the correlation
coefficient r were also determined with this programme. Data
were expressed either as individual values or arithmetic mean
values ± s.e.mean.

Drugs used

Trisodium citrate, aspirin and U-46619 solutions were pre-
pared as previously reported (Lumley et al., 1989). Details of
the preparation and sources of acid-citrate-dextrose, the
assay buffer and all other drugs used as described in the
preceding paper (Armstrong et al., 1993).

Results

Validation of dilution-dissociation procedure

The time (t) chosen for the dilution-dissociation procedure
was determined from the formula for drug elimination,
Mt =Mo 2-'l'l (Bowman & Rand, 1980) where M, is the
concentration of drug bound at time t, Mo is the starting
concentration and ti is the half-time of dissociation of the
drug. For GR32191, dissociation from intact platelets ap-
pears to occur in two phases with mean ti values at 37'C of
8.1 and 65.6 min (Armstrong et al., 1993). To obtain at least
92.5% dissociation of [3H]-GR32191 following a 100 fold
dilution a time of 3 h at 37'C was chosen. To ensure that this
degree of dissociation occurred in practice, 1 ml aliquots of
resuspended platelets were incubated for 30 min at 37°C with
1, 10 or 100 nM [3H]-GR32191. This was followed by the
dilution-dissociation procedure and the residual radioactivity
in the samples measured by scintillation counting. The mean
(n = 2) control counts were 4543, 38608 and 422970 c.p.m. at
the three concentrations of [3H]-GR32191 respectively. Fol-

lowing dilution-dissociation, the remaining mean back-
ground-subtracted counts in 1001 l samples of the platelet
suspensions were 0, 146 and 608 for 1, 10 and 100 nM of the
radioligand respectively, representing 0, 0.38 and 0.14% of
the initial radioactivity added. If a 'worst case' situation is
assumed and all of this [3H]-GR32191 was bound to platelet
TP-receptors then this would represent only 1.8% receptor
occupancy (assuming 2.4 x IO' platelets in a 100 gil sample
and 2000 TP-receptors per platelet (Armstrong et al., 1983b;
Mais et al., 1985; Kattelman et al., 1986)).

Exposure ofplatelets to GR32191

Pre-incubation of human platelets with 10 or 100 nM GR32191
for 30 min followed by dilution-dissociation resulted in a
reduction in the subsequent mean ( ± s.e.mean, n = 4) binding
of 2 nM [3H]-GR32191 of 19 ± 9% and 47 ± 8% respectively
compared with saline-treated control (Figure 1). However,
pre-incubation for 30 min with 1 nM GR32191 did not lead
to any significant reduction in binding compared with control
platelets. A 60 min pre-incubation with 1, 10 and 100 nM
GR32191 produced a greater reduction in binding of radio-
labelled drug of 38 ± 14 (n= 4), 35 ± 6 (n =4) and 53%
(n = 3) respectively (Figure 1). No effect on the IC50 for
GR32191 was observed at any of the time points. For exam-
ple, mean values of 1.3 ± 0.4 and 2.8 ± 0.4 nM at 30 min and
3.0 ± 0.4 and 2.2 ± 0.7 at 60 min following exposure to 10
and 100 nM GR32191 respectively were comparable to a
control value (saline for 30 min) of 1.4 ± 0.3 nM. The reduc-
tion in [3H]-GR32191 binding was seen only with GR32191;
pre-incubation of platelets with other TP-receptor blocking
drugs such as BM 13.177 (5001lM) or SQ29548 (5 tLM) for
30 min did not significantly reduce subsequent [3H]-GR32191
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Figure 1 The inhibition of total [3H]-GR32191 (2 nM) binding by
increasing concentrations of GR32191 in human platelets in vitro
pre-exposed for (a) 30 min, or (b) 60 min to saline (M), 10 nM (M) or
100 nM (0) GR32191 followed by its removal by dilution-disso-
ciation. Curves are the mean from 3-4 experiments (± s.e.mean
shown where n = 4).
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Table 1 Determination by Scatchard analysis of the TP-receptor Bmax and Kd for [3H]-SQ29,548 on human platelets pre-exposed in
vitro to various TP-receptor blocking drugs (individual data are shown)

Concentration
(uM)

0.1
5.0
500

Kd
(nM)

1.9, 2.1, 1.9
2.0, 3.2, 2.8
2.7, 5.6, 3.2
1.6, 5.3, 1.7

Bmax
(% saline-treated)

100, 100, 100
49, 19, 59
108, 113, 92
107, 125, 109
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Figure 2 The inhibition of total [3H]-GR32191 (2 nM) binding by
increasing concentrations of GR32191 in vitro in human platelets
pre-exposed for 30 min to BM 13.177 (500 tIM, 0), SQ29,548 (51LM,
*), GR32191 (100 nM, 0) or saline (0) followed by their removal
by dilution-dissociation. Curves are the mean from 2-3 experiments.

binding (Figure 2). However, in these experiments GR32191
(100 nM) reduced 2 nM [3H]-GR32191 binding by 35% (n =
2) (Figure 2).
To test whether the reduction in binding was in some way

a result of using [3H]-GR32191 as the radioligand, Bmax was

determined by Scatchard analysis using another TP-receptor
radioligand, [3H]-SQ29,548 (Hedberg et al., 1988) (1-30 nM).
With this radioligand, platelets pre-exposed for 30min to
GR32191 (100 nM) showed a mean reduction in Bmax of 58%
(n = 3; Table 1). However, platelets exposed to SQ29,548
(5 gM) or BM 13.177 (500 jLM) exhibited no reduction in [3H]-
SQ29,548 binding (Table 1). In addition, none of the pre-
treatments affected the estimated Kd for [3H]-SQ 29,548
(Table 1).

Discussion

Pre-incubation of platelets with GR32191 in vitro resulted in
an apparent fall in TP-receptor number which was dependent
both on the concentration of GR32191 and the length of
pre-incubation time. The reduction in receptor number was
observed in platelets pre-exposed to GR32191 whether esti-
mated from subsequent competition experiments between
GR32191 and [3H]-GR32191 or as a Bm, value by Scatchard
analysis of saturation binding experiments using [3H]-SQ
29,548. In contrast such a phenomenon was not seen when
platelets were pre-exposed to other TP-receptor blocking
drugs such as SQ29,548 or BM 13.177.
GR32191 is a highly potent TP-receptor blocking drug on

human platelets with a KS value of approximately 2nM
derived from functional experiments in resuspended platelets
(antagonism of U-46619-induced aggregation) (Lumley et al.,
1989) and a Kd value of 0.5-2 nM determined from radioli-
gand binding studies utilizing [3H]-GR32191, [3H]-SQ29,548
or ['25I]-PTA-OH (Lawrence, 1989; Armstrong et al., 1993).
The antagonism produced by GR32191 on human platelets

against TP-receptor agonists such as U-46619 is characterized
by a slowing of the aggregatory response, an insurmountable
antagonism at high concentrations and slopes of the Schild
regression significantly greater than unity (Lumley et al.,
1989). In previous studies, [3H]-GR32191 has been shown to
have a rapid onset but a very slow dissociation from human
platelets (Armstrong et al., 1993). Thus in this respect it
differs from other TP-receptor antagonists of similar high
affinity, such as SQ29,548 (Kd approximately 5 nM; this
study; Hedberg et al., 1988). Using intact human platelets
incubated with [3H]-GR32191 for 30 min at 37°C, an appar-
ent dissociation from two sites was detected, one with a mean

ti of 8 min and the other with a tt of 66 min (Armstrong et
al., 1993). Bearing in mind that these dissociation experi-
ments were carried out at 37°C, these dissociation rates
are slow. For example, in experiments carried out at 25°C,
SQ29,548 dissociates from the human platelet TP-receptor
with a t, of 10 min (Hedberg et al., 1988). At 37°C dissocia-
tion would be expected to be too rapid to measure accur-

ately. The reason for the slow dissociation of GR32191 is,
however, not known.

It is possible, therefore, that this reduction of the number
of TP-receptors by GR32191 is a result of its persistent
occupation of TP-receptors. In a recently reported study,
Takahara and colleagues (1990) found that in human plate-
lets exposed to 1 gLM GR32191 followed by washing, a 26%
reduction in subsequent [3H]-SQ29,548 binding occurred.
These authors found persistent binding of [3H]-GR32191. For
example, in platelets exposed to 10 nM [3H]-GR32191 for
30min followed by exposure to excess (10 gM) unlabelled
drug, a residual 40-50% binding was present at 4 h. Further,
in platelets exposed to 100 nM [3H]-GR32191 and then
washed three times, a high degree (43%) of specific binding
remained. However, in the present in vitro study, persistent
binding of GR32191 would not appear to explain readily the
reduction in TP-receptor Bmax since we were careful to estab-
lish conditions where near maximal dissociation of the drug
from platelets had taken place. Thus, in platelets which had
been exposed in vitro for 30 min to 100 nM [3H]-GR32191,
the highest concentration used, 3 h of dilution-dissociation
resulted in only 0.14% of the initial radioactivity being
associated with platelets. In terms of TP-receptor occupancy,
this would represent less than 2% which is too little to
account for the fall in Bmax of 47% observed following
30 min incubation with 100 nM GR32191. Thus in the pre-
sent in vitro experiments it would appear unlikely that the
reduction in Bma, was due to a persistent (or irreversible)
binding of GR32191 to the TP-receptor and an alternative
explanation must therefore be sought. The difference between
our results and those of Takahara and colleagues (1990) is
difficult to explain, although it is possible that the three
washes of platelets which they used is not equivalent to the
3 h of dilution-dissociation used in the present study.
As mentioned above, in a previous study (Armstrong et

al., 1993), we described the characteristics of slow association
and dissociation for [3H]-GR32191 on platelets which were

particularly marked in intact cells. One question arising out
of the present study is whether the phenomenon of apparent
receptor down-regulation may have also occurred during the
above study and if so, what would have been the conse-

quences of this. In the present study, 1 nM GR32191 for
30 min failed to produce a reduction in subsequent [3H]-
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GR32191 binding whereas 1 nM for 60 min did. In our
previous study virtually all experiments were conducted with
2 nM GR32191, also over a 30 min period. However, we can
only speculate as to whether any reduction in available TP-
receptors occurred with this protocol. In membranes, associa-
tion of [3H]-GR32191 was relatively rapid and would not be
anticipated to have been affected by any reduction in TP-
receptors of the time-scale described in the present study.
However, in intact platelets, the associaton of [3H]-GR32191
was slower and experiments were continued for up to 60 min.
If, therefore, a reduction in TP-receptors was occurring, this
might serve to hasten or self-limit the association of the drug
with the available receptor pool. However, it would not be
predicted to alter the fundamental observation of a slow
association. In contrast, in dissociation experiments with
[H]-GR32191, a 30 min incubation period with 2 nM [3H]-
GR32191 was followed by exposure of platelets to 5 gM
GR32191 for 40 min whilst dissociation was measured. In
this situation, some reduction in receptors would be predicted
to have occurred. If the reduction in receptor number
represents internalization (see below), then some of the [3H]-
GR32191-receptor complex may have undergone such a pro-
cess. Thus, the 'dissociation' of the radioligand from this
internalised complex might be protracted, especially in intact
platelets. Indeed, we found that the dissociation ti in intact
plateletes was very much longer than in membranes, where
any effect of 'internalization' would not be expected to be so
marked. In summary, whether the phenomenon of reduction
in available receptors was the sole reason for the slow
association/dissociation observed with GR32191 in platelets
is difficult to say. The fact that these characteristics were
observed in membranes as well as intact platelets may, how-
ever, indicate a more fundamental property of the drug.
One further interesting question, is whether or not this

phenomenon of TP-receptor down-regulation occurs follow-
ing oral dosing with GR32191 in man? If this were the case,
it may explain the long duration of action of the drug in the
absence of measurable plasma concentrations after the cessa-
tion of dosing (Thomas & Lumley, 1990). We have prev-
iously reported results of a study in volunteers who ingested
20 mg GR32191 twice daily for 7 days (Armstrong et al.,
1990). In this study Bmax was measured both during and after
cessation of dosing, in both unmanipulated platelets and
those subjected to the same dilution-dissociation procedure
used in the present study. An apparent reduction in TP-
receptor Bma, was seen which reached a peak after the last
dose of drug and returned to control 84 h after the final dose.
The time course of the reduction in Bmax also correlated with
antagonism of U-46619-induced platelet aggregation (unpub-
lished observation). However, the reduction in Bmax was most
clearly seen in platelets, not subjected to the dilution-
dissociation procedure may therefore have simply reflected
residual binding of GR32191. In samples subjected to the
dilution-dissociation, the reduction in TP-receptor Bmax was
less dramatic and was variable between subjects. Thus, whilst
supporting the in vitro findings, these preliminary in vivo data
must be viewed with caution. They do, however, warrant
further investigation.
What therefore is the mechanism for the apparent TP-

receptor down regulation produced by GR32191 in vitro? It
is generally accepted that chronic exposure of a tissue to an
agonist leads to a down-regulation of receptors, whilst ex-
posure to a pure receptor blocking drug leads to an up-
regulation. In the case of human platelets, the TP-receptor
has been shown, by various groups, to be down-regulated by
prolonged exposure to a TP-receptor agonist (Armstrong et
al., 1983a; Liel et al., 1988; Murray & Fitzgerald, 1989). This
down-regulation appears to be similar to that reported for
the B-adrenoceptor (Harden, 1983). Thus, prolonged stimula-
tion of the TP-receptor by an agonist first appears to lead to
its uncoupling from the G protein followed either by a
'sequestration' from the membrane surface or conversion to a
form which cannot bind ligands (Murray & Fitzgerald, 1989).

The uncoupling (desensitization) phase occurs rapidly, within
30 min of exposure to U-46619, whereas the sequestration
phase only occurs with more prolonged (24 h) exposure
(Murray & Fitzgerald, 1989). The possibility that regulation
of platelet TP-receptor density also occurs in vivo through
endogenous TxA2 has been suggested from studies with
aspirin. Thus in the monkey, a single dose of aspirin of
10mgkg-', an effective inhibitory dose, was found to pro-
duce a 100% increase in the number of [251I]-PTA-OH bind-
ing sites on platelet membranes (Hedberg & Liu, 1986).

Both these in vitro and in vivo data therefore indicate that
platelet TP-receptor density can be readily regulated by
agonists. However, such a mechanism is unlikely to account
for the effect seen with GR32191 since it does not possess
any TP-receptor agonist activity. For example, up to concen-
trations of 10lLM, GR32191 failed to induce any TP-receptor
stimulated effects in vitro either on human platelets (induc-
tion of shape change; Lumley et al., 1989) or on dog
saphenous vein or in vivo in the anaesthetized guinea-pig
(Lumley et al., 1988), test systems which have previously
been shown to be highly sensitive to TP-receptor agonists
and partial agonists (Armstrong et al., 1985; Humphrey et
al., 1986; Lumley et al., 1989).
As mentioned, the predicted effect of a receptor blocking

drug upon receptor density would be an up-regulation. The
observed effect of down-regulation of TP-receptors by a pure
receptor blocking drug would therefore appear contrary to
theory. However, there are interesting precedents. In ligand
binding studies on human lymphocytes, exposure either in
vitro or in vivo to the P-adrenoceptor blocking drug, ter-
tatolol led to a rapid loss in receptor density (De Blasi et al.,
1986). Interestingly, the drug has two properties which are
very similar to those of GR32191. Firstly, the compound
displays a biphasic dissociation curve from mouse S49 lym-
phocytes with an initial rapid dissociation followed by a
much slower second phase (Struyker Boudier & Abbott,
1989). However, a persistent binding of drug to the receptor
was ruled out as a mechanism for the phenomenon observed
(De Blasi et al., 1986). Further, the effects of tertatolol upon
heart rate in man persist for at least 48 h at which time no
drug is detectable in plasma (De Blasi et al., 1986). The
P-adrenoceptor down-regulating effect of tertalolol is also
shared by bopindolol and timolol but not by other P-
adrenoceptor antagonists (Struyker Boudier & Abbott, 1989).
Further evidence of receptor down-regulation has also been
obtained in the rat with an antagonist to arginine vasopressin
(see Lutz et al., 1991). However, the possibility of agonist
activity of the compound does not appear to have been fully
ruled out. Finally, in a preliminary report, Gresele et al.
(1991) have reported reduction in TP-receptor number in
human platelets following prolonged incubation with both
SQ29,548 and BM 13.177. Significant reductions in Bmax
occurred after a 3 h exposure of platelets to the drugs, a
maximal effect of approximately 30% being observed follow-
ing 20 h exposure. The time scale of this effect is, however, in
marked contrast to that of GR32191. Furthermore, chronic
dosing of BM 13.177 in man did not result in any 'accumula-
tion' of the TP-receptor blockade as was seen with GR32191
(Patscheke et al., 1986). This seems to suggest a different
mechanism in the reduction in TP-receptor Bmax in vitro
reported by Gresele and colleagues.

In summary GR32191 appears to reduce the number (Bm,,)
of TP-receptors upon human platelets available for interac-
tion with radioligands. If the phenomenon, which appears to
be unique for GR32191, also occurs in vivo, it may explain
the prolonged action of the drug in man, which persists when
no drug is detectable in the plasma (Thomas & Lumley,
1990).

We would like to thank Dr Ian Fellows for help with supplies of
[3H]-GR32 19 1.
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Production by R-a-methylhistamine of a histamine H3 receptor-
mediated decrease in basal vascular resistance in guinea-pigs
Robbie L. McLeod, Sheldon B. Gertner & l*John A. Hey

Department of Pharmacology and Toxicology, New Jersey Medical School-UMDNJ Newark, NJ and *Department of Allergy,
Schering-Plough Research Institute, Kenilworth, NJ 07033, U.S.A.

1 The effect of the selective histamine H3 receptor agonist, R-o-methylhistamine given intravenously
(10-100 jg kg-') was examined on baseline total peripheral resistance (TPR), and cardiovascular
haemodynamics in bilaterally vagotomized, anaesthetized guinea-pigs.
2 R-x-methylhistamine produced a dose-dependent hypotension and fall in TPR at 30 and 100 jtg kg-'.
A decrease in heart rate (HR) was observed at a dose of 100 jLg kg- . R--methylhistamine (10-
100 jig kg-') also produced a dose-dependent fall in rate pressure product (RPP). There was no effect on
cardiac output (CO) or stroke volume (SV) at these doses.
3 Histamine H, and H2 blockade in animals pretreated with a combination of chlorpheniramine
(0.3mgkg-') and cimetidine (3.0mgkg-') did not alter the haemodynamic actions of R-a-methyl-
histamine (100jg kg-', i.v.). Pretreatment with the selective H3 antagonist, thioperamide (1 mg kg-'),
completely blocked the action of R-x-methylhistamine on haemodynamic parameters.
4 To study the mechanism of action of R-x-methylhistamine, the vasodilator hydralazine (1 mg kg-',
i.v.) was used. Hydralazine lowered BP, TRP and RPP in guinea-pigs pretreated with ipratropium
(50 jig kg-', i.v.). Hydralazine had no effect on HR, SV or CO.
5 R-a-methylhistamine (100 jLg kg-') did not affect the vasopressor action and increases in TPR
produced by adrenaline (1 and 3 jig kg-'). On the other hand, the vasodilator hydralazine (1 mg kg-',
i.v.) inhibited the effects of adrenaline (3 jig kg-') on TPR and RPP. The effect of both doses of
adrenaline on BP were attenuated by hydralazine. Therefore, the inhibitory effects of R-a-
methylhistamine are not mediated through a direct action on vascular smooth muscle.
6 In adrenalectomized guinea-pigs, R-x-methylhistamine (100 jig kg-') produced a drop in BP and HR.
There was no difference between the effects of R-(o-methylhistamine on blood pressure and heart rate in
adrenalectomized and non-adrenalectomized guinea-pigs.
7 These results show that activation of peripheral H3 receptors lowers basal BP, HR and TPR, most
likely by a peripheral prejunctional mechanism. The fall in BP and TPR is probably due to a decrease in
noradrenaline release from sympathetic effector nerves innervating the resistance blood vessels.

Keywords: Histamine H3 receptors; R-x-methylhistamine; haemodynamics; cardiac output; total peripheral resistance;
presynaptic inhibition; sympathetic neurotransmission; adrenalectomy; thioperamide

Introduction

Histamine is an ubiquitous biogenic amine that affects a
diverse array of physiological and behavioural responses in
animals and man. The majority of the peripheral and central
effects of histamine on cardiovascular function have been
classically associated with histamine (H,) and/or histamine
(H2) receptor stimulation (Klein & Gertner, 1981; Satoh &
Inuli, 1984; Toda, 1986; Tsuru et al., 1987; Poulakos &
Gertner, 1989). A third histamine receptor (H3) has been
identified by Arrang et al. (1983, 1985) on presynaptic hista-
minergic nerve terminals within the brain. This receptor has
been shown to be pharmacologically distinct from H, and H2
receptors. Activation of H3 receptors inhibits histamine
release and synthesis from histaminergic neurones (Arrang et
al., 1988; Timmerman et al., 1990). Furthermore, stimulation
of central H3 receptors has also been shown to inhibit the
release of other CNS neurotransmitters such as 5-hydroxy-
tryptamine (Schlicker et al., 1988) and more recently acetyl-
choline (Clapham & Kilpatrick, 1992). In the peripheral
autonomic system, Ishikawa & Sperelakis (1987) showed H3
receptor activation depresses sympathetic extrajunctional
potentials by a prejunctional mechanism.
The introduction of two pharmacological tools (Arrang et

al., 1987), R-a-methylhistamine, a selective H3 chiral agonist,

I Author for correspondence at: Department of Allergy, Schering
Plough Research Institute, 2015 Galloping Hill Road, Kenilworth,
NJ 07033, U.S.A.

and thioperamide, a competitive H3 antagonist, has made it
possible to explore the physiological role of H3 receptors in
central and peripheral cardiovascular regulation. Recent
studies have shown that H3 receptor activation in the CNS
elicits responses that are different from those resulting from
activation of peripheral H3 receptors. For example, intra-
cerebroventricular injections of R-a-methylhistamine given to
conscious guinea-pigs produce an increase in vagal tone re-
sulting in a bradycardia and hypotension (McLeod et al.,
1991). However, in the periphery, i.v. R-a-methylhistamine
produced a dose-dependent depression of electrically induced
sympathetic adrenergically mediated responses in the cat
(Koss & Hey, 1992), rat (Malinowska & Schlicker, 1991) and
the guinea-pig (Hey et al., 1992a). In all of the above men-
tioned studies the effects of R-x-methylhistamine were revers-
ed by the H3 antagonist, thioperamide, but not by the H2
antagonist, cimetidine or by the H, antagonist, chlorphenir-
amine. Further confirmation of these findings has been
provided by in vitro studies showing that H3 activation by
R-x-methylhistamine produced a dose-dependent prejunction-
al inhibition of the sympathetic inotropic responses to elec-
trical stimulation in guinea-pig isolated atria (Lou et al.,
1991).
To date, studies examining the role of the H3 receptors on

autonomic cardiovascular function have done so in electric-
ally driven systems. The purpose of the present study was to
investigate the role of H3 receptors in the regulation of basal

Br. J. Pharmacol. (1993), 110, 553-558 '." Macmillan Press Ltd, 1993
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cardiovascular function and characterize the haemodynamic
consequences of H3 activation in the anaesthetized guinea-
pig.

Methods

Animal preparation

Male Hartley guinea-pigs (425-600 g, Charles River, Bloom-
ington, MA, U.S.A.) were anaesthetized with a-chloralose
(125 mg kg-', i.p.). The left common carotid artery and the
right jugular vein were cannulated with PE-50 tubing for
measurement of blood pressure and i.v. administration of
drugs. Both the left and right vagus were cut at the cervical
level to eliminate vagal contribution to the heart. A catheter
(PE-200) was placed in the trachea and animals were mech-
anically-ventilated (v = 4 ml, f =45 breaths min-') with room
air using a rodent respirator. Since the chest was open,
animals were paralyzed with gallamine triethiodide (2 mg
kg-', i.v.). Blood pressure and heart rates were derived from
the arterial pulse pressure connected to a pressure transducer.
Physiological parameters were recorded on a Hewlett Pack-
ard polygraph. Adrenalectomized male guinea-pigs (400-
500 g) were obtained from Charles River, Bloomington, MA,
U.S.A.

Determination of cardiac output

The animal was placed in a left lateral recumbent position.
The chest was shaved and cleaned with 70% ethanol. The
muscles of the chest were blunt dissected away to reveal the
intercostal tissue. A thoracotomy was performed by making
an incision through the third right intercostal space. The ribs
were retracted and the lung gently pushed aside. The ascend-
ing aorta was dissected free and a perivascular 3S transonic
flow probe (Transonic Systems Inc., Ithaca, NY, U.S.A.) was
placed around the vessel. The signal from the transonic flow
probe was directed into a small animal blood flow meter
(Model T206, Transonic Systems Inc.). Cardiac output trac-
ing was recorded on a polygraph.

Pharmacological studies

To study the dose-response characteristics of R-o-methyl-
histamine, blood pressure (BP), heart rate (HR), cardiac
output (CO), total peripheral resistance (TPR), stroke vol-
ume (SV) and rate pressure product (RPP = systolic blood
pressure x heart rate) were measured. The rate pressure pro-
duct (RPP) is an index of myocardial oxygen demand (Holm-
berg et al., 1971; Kitamura et al., 1972; Foltin & Fischman,
1992). The effects of R-o-methylhistamine (10-100 ig kg-',
i.v.) on these haemodynamic parameters were determined
(n = 8-10 animals per group) for a period from 10 min
before the drug until 30min post-drug administration.
To determine the specific histamine receptor type involved

in the haemodynamic responses to R-a-methylhistamine,
these effects were evaluated in the presence of either thio-
peramide (1.0 mg kg-', i.v.), or a combination of cimetidine
(3.0mg kg-', i.v.) and chlorpheniramine (0.3 mg kg-', i.v.).
In each experiment R-a-methylhistamine (100ILg kg-', i.v.)
was administered 10min after the pretreatment drug (n=
4-9 animals per group).
The haemodynamic effects of R-a-methylhistamine (100 ig

kg-', i.v.) were compared to the effects of the direct vaso-
dilator, hydralazine (1 mg kg-', i.v.) in intact guinea-pigs.
Animals were pretreated with ipratropium (50jg kg-', i.v.)
to block parasympathetic effects on the heart. Animals were
then given vehicle, R-a-methylhistamine or hydralazine. The
dose of hydralazine chosen (1 mg kg-') produced a fall in BP
similar to that produced by R-o-methylhistamine (100 jLg
kg-').
To determine whether a direct vascular smooth muscle

action contributes to the effects of R-c-methylhistamine
(100 tg kg- , i.v.), the vasopressor and haemodynamic effects
of adrenaline (1 and 3 pg kg-', i.v.) were evaluated before
and 5 min after treatment with the direct vasodilator, hydra-
lazine (1 mg kg-', i.v.) or R-a-methylhistamine (100 jig kg-',
i.v.).
The possible relationship between adrenal catecholamines

and the cardiovascular actions of i.v. R-a-methylhistamine
was also studied. R-a-methylhistamine was given to adrenal-
ectomized bilaterally vagotomized, anaesthetized guinea-pigs.
The effects of R-a-methylhistamine on TPR and cardiovas-
cular haemodynamics were compared with its effects in non-
adrenalectomized guinea-pigs.

Drugs

a-Chloralose, hydralazine, chlorpheniramine maleate, cimeti-
dine and ipratropium bromide were purchased from Sigma
Chemical Co. (St. Louis, MO, U.S.A.). R-a-methylhistamine
and thioperamide maleate was purchased from Research Bio-
chemical Incorporated (Natick, MA, U.S.A.). Cimetidine was
dissolved in a 5% dextrose, 5% glycol and water (w/v solu-
tion). All other drugs were dissolved in physiological saline
(0.9%). Drug doses refer to their respective free base.

Statistics

Mean arterial blood pressure was mathematically derived
from the arterial pulse pressure using the relationship pulse
pressure divided by three plus diastolic blood pressure. TPR
and SV were calculated from the equations [BP/CO] and
[CO/HR] respectively. Values represent the mean ± s.e.mean.
Statistical significance was evaluated by a one way analysis of
variance (ANOVA) in conjunction with Dunnett's two tailed
I test. Statistical significance was set at P<0.05.

Results

Figure 1 illustrates the hypotensive actions of R-a-methyl-
histamine (10-100fig kg-', i.v.) in anaesthetized guinea-pigs.
The maximum hypotensive effect of R-to-methylhistamine was
observed at 5min. Only the highest dose of R-o-methyl-
histamine (100 jgkg-') produced a significant bradycardia.
Baseline haemodynamic values for the R-a-methylhistamine-
treated (10-100 igkg-') groups were not different from the
vehicle group. Baseline (BP) values were 40 ± 2 mmHg for
the saline group and 43 ± 4, 42 ± 2 and 39 ± 5 for animals
given R-a-methylhistamine (10, 30 and 100 jig kg-', i.v.)
respectively. Baseline (HR) values were 245 ± 8, 242 ± 6,
245 ± 8 and 231 ± 10 beats min-' for vehicle and R-a-
methylhistamine groups (10, 30 and 100 jig kg-') respectively.
Total peripheral resistance (TPR) was decreased at 30 and
100 jig kg- I of R-a-methylhistamine (Figure 1). TPR baseline
values for the control group were 0.88 ± 0.06 mmHg min-'
ml1'. R-o-methylhistamine (10-100jIgkg-') baseline TPR
values were 0.78±0.08, 0.88 ±0.09 and 1.2± 0.02. Rate
pressure product (RPP) was decreased with all doses of
R-a-methylhistamine. R-x-methylhistamine however, did not
alter cardiac output (CO) or stroke volume (SV) in these
animals (Table 1).
The histamine H3 antagonist, thioperamide (1 mgkg-',

i.v.), antagonized the actions of R-a-methylhistamine (100 jig
kg-') on BP, HR, TPR and RPP (Figure 2). These values
were not different from animals given saline vehicle. The
combination of histamine HI and H2 receptor blockade with
cimetidine (3.0 mg kg') and chlorpheniramine (0.3 mg kg')
did not alter the haemodynamic actions of R-a-methylhist-
amine (100 jig kg-'). The BP, HR, TPR and RPP effects of
R-x-methylhistamine in the presence of HI and H2 blockade
and in animals given R-o-methylhistamine were not different
from each other. Both of these groups however, were differ-
ent from the saline group.
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Figure 3 illustrates the effects of R-a-methylhistamine
(100 jig kg-') and hydralazine (1 mg kg-', i.v.) on BP, HR,
TPR and RPP in intact guinea-pigs pretreated with the mus-
carinic antagonist, ipratropium (50 tg kg-', i.v.). Ipratro-
pium was used in these studies to allow cardiovascular
reflexes to remain intact. The response to i.v. R-a-methyl-
histamine in the ipratropium-treated group was identical to
the response obtained in vagotomized animals. This dose of
ipratropium has been shown to block vagal input to the
heart (McLeod et al., 1991). Baseline haemodynamic values
between the groups were not different (data not shown). Both
R-a-methylhistamine and hydralazine produced similar falls
in BP, TPR and RPP. Only R-o-methylhistamine lowered
HR. Neither drug altered CO or SV. Table 2 shows that
R-a-methylhistamine (100 .g kg-') had no effect on the
haemodynamic actions of exogenous adrenaline (1 and 3 ILg
kg-', i.v.). Hydralazine (1 mg kg-', i.v.)-attenuated the effects
of adrenaline on BP, TPR and RPP.

In the adrenalectomized guinea-pig, R-a-methylhistamine
(100ttgkg-', i.v.) lowered BP, TPR, HR and RPP (Figure
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Figure 1 Figure illustrating dose-dependent inhibitory effect of R-ac-
methylhistamine on cardiovascular haemodynamic parameters. The
effects (ABP, ATPR AHR and ARPP) of R-a-methylhistamine (10-
100 tg kg-', i.v.) are shown at 5 min. Each column represents the
mean ± s.e. mean (n = 8 -10 per group). The data were analyzed by
one-way ANOVA in conjunction with Dunnett's t test. *P< 0.05
compared to saline vehicle.
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Figure 2 Haemodynamic effects of R-x-methylhistamine in the pre-
sence of H1, H2 and H3 blockade. Figure displays the ABP, ATPR,
AHR and ARPP responses of i.v. saline vehicle (0, n = 20), R-a-
methylhistamine (100 1sg kg-', i.v., n = 9) given alone (l), R-a-
methylhistamine in animals pretreated with thioperamide (1 mg kg-',
i.v.; *, n = 4) or in animals pretreated with a combination of
chlorpheniramine (0.3 mg kg-', i.v.) and cimetidine (3.0 mg kg-'; 0,
n = 6). R-a-methylhistamine alone and in animals pretreated with a
combination of cimetidine and chlorpheniramine lowered BP, TPR,
HR and RPP compared to saline vehicle and the thioperamide
pretreated group. Haemodynamic values of animals pretreated with
thioperamide were not different from the saline control group. Each
point represents the mean ± s.e.mean. The data were analyzed by
one-way ANOVA in conjunction with Dunnett's t test; statistical
significance was set at P <0.05.

4). There was no difference in the haemodynamic effects of
R-o-methylhistamine (100 ytg kg-', i.v.) in adrenalectomized
and non-adrenalectomized guinea-pigs. Baseline haemodyna-
mic values for adrenalectomized and non-adrenalectomized
guinea-pigs were not different. Baseline BP values were 37 +
2 mmHg for adrenalectomized guinea-pigs and 43 ± 2 mmHg
for non-adrenalectomized animals given R-x-methylhistamine.
Basal HR and TPR were 245 ± 10 beats min-' and 1.03 +
0.06 ml min-' mmHg-' for adrenalectomized guinea-pigs,
and 246 ± 13 beats min-' and 0.95 ± 0.10 ml min 'mmHg-'
for non-adrenalectomized guinea-pigs.

Table 1 Effect of R-o-methylhistamine (100 ig kg-', i.v.) on cardiac output and stroke volume

A Cardiac output (ml min-')
Baseline 3 min 5 min

Vehicle
R-a-methylhistamine

44.0± 1.8 -0.5±0.4 -1.9±0.7 -2.7±0.8
40.8 ±4.6 -3.8 ± 1.3 -2.7± 1.1 -4.4± 1.8

A Stroke volume (ml beat-')
Baseline 3 min 5 min 15 min

0.19 ± 0.01 -0.01 ± 0.004 -0.01 ± 0.004 -0.02 ± 0.01

0.18 ± 0.02 -0.01 ± 0.01 -0.00± 0.01 -0.01 ± 0.01
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Figure 3 Comparative profile of haemodynamic effects of R-4-
methylhistamine and hydralazine. Figure displays the ABP, ATPR,
AHR and ARPP responses of saline vehicle (0), R-a-methylhista-
mine (100 jg kg-', i.v., 0) and hydralazine (1.0 mg kg-', i.v.; E) in
intact guinea-pigs pretreated with the muscarinic antagonist, ipra-
tropium (50 tg kg-', i.v.). Both R-a-methylhistamine and hydral-
azine lowered BP, TPR and RPP compared to the saline group. Note
that only R-x-methylhistamine lowered HR. Each point represents
the mean ± s.e.mean (n = 6-8 per group). The data were analysed by
one-way ANOVA in conjunction with Dunnett's t test; statistical
significance was set at P<0.05.

Figure 4 Haemodynamic effects of R-o-methylhistamine in the
adrenalectomized guinea-pig. Figure displays the ABP, ATPR, AHR
and ARPP responses of i.v. saline vehicle (0), R-a-methylhistamine
(100figkg-', i.v.; 0) in adrenalectomized guinea-pigs and R-a-
methylhistamine (100 pg kg-', i.v.; 0) in non-adrenalectomized
guinea pigs. R-a-methylhistamine lowered BP, TPR, HR and RPP in
both non-adrenalectomized and adrenalectomized guinea pigs. There
was no difference in the haemodynamic responses to R-z-methyl-
histamine between these two groups. Each point represents the
mean ± s.e.mean (n = 6-8 per group). The data were analyzed by
one-way ANOVA in conjunction with Dunnett's t test; statistical
significance was set at P<0.05.

Table 2 Effect of adrenaline before and after treatment with R--methylhistamine (100 1g kg-1, i.v.) and hydralazine (1 mg kg-', i.v.)

Saline
R-a-methylhistamine
Hydralazine

Saline
R-a-methylhistamine
Hydralazine

Saline
R-a-methylhistamine
Hydralazine

Saline
R-x-methylhistamine
Hydralazine

Adrenaline 1 iLg kg
A mean blood pressure (mmHg)

Before After
28±5 30±3
33±6 28±2
25±4 13±3*

A TPR (mmHg ml 'min ')
Before After

0.58±0.20 0.67±0.11
0.59 0.19 0.54 0.09
0.63 0.18 0.33 0.09
A heart rate (beats min-')
Before After
29 11 16±9
22±6 20±4
15±7 12±5

A RPP (beats min' mmHg-')
Before After

10134 1687 8813 1614
10605 1520 9040 1082
6233 1228 3433 1029

Adrenaline 3 iLg kg
A mean blood pressure (mmHg)

Before After
46±6 44±5
47±5 54±4
44±2 24±4*

A TPR (mmHg ml- ' min-')
Before After

0.91 0.18 1.12 0.28
0.65 0.17 1.00 0.05
1.02 + 0.22 0.47 + 0.06*
A heart rate (beats min ')

Before After
34 16 33 14
28±7 16±7
23±7 18±5

A RPP (beats min' mmHg-')
Before

18890 ± 3563
16660 ± 2649
12425 ± 1286

After
13521 ± 2021
16435 ± 1684
6054± 1311*

TPR: total peripheral resistance. RPP: rate pressure product.
*P <0.05.
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Discussion

The present study indicates that prejunctional H3 activation
with i.v. R-a-methylhistamine produces a decrease in mean
basal blood pressure and heart rate. This fall in mean blood
pressure is probably the result of a decrease in sympathetic
tone to resistance vessels. This is based on the finding that
R-a-methylhistamine produced a fall in total peripheral resis-
tance without a fall in cardiac output. These vascular effects
are not likely to be the result of direct smooth muscle
dilatation because R-x-methylhistamine does not reverse the
cardiopressor effects of a direct agonist, adrenaline (Hey et
al., 1992a). We have presented findings that R-o-methyl-
histamine does not alter the effects of adrenaline on vascular
resistance and cardiovascular haemodynamics. In contrast,
the vasodilator, hydralazine, inhibited the vasopressor actions
of adrenaline indicating that these two drugs lowered blood
pressure by different mechanisms.

It has been proposed that activation of preganglionic H3
receptors inhibits ganglionic neurotransmission (Tamura et
al., 1988; Christian & Weinreich, 1992). Thus the inhibitory
effect on the cardiovascular system may be due in part to
inhibition of adrenal catecholamines. In adrenalectomized
guinea-pigs however, the haemodynamic profile of R-x-
methylhistamine is not differnt from that in non-adrenalecto-
mized guinea-pigs. The results from the present study,
therefore do not rule out the possibility that part of the
action of R-x-methylhistamine may involve an inhibitory
effect on sympathetic ganglionic neurotransmission. The pre-
sent findings are consistent with studies by Koss & Hey
(1992) who showed that R-a-methylhistamine acts at post-
ganglionic prejunctional H3 receptors.

R-a-methylhistamine has been shown to cross the blood
brain barrier (Garbarg et al., 1989; Oishi et al., 1989). Fur-
thermore, we have demonstrated that i.c.v. R-x-methylhista-
mine elicits bradycardia and hypotension by activation of
CNS vagal pathways (McLeod et al., 1991). However, in the
current study, it is unlikely that vagal enhancement due to
central H3 activation is involved in the bradycardic and
hypotensive effects of i.v. R-a-methylhistamine because both
vagi were cut at the cervical level to inhibit parasympathetic
effects on the heart. The present findings show that R-a-
methylhistamine lowered basal heart rate and vascular resis-
tance by activation of peripheral prejunctional H3 receptors.

R-a-methylhistamine also has HI agonist properties at
doses greater than 0.3 mg kg-', i.v. (Hey et al., 1992b). The
dose of R-x-methylhistamine used in this study is below the

threshold dose that has been demonstrated to produce HI
effects in the anaesthetized guinea-pig. Additional proof that
the inhibitory actions of R-x-methylhistamine are solely
mediated through H3 receptors is provided by the observa-
tion that only thioperamide, a selective H3 antagonist with
neglible effect on H, and H2 receptors, blocked the haemo-
dynamic actions of R-a-methylhistamine. Blockade of HI and
H2 receptors did not alter the haemodynamic actions of R- o-
methylhistamine indicating a lack of HI or H2 involvement.
Furthermore, it is not likely that histamine HI receptors play
a role in the inhibitory actions of R-x-methylhistamine
because it has been shown that HI receptor activation elicits
a stimulatory action on ganglionic sympathetic neural traffic
that is not observed in our studies (Christian et al., 1989;
Christian & Weinreich, 1992).

Evidence is emerging to suggest important species varia-
tions in the pharmacological responses to H3 activation. In
the present study R-a-methylhistamine had prominent effects
on basal cardiovascular function of the guinea-pig. In con-
trast, in the rat i.v. R-a-methylhistamine does not lower basal
BP and HR with doses as high as 10 mg kg-' i.v. (unpublish-
ed observations). However in an electrically driven system,
R-x-methylhistamine inhibits neurogenically induced hyper-
tensive responses in the pithed rat (Malinowska & Schlicher,
1991). The differences in the pharmacological responses to H3
activation may not be unexpected because it is well known
that the responses to histamine on the cardiovascular system
vary greatly among species (Levi et al., 1982). The physio-
logical implications for autonomic function remain to be
elucidated further.

In summary, the results presented here demonstrate that
the H3 agonist R-a-methylhistamine given by systemic i.v.
route lowers blood pressure, total peripheral resistance, heart
rate and rate pressure product in the anaesthetized guinea-
pig. It is concluded that the hypotension is produced by
prejunctional activation of H3 receptors located on sym-
pathetic neurones. Activation of these receptors probably
acts to inhibit noradrenaline release from sympathetic
effector nerves to resistance vessels, resulting in a decrease of
total peripheral resistance.

We thank Drs R.W. Egan, W. Kreutner and R.W. Chapman, Scher-
ing-Plough Research Institute, Kenilworth, N.J. for their useful dis-
cussions and review of this manuscript.
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Prejunctional modulation of the nitrergic innervation of the
canine ileocolonic junction via potassium channels

Joris G. De Man, Guy E. Boeckxstaens, Paul P. Pelckmans, Benedicte Y. De Winter,
Arnold G. Herman & Yvan M. Van Maercke

Divisions of Gastroenterology and Pharmacology, Faculty of Medicine, University of Antwerp (UIA), Universiteitsplein 1,
B-2610 Wilrijk, Belgium

1 The effects of different K+ channel blockers were studied on nitric oxide (NO)-mediated non-

adrenergic non-cholinergic (NANC) relaxations in the canine ileocolonic junction.
2 The non-selective blockers of K+ channels, 4-aminopyridine (4-AP) and tetraethylammonium (TEA)
and the blocker of large conductance Ca2"-activated K+ channels, charybdotoxin, potently enhanced the
NANC relaxations induced by low frequency stimulation. The blocker of small conductance Ca2+-
activated K+ channels, apamin, had no effect on electrically-induced NANC relaxations.
3 NANC nerve-mediated relaxations induced by adenosine 5'-triphosphate (ATP), acetylcholine (ACh)
and y-aminobutyric acid (GABA) were significantly enhanced by 4-AP and charybdotoxin but not by
apamin. TEA significantly enhanced the NANC relaxations in response to GABA and ATP while that
in response to ACh was abolished.
4 None of the K+ channel blockers had an effect on the dose-response curve to NO, on the
noradrenaline-induced contraction or on the relaxation to nitroglycerine (GTN).
5 From these results we conclude that inhibition of prejunctional K+ channels increases the nitrergic
relaxations induced by electrical and chemical receptor stimulation of NANC nerves and thus suggests a

regulatory role for these prejunctional K+ channels in the release of NO from NANC nerves in the
canine ileocolonic junction.

Keywords: Electrical stimulation; ileocolonic junction; K+ channels; nitric oxide; non-adrenergic non-cholinergic; presynaptic
modulation

Introduction

Evidence is accumulating confirming the role of nitric oxide
(NO) as the inhibitory non-adrenergic non-cholinergic
(NANC) neurotransmitter in the gastrointestinal tract (for
review see Sanders & Ward, 1992; Stark & Szurzewsky,
1992). In the canine ileocolonic junction (ICJ) we showed
that NANC nerve-mediated relaxations induced by electrical
pulses, adenosine 5'-triphosphate (ATP), acetylcholine (ACh)
and y-aminobutyric acid (GABA) are mediated by NO
(Boeckxstaens et al., 1990a; 1991a). Furthermore, using a
bioassay cascade, we actually demonstrated the release of a
NO-related substance in response to electrical and nicotinic
receptor stimulation (Bult et al., 1990; Boeckxstaens et al.,
1991b). Recently, we also illustrated Ca2'-dependency (De
Man et al., 1992) and a2-adrenoceptor-mediated modulation
(Boeckxstaens et al., 1993) of the release of NO in the canine
ICJ. These findings, together with the knowledge that other
putative NANC neurotransmitters such as ATP and vasoac-
tive intestinal polypeptide have been excluded (Boeckxstaens
et al., 1990b,c), make the canine ICJ a good model to study
the nitrergic innervation.

Release of neurotransmitters is known to be modulated by
activation of specific prejunctional receptors (Westfall &
Martin, 1991). At present, it is thought that prejunctional
inhibition of neurotransmitter release results from receptor-
mediated regulation of ion channels in the nerve terminal.
Prejunctional Ca2+ channels which are responsible for the
Ca2+ influx that triggers neurotransmitter release, might be
directly regulated by a prejunctional receptor (Miller, 1990).
Neurones also possess a great variety of K+ channels that
are involved in many aspects of neuronal function, including
prejunctional modulation of neurotransmission (Belardetti &
Siegelbaum, 1988; Miller, 1990). Blockade of different types
of K+ channels has a profound effect on the stimulated

'Author for correspondence.

release of neurotransmitters from various tissues. In rabbit
vas deferens, cat spleen and rat portal vein, the non-specific
K+ channel blockers 4-aminopyridine (4-AP) and tetra-
ethylammonium (TEA) potentiated the release of nor-
adrenaline upon nerve stimulation (Johns et al., 1976;
Kirkepar et al., 1977; Kirkepar & Prat, 1978; Leander et al.,
1977). Charybdotoxin, a blocker of large conductance Ca2+-
activated K+ channels, and 4-AP both increased the nerve-
evoked endplate potentials and the amplitude of the endplate
current in the frog neuromuscular junction (Molgo et al.,
1977; Robitaille & Charlton, 1992). Also in the frog
neuromuscular junction, TEA and 4-AP were shown to cause
a massive increase in acetylcholine release upon electrotonic
depolarization of nerve endings (Katz & Miledi, 1969; Lundh
& Thesleff, 1977). Prejunctional modulation of neurotrans-
mitter release by K+ channels is not confined to adrenergic
and cholinergic neurotransmission, as it was reported that
TEA and 4-AP also affect NANC neurotransmission (Gilles-
pie & Tilmisany, 1976; Jury et al., 1985). However, the effect
of K+ channel blockers on the nitrergic neurotransmission
has not yet been studied. Therefore, this study was designed
to evaluate the involvement of prejunctional K+ channels in
the nitrergic neurotransmission of the canine ICJ by
evaluating the effect of K+ channel blockers on the relaxa-
tions induced by electrical and chemical receptor stimulation
of the NANC nerves.

Methods

Tissue preparation

Mongrel dogs of either sex (body weight 10-30 kg) were
anaesthetized with sodium pentobarbitone (30 mg kg-', i.v.)
and a laparotomy was performed. A gut segment, 3 cm
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above and 5 cm below the ileocolonic junction (ICJ) was
resected and cut open longitudinally. After rinsing and clean-
ing the resected segment, the mucosa was removed by means
of sharp dissection (Pelckmans et al., 1989). Circular muscle
strips (approximately 10 mm in length and 3 mm wide) were
cut, mounted between two platinum ring electrodes and
placed in organ baths (25 ml) filled with a modified Krebs-
Ringer solution (in mM: NaCl 118.3, KCI 4.7, MgSO4 1.2,
KH2PO4 1.2, CaC12 2.5, NaHCO3 25, CaEDTA 0.026 and
glucose 11.1). The solution was maintained at 37°C and
continuously aerated with a mixture of 95% 02 and 5% Co2.
The muscle strips were connected to a strain gauge trans-
ducer (Statham UC2) for continuous measurement of isomet-
ric tension. The muscle strips were brought to their optimal
point of length-tension relationship as described earlier (Pelck-
mans et al., 1989). Electrical pulses (rectangular waves,
60 mA, 9 V, 2-16 Hz, 1-2 ms) were delivered by a GRASS-
stimulator and a direct current amplifier in stimuli trains of
10 s. All muscle strips were allowed to equilibrate for at least
45 min before experimentation.

Experimental protocols

All experiments were performed on a noradrenaline (NA,
30jAM)-induced contraction and in the presence of atropine
(1 JAM). After each NA-induced contraction, the muscle strips
were washed at least three times every 5 min. The effects of
the non-selective K+ channel blockers, 4-aminopyridine (4-
AP, 3-30 JAM) and tetraethylammonium (TEA, 0.1-1 mM)
and of charybdotoxin (ChTx, 0.1-0.2figml-') and apamin
(1-2 pM), were studied on the concentration-response curves
to NO (0.3-30tJM) and on the NANC relaxations induced
by electrical stimulation (ES, 2-16Hz, 1-2ms), ATP
(100 JM), acetylcholine (301JM) and GABA (301JM) and on
the relaxations induced by nitroglycerine (1 jaM).

Statistical analysis and presentation of results

The results are expressed as percentage decrease of the NA-
induced contraction of the muscle strip of the canine ICJ.
Values are shown as mean ± s.e.mean for the number of dogs
indicated and statistical significance (P< 0.05) was deter-
mined by Student's two tailed t test for paired or unpaired
observation.

Drugs

The following drugs were used: acetylcholine chloride, adeno-
sine 5'-triphosphate; -y-aminobutyric acid, 4-aminopyridine,
apamin, charybdotoxin, 1,1-dimethyl-4-phenylpiperazinium
iodide, tetraethylammonium chloride (Sigma Chemical Co,
St. Louis, MO, U.S.A.); atropine sulphate (Federa, Brussels,
Belgium); nitroglycerin (Merck, Darmstadt, Germany); nor-
adrenaline hydrogentartrate (Fluka AG, Buchs SG, Switzer-
land).

All drugs were administered as aqueous solutions. Norad-
renaline was dissolved in 0.57 mM ascorbic acid. All solutions
were prepared on the day of experimentation. Charybdo-
toxin, which was used as the crude venom of Leiurus quin-
questriatus (Miller et al., 1985), and apamin were stored in
small amounts in stock-vials at - 20C. The solutions of NO
were prepared as described by Kelm et al. (1988).

However, raising the concentrations of TEA above 3 mM or
of charybdotoxin above 0.4 jg ml-' evoked a rise in basal
tone, rhythmic contractions and unstable NA-induced con-
tractions. Therefore the effect of these K+ channel blockers
was not tested at or above these concentrations.

Effect of K+ channel blockers on the nitrergic
relaxations induced by electrical stimulation (ES)

The NANC relaxations induced by ES (2 and 4 Hz, 1 ms)
were significantly and concentration-dependently enhanced
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Results

Effect ofK+ channel blockers on the basal tension and
NA-induced contraction

Neither the basal tension of the canine ICJ nor the contrac-
tion induced by NA (30 JAM), was affected by the K+ channel
blockers 4-AP (3-30 JM), TEA (0.1-1IJM), charybdotoxin
(0.1-0.2pgml-') or apamin (1-2JM) (results not shown).

Figure 1 Typical tracing of a circular muscle strip of the canine
ileocolonic junction (contracted with noradrenaline, NA) showing
the relaxations to electrical stimulation (2-16 Hz, 1-2 ms),
adenosine 5'-triphosphate (ATP, 100 gM), acetylcholine (ACh,
30 LM), y-aminobutyric acid (GABA, 30 gM), NO (I JAM) and nitro-
glycerin (GTN, 1 JM) in control experiments (a) and in the presence
of (b) 4-aminopyridine (30 gM), (c) tetraethylammonium (I mM) and
(d) charybdotoxin (ChTx, 0.2 pg ml-'). Similar results were obtained
in at least 5 other experiments. Tracing breaks represent 15 min of
tissue equilibration.
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Figure 2 Frequency-response curves showing the effect of (a) 4-aminopyridine (A, 3 pm; 0, 10 pM; 0, 30 JM), (b) tetraethylam-
monium (A, 0.1 mM; 0, 0.3 mM; 0, I mM), (c) charybdotoxin (A, 0.1 pg ml-'; 0, 0.2 lgml-') and (d) apamin (A, 2JAM) on the
NANC relaxations induced by electrical stimulation (-, 2-16 Hz, 1-2 ms). Results are shown as mean ± s.e.mean for n = 6
experiments and expressed as percentage decrease of the noradrenaline-induced contraction. *P<0.05, significantly different from
control value, Student's t test for paired observations.

by 4-AP (3-30 gM), TEA (0.3-1 mM) and charybdotoxin
(0.2 Jg ml-'), but not by apamin (1-2I1M) (Figures 1 and 2).
The potentiating effect of 4-AP, TEA and charybdotoxin was
most pronounced on relaxations induced by lower frequency
stimulation: for 2 Hz, 1 ms the NANC relaxations were
enhanced from 20 ± 3% to 64 ± 8% by 4-AP (30 JAM), from
27 4% to 60 ± 10% by TEA (1 mM) and from 22 ± 6% to
41 6% by charybdotoxin (0.2 lsg ml-') for n = 6 (Figures 1

and 2).

Effect of K' channel blockers on the nitrergic
relaxations induced b y ATP, ACh and GABA

As previously described (Boeckxstaens et al., 1990a; 1991a),
ATP, ACh and GABA induced concentration-dependent and
tetrodotoxin-sensitive NANC relaxations which are mediated
by NO. 4-AP (30 JM) and charybdotoxin (0.2pgml-') both
significantly enhanced the NANC relaxations induced by
ATP (100JM), ACh (30IJM) and GABA (30JM). TEA at
higher concentrations (1 mM) significantly potentiated the
relaxations to ATP and GABA whereas TEA in all concen-
tration ranges used (0.1-1 mM) almost completely abolished
the relaxation to ACh (Figures 1 and 3). Apamin (1-2IJM)
had no effect on these NANC relaxations (Figure 3).

Effect of K+ channel blockers on the relaxations induced
by GTN or NO

Both GTN (1 JAM) and NO (0.3-30 JAM) relaxed the circular
muscle strips of the canine ICJ. None of the K+ channel
blockers used, had an effect on the relaxations induced by
GTN (1 JM) (Figure 1) or NO (0.3-30 JAM) (Figure 4).

Discussion

The multiplicity of K+ channels and a lack of specific drugs
to block or open these channels, has been a major problem in
the understanding of K+ channels and their involvement in
physiological processes. Aminopyridines and tetraethylam-
monium (TEA) have been used as non-specific K+ channel
blockers for several decades. With the discovery of selective
toxins like charybdotoxin and apamin, it has become clear
that K+ channels indeed play an important role in the
regulation of neuronal transmission (Belardetti & Siegel-
baum, 1988; Miller, 1990). Blockers of K+ channels have
been shown to enhance potently neurotransmitter release
from adrenergic and cholinergic nerves in various tissues (see
Introduction). In the present study, we demonstrated a
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potentiating prejunctional effect of these agents on NO-
mediated NANC relaxations and therefore suggest a
modulatory role of prejunctional K+ channels in nitrergic
neurotransmission.
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Figure 3 Effect of (a) 4-aminopyridine (30 tM, hatched columns),
(b) tetraethylammonium (I mM, hatched columns), (c) charybdotoxin
(0.2 1g ml-', hatched columns) and (d) apamin (2 gM, hatched col-
umns) on the NANC relaxations induced by ATP (100 PM), acetyl-
choline (ACh, 30 gM) and y-aminobutyric acid (GABA, 30 jtM) and
on the relaxations to nitroglycerin (GTN, I ptM) (all open columns).
Results are shown as mean ± s.e.mean for n = 5 experiments at least
and expressed as percentage decrease of the noradrenaline-induced
contraction. *P<0.05, significantly different from control value,
Student's t test for paired observations.

The non-selective K+ channel blockers, 4-AP and TEA
and the blocker of large and intermediate conductance Ca2+-
activated K+ channels charybdotoxin, significantly enhanced
the electrically- and receptor-induced NANC relaxations,
which were previously demonstrated to be mediated by NO
(Boeckxstaens et al., 1990; 1991a; Bult et al., 1990). The
effects of 4-AP, TEA and charybdotoxin were of prejunc-
tional origin since the relaxations to NO and nitroglycerin, or
the contractions to NA were not affected by these blockers.
The latter results suggest that postjunctional K+ channels,
which are undoubtedly present in gut smooth muscle (Szurs-
zewsky, 1978; Barajas-Lopez & Huizinga, 1988) are not
involved in mediating NANC relaxations in the canine ICJ.
The potentiating effects of 4-AP, TEA and charybdotoxin

on the electrically-induced NANC relaxations, were most
pronounced at lower frequency stimulations. This is in accor-
dance with other studies (Gillespie & Tilmisany, 1976; Johns
et al., 1976; Kirkepar et al., 1977) and is typical for the
competitive nature of these blockers: higher frequency
stimulation induces a larger K+-efflux that overcomes the
effect of the K+ channel blockers. The underlying mech-
anism, responsible for the increased neurotransmitter release
induced by K+ channel blockers, is believed to result from
their effect on the depolarization phase of the action poten-
tial, which is generally associated with a K+ efflux from the
nerve terminal (for review see Rudy, 1988). As shown for
TEA and charybdotoxin, this action results in an increase in
the duration of the prejunctional action potential (Augustine,
1990; Morita & Barrett, 1990). Consequently, the enduring
Ca2" influx into the nerve terminals leads to enhanced
neurotransmitter release.
Although it has been reported that apamin, which selec-

tively blocks small conductance Ca2"-activated K+ channels,
reduces the amplitude of the fast hyperpolarization phase of
the inhibitory junction potentials (ij.p.) in the canine ICJ
(Ward et al., 1992), it had no effect on the NANC relaxa-
tions. The explanation for this discrepancy still has to be
elucidated; however, these findings might suggest that the fast
component of the ij.p. is of rather minor importance to the
mechanical response in the canine ICJ.
The influence of K+ channel blockers on the NO release is

further confirmed by their effect on the NANC-relaxations
induced by ATP, ACh and GABA. 4-AP and charybdotoxin
but not apamin enhanced these relaxations without affecting
those to NO, indeed confirming their prejunctional poten-
tiating effect on the NO release. Relaxations induced by
electrical stimulation were increased to a greater extent than
relaxations of comparable amplitude resulting from receptor
stimulation, which might suggest activation of different K+
channels by different stimuli. Alternatively, this might suggest
that the receptor-mediated pathway involves intracellular
mechanisms which are independent of K+ channels. In con-
trast to 4-AP and charybdotoxin, TEA almost abolished the
relaxation to ACh. This blockade might result from an
antagonistic effect of TEA at the nicotinic receptor on the
NANC nerve as both TEA and ACh include in their
molecular structure a quaternary ammonium group, which
represents one of the two binding sites of the nicotinic recep-
tor (Popot & Changeux, 1984). In confirmation of this
hypothesis, we found that the NANC relaxations induced
by the nicotinic agonist 1,1-dimethyl-4-phenylpiperazinium
(DMPP) were also blocked by TEA (results not shown).
As activation or inhibition of neuronal K+ channels

modulates the amount of neurotransmitter released, K+
channels may represent a substrate for prejunctional modula-
tion. This is supported by the finding that the prejunctional
inhibition of neurotransmitter release via opiate and a2-
adrenoceptors is accompanied by an enhanced K+ conduc-
tance (Rezvani et al., 1983; Bauer, 1985). Furthermore,
Morita & North (1981) suggested the involvement of Ca2+-
sensitive K+ channels in the a2-adrenoceptor activation of
neurones in the myenteric plexus of the guinea-pig ileum.
Recently, we demonstrated that activation of presynaptic
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Figure 4 Concentration-response curves showing the effect of (a) 4-aminopyridine (0, 30 ELM), (b) tetraethylammonium (0, I mM)
and (c) charybdotoxin (0, 0.2 tg ml1') on the relaxations in response to NO (@, 0.3-30 PM). Results are shown as
mean ± s.e.mean for n =4 experiments and expressed as percentage decrease of the noradrenaline-induced contraction.

a2-adrenoceptors in the canine ICJ inhibits the nitrergic relax-
ations induced by ES, suggesting prejunctional regulation of
NO release via M2-adrenoceptors (Boeckxstaens et al., 1993).
Whether there is a relationship between this M2-adrenoceptor-
regulated inhibition and the presence of the prejunctional K+
channels described here remains to be investigated.

In conclusion, we here demonstrate that blockers of K+
channels induce a significant enhancement of electrically- and
chemically-induced NANC relaxations without affecting the

postjunctional response to NO, thereby providing evidence
for the involvement of prejunctional K+ channels in the
prejunctional modulation of the nitrergic NANC innervation
of the canine ICJ.
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Cyclopiazonic acid, an inhibitor of Ca2+-ATPase in sarcoplasmic
reticulum, increases excitability in ileal smooth muscle
Yoshiaki Uyama, 'Yuji Imaizumi & Minoru Watanabe

Department Chemical Pharmacology, Faculty of Pharmaceutical Sciences, Nagoya City University, 3-1 Tanabedori, Mizuhoku,
Nagoya 467, Japan

1 Effects of cyclopiazonic acid (CPA), a specific inhibitor of Ca2+-ATPase in endo- and sarcoplasmic
reticulum (ER/SR), on contractile responses, cytosolic Ca2+ concentration and spontaneous electrical
activity were examined in ileal longitudinal smooth muscle strips.
2 After intracellular stored Ca2" in intact ileal strips was depleted by application of 25 mM caffeine in
Ca2'-free solution, Ca2+-loading was performed in the absence or presence of 10 tLM CPA in a standard
solution containing 2.2 mM Ca2 . Subsequent application of caffeine in Ca2+-free solution induced a
phasic contraction which was significantly smaller in the strip pretreated with CPA than that in the
control.
3 Spontaneous and 20 mM K+-induced contractions in the presence of 1 tLM atropine were markedly
enhanced by 1-30 tLM CPA, whereas that induced by 80 mM K+ was not. The magnitude of repetitive
transient elevation of cytosolic Ca2+ concentration ([Ca2+]j) and concomitant phasic contractions were
markedly enhanced by CPA. The effects were abolished by 10 JLM verapamil and restored by 10 ytM Bay
K 8644.
4 Application of 10 JLM CPA depolarized the cell by about 5 mV, decreased the action potential (AP)
afterhyperpolarization and markedly increased the frequency of spontaneous AP. These effects were
mimicked by 100 nM charybdotoxin.
5 The rate of decay of [Ca2+]i and tension after the bathing solution was changed from one containing
140mM K+ and 2.2mM Ca2+ to one containing 5.9mM K+ and 0mM Ca2+ was significantly slowed
when 10 tM CPA was added to the latter solution.
6 These results indicate that CPA enhances ileal smooth muscle excitability and increases Ca2'-influx
through voltage-dependent Ca2+ channels. The effect may be consistent with the hypothesis that
CPA-induced decrease in stored Ca due to Ca-pump inhibition reduces the Ca2+-dependent K+ current
and indirectly enhances Ca2'-influx through membrane activity resulting from the increased excitability.
Direct evidence for the regulation of Ca2+ channel activity by intracellular Ca storage sites was not
obtained in the present study.

Keywords: Cyclopiazonic acid; smooth muscle; Ca-pump; Ca2+-ATPase; sarcoplasmic reticulum; Ca2+-dependent K+ current;
Ca current; guinea-pig ileum; skinned fibre

Introduction

Cyclopiazonic acid (CPA), a mycotoxin from Aspergillus and
Penicillium, has been described as a highly selective inhibitor
of Ca2+-ATPase in skeletal, cardiac and smooth muscle
sarcoplasmic reticulum (SR) (Goeger & Riley, 1989; Seidler
et al., 1989) and inhibits Ca2"-uptake of SR in skeletal
muscle (Goeger et al., 1988; Kurebayasi & Ogawa, 1991).
Recently, we showed that CPA is a selective and reversible
inhibitor of ATP-dependent Ca2"-uptake of SR/ER in the
skinned fibre of ileal smooth muscle (Uyama et al., 1992).
Moreover, it has been suggested that CPA can inhibit Ca2+-
ATPase in intact preparations of aorta (Deng & Kwan,
1991), trachea (Bourreau et al., 1991) and mesenteric artery
(Low et al., 1992).

In intact smooth muscle tissue preparations, however, the
effects of CPA on the contractile responses to various types
of stimulation are complicated and not always consistent
between different smooth muscles. This may be due to differ-
ences in characteristics of intracellular Ca-storage sites and
also of Ca2"-influx and -extrusion through the plasma mem-
brane during stimulation. In addition, the function of intra-
cellular Ca storage sites as one of the important regulatory
factors of membrane ionic currents (Ohya et al., 1987; Wong,
1991) has not been taken into consideration. The effects of
CPA in intact preparations have been examined in electrically

' Author for correspondence.

quiescent muscles which do not show spontaneous myogenic
activity (Deng & Kwan, 1991; Bourreau et al., 1991; Low et
al., 1992).

In a previous paper, we showed that application of CPA
selectively inhibits Ca2'-dependent K+-current (IK-Ca) in
single smooth muscle cells of guinea-pig ileum and urinary
bladder (Suzuki et al., 1992). Activity of single large conduc-
tance Ca2"-dependent K+ channels (BK channels) are not
affected by 10 ILM CPA. The inhibition of IK-Ca may be
attributable to the suppression of SR/ER Ca2+-ATPase,
which presumably results in a marked decrease in releasable
Ca in storage sites. The large transient IK-Ca upon depolariza-
tion in these cells is induced by Ca-release from ryanodine-
sensitive Ca storage sites (Sakai et al., 1988), which is
triggered by Ca2"-influx through voltage-dependent Ca2"
channels (Ohya et al., 1987; Kitamura et al., 1989) via Ca2"-
induced Ca2' release mechanisms (Suzuki et al., 1992; Ganit-
kevich & Isenberg, 1992), which it has been suggested do not
have a functional role in skinned fibres (lino, 1989). This
current may be responsible for action potential (AP) repola-
rization and afterhyperpolarization (AHP) (Mitra & Morad,
1985; Ohya et al., 1987; Watanabe et al., 1989; Wong, 1991).
Moreover, IK-Ca significantly contributes to the regulation not
only of APs, but also of the resting membrane potential (Hu
et al., 1989) and muscle tone (Brayden & Nelson, 1992) in
some kinds of smooth muscle cells. The inhibition of IK.Ca,
therefore, may depolarize the cell membrane, increase AP
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duration, decrease AHP and possibly increase spontaneous
spike generation and membrane excitability of smooth mus-
cle cells.

Based upon these results, it can be speculated that the
decrease in IK-Ca by CPA may result in an increase in mem-
brane excitability and, therefore, spontaneous spike generation.
It is, however, not clear whether spontaneous contractile
activity is increased or decreased under conditions where
stored Ca is significantly decreased by CPA. The present
study was undertaken to examine how CPA affects electrical
activity, [Ca2+]i concentration and mechanical activity in an
intact tissue preparation of ileal longitudinal muscle.

Methods

Male Hartley guinea-pigs, weighing about 200 g, were killed
by a blow on the head. The terminal portion of the ileum
was isolated.

Intact preparation and tension measurement

Longitudinal muscle strips (2-3 mm wide and 10mm long)
were dissected from the ileum in Krebs solution (see Solu-
tions) at room temperature. The muscle strip was mounted
horizontally on a silicon rubber sheet at the bottom of an
organ bath which had a volume of 0.3 ml and was filled with
modified Krebs solution or HEPES buffered salt solution.
The solutions were continuously bubbled with 95% 02:5%
CO2 or 100% 02, respectively. Temperature was maintained
at 36 ± 1°C except where mentioned in figure legends. Con-
tractile responses were measured isometrically with a strain
gauge transducer and recorded on a pen-recorder.

Skinned fibre preparation

Skinning of ileal longitudinal strips was performed as de-
scribed previously (Uyama et al., 1992). In brief, strips were
incubated with 60 AM P-escin in a solution of pCa 6.0 (Koba-
yashi et al., 1989; Kitazawa & Somlyo, 1990). After skinning,
the solution was changed to a relaxing solution containing
2 mM EGTA (R2G). Contractile responses to caffeine were
tested in a relaxing solution containing 0.1 mM EGTA
(RO. IG). Experiments were performed at room temperature
(22 ± 1C). Calmodulin was not added except when mention-
ed.

Measurement of membrane potential

The conventional glass microelectrode technique was used to
measure the membrane potential of smooth muscle cells in
ileal longitudinal muscle strips. A strip was prepared in the
same manner as the intact preparations for tension measure-

ment and was pinned firmly to the silicon rubber at the
bottom of a chamber which had volume of about 0.3 ml. The
strip was perfused with modified Krebs solution at rate of
10ml min-' and kept at 35 ±+1°C. Glass microelectrodes
having a resistance of 40-60 Mohm when filled with 3 M
KCI were inserted into smooth muscle cells from the outside
of the strip. Electrical signals were amplified (Nihon Koden
MEZ-8101), monitored on a storage oscilloscope (Nihon
Koden, VCIO) and recorded on a pen recorder and a video
tape via a PCM recorder (Sony PCM-SOlES; modified to
obtain frequency response from d.c. to 20 kHz). Records on
the video tape were replayed and stored on the hard disk of a

computer (IBM-AT) after A-D conversion and analysed on

the computer as described previously (Imaizumi et al., 1990).

Simultaneous measurement of cytosolic Ca2' concentration
([Ca2+/,) and contraction

Longitudinal strips of guinea-pig ileum were isolated and
were treated with 5 1M acetoxymethyl ester of Fura-2 (Fura-

2/AM) for 4-6 h at room temperature in 4 ml HEPES-buffer
solution in a dark place. A non-cytotoxic detergent, pulronic
F-127 (0.02-0.04%), was added to the loading solution to
increase the solubility of Fura-2/AM. A Fura-2-loaded strip
was mounted horizontally in a chamber which had volume of
approximately 1.2 ml and continuously superfused at 12 ml
min-1 with a HEPES buffered solution oxygenated by 100%
02. The temperature of the solution was maintained at
35 ± 1°C. Fura-2-Ca2+ signals were measured simultaneously
with muscle contractions as described by Ozaki et al. (1987).
Muscle strips were illuminated alternately at the excitation
wavelengths (340 nm and 380 nm). The amounts of 500 nm
fluorescence induced by 340 nm excitation (F340) and by
380 nm excitation (F380) were measured with a fluorimeter
(CAF-100, JASCO). The ratio of F340 and F380 was used as
an indicator of [Ca2+],, taking the ratio in resting state as 0%
and that in 80 mM K+-stimulated state as 100%.

Solutions

The composition of Krebs solution was (in mM): NaCl 112.0,
KCI 4.7, CaCl2 2.2, MgCl2 1.2, NaHCO3 25.0, KH2PO4 1.2
and glucose 14.0. The composition of the physiological salt
HEPES-buffer solution was (in mM): NaCl 137.0, KCI 5.9,
CaC12 2.2, MgCl2 1.2, glucose 14.0 and HEPES 10.0. The pH
was adjusted to 7.4 with NaOH. A high K+ solution was
prepared by replacing NaCl with equimolar KCI. A Ca2+-
free solution was prepared by removing CaCl2 and added
0.1 mM EGTA to the HEPES buffered solution. The com-
position of R2G was (in mM): K-propionate 130, MgCI2 4.0,
adenosine triphosphate (ATP)-2Na 4.0, creatine phosphate
10, NaN3 10, Tris 20.0 and EGTA 2.0. Solutions containing
0.1 or 0.5 mM EGTA (RO.1G and RO.5G) were prepared by
reducing the EGTA concentration in R2G from 2.0 to 0.1 or
0.5 mM, respectively. The approximate pCa of RO.1G was
calculated to be 7.2, assuming the contamination of Ca2+ to
be 15 j,M. The pH was adjusted to 6.8 with maleic acid.
Solutions of pCa 6.3 and 6.0 were prepared by using a
Ca2 -EGTA buffer of 3 mM EGTA and corresponding Ca2+.

Drugs

Cyclopiazonic acid (CPA) and P-escin was obtained from
Sigma Ltd. Pulronic F-127 was from Calbiochem. Ltd. EGTA
and Fura-2/AM were from Dojin. Caffeine, acetylcholine and
atropine were from Wako Junyaku. Charybdotoxin was from
Peptide Institute, Inc. Bay K 8644 (methyl 1,4 dihydro-2,6-
dimethyl-3-nitro-4-(2-trifluoromethyl phenyl)-pyridine-5-car-
boxylate) was obtained from Bayer, Japan.

Statistics

Pooled data are expressed as mean ± s.e.mean. Statistical
significance was examined with a paired or unpaired Student's
t test and is indicated by *P<0.05; **P<0.01 and ***P<
0.001.

Results

First, we determined whether CPA applied to intact ileal
longitudinal strips can inhibit Ca2'-uptake by intracellular
storage sites as it does in skinned preparations (Uyama et al.,
1992). Figure 1 shows the effects of CPA on 25 mM caffeine-
induced contraction in intact strips. To reduce spontaneous
contractions, experiments were performed at room tempera-
ture (20-22°C). After the strip was loaded with Ca2" in a
HEPES buffered solution containing 2.2 mM Ca2+ (Ca2+-
loading or Ca2+-uptake, see Methods, not shown in Figure
la), 25 mm caffeine was applied twice in a Ca2"-free solution
(Figure la(i)). The second application of caffeine did not
elicit a response, implying that Ca in storage sites may be
almost depleted after the first application. The Ca2'-load and
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Figure 1 Effects of cyclopiazonic acid (CPA) on 25 mm caffeine-
induced contraction in intact ileal smooth muscle strips. Experiments
were performed at 21 ± 1°C to depress spontaneous contractions.
After Ca2l-loading in a HEPES buffered solution containing 2.2 mM
Ca2l (not shown), 25 mm caffeine was applied twice in a Ca2l-free
solution (i). Note that the second application of caffeine induced no
response. Thereafter, Ca2l-loading was performed in the absence (a)
or the presence of 10 tM CPA (b,c) in a solution containing 2.2 mM
Ca2". The subsequent response to caffeine was inhibited, when the
Ca2l-loading was performed in the presence of CPA (b(ii) and c(ii)).
The contractile response to caffeine recovered substantially in the
third trial as shown in (b(iii)) and (c(iii)). Application of 1O IM CPA
to the solution containing 2.2 mM Ca2" did not change the muscle
tone in most preparations examined as shown in (b). In about 30%
of preparations, however, CPA itself increased the muscle tone and
induced repetitive phasic spontaneous contractions (c). This effect of
CPA was occasionally irreversible. Summarized data shown in (d)
are from preparations in which CPA itself did not induce contrac-
tions and indicate that 10 JIM CPA significantly reduced caffeine-
induced contraction in a reversible manner: (0) control response;
(M) 2nd response measured after treatment with 10 g.M CPA. n = 6.

subsequent Ca2+ release by caffeine was repeated three times
(Figure 1(i), (ii) and (iii)) in each preparation. In the second
trial, Ca2+-loading was performed in the absence or presence
of 1O IM CPA. Addition of 1O IM CPA in a Ca2+-free solu-
tion did not change the muscle tone. The change in solution
from Ca2+-free solution to Ca2+-containing solution in the
presence of CPA did not alter muscle tone in 70% of prepa-
rations but induced tonic or phasic contraction in the other
preparations. Such a contraction during Ca2'-loading was
not observed in the control. In strips where Ca2+-loading was
performed in the presence of IO M CPA, the subsequent
contraction induced by caffeine was significantly smaller
(Figure lb, c and d). In the third trial, application of caffeine
elicited substantial responses in all preparations. In strips
where CPA per se induced contraction during Ca2'-loading
(Figure Ic (ii)), spontaneous phasic contractions were often
observed during Ca2+ loading in the third trial (c).

Summarized data in Figure Id show that the caffeine-
induced contraction was significantly reduced when the pre-
ceding Ca2'-loading was performed in the presence of 10 JIM

CPA. It is clear that 1O tM CPA reversibly reduced Ca2"-
uptake of storage sites in intact ileal smooth muscle strips, at
least under these conditions (at room temperature and with-
out spontaneous contractions). The results obtained from
preparations which showed substantial contractions during
Ca2"-loading in the presence of CPA were not included in
Figure Id. When the temperature was kept at 36 ± 1C,
spontaneous contraction was observed during Ca2"-loading
in every preparation. Similar results with much larger vari-
ance were obtained at this temperature using the same experi-
mental procedure (not shown). The Ca2"-uptake was also
significantly decreased by 1O LM CPA at 36°C (P< 0.05; not
shown). Caffeine-induced contractions in a Ca2"-free solution
were, however, much smaller than the spontaneous contrac-
tions in Ca2" containing solution even in the control at 36°C
(not shown).

In previous work (Uyama et al., 1992), caffeine- and inosi-
tol 1,4,5-trisphosphate (IP3)-induced Ca2' release in skinned
fibres were not affected by the presence of 1 gIM CPA. Since
higher concentrations of CPA were used in the present study,
the effects of 10 gM CPA on Ca2+ release itself were re-
examined in skinned preparations (Figure 2). After skinning,
application of pCa 6.3 solution evoked a control contractile
response (Figure 2a). This procedure also resulted in Ca2-
loading. Subsequent application of 25 mM caffeine in a relax-
ing solution (RO. IG) induced a transient contraction. A
second application of 25 mM caffeine in RO.IG elicited either
a small or no response. The pair of contractions induced by
pCa 6.3 and 25 mM caffeine was repeated three times in each
preparation (three trials) at an interval of approximately
30 min. In Figure 2b, 10 tiM CPA was applied about 2 min
after the change in solution to RO. IG. The application of
1O IM CPA elicited a small phasic contraction in all prepara-

10 min
a

Caf i = (i00 ( _ 0.1 mN
Caffeine 25 mm-

CPA 10 ,UM
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Figure 2 Effects of 10 JiM cyclopiazonic acid (CPA) on 25 mM
caffeine-induced contractions in skinned preparations. Skinned strips
were contracted by changing R2G to a pCa 6.3 solution as indicated
below (b). This was also a Ca2+ loading period. Caffeine (25 mM)
was added twice as indicated by bars in RO.IG solution (a(i) and
b(i)). Note that the second response to caffeine was very small. Ca2l
loading and subsequent Ca2l release by caffeine were repeated three
times (three trials; (i), (ii) and (iii)). The amplitude of the responses
to caffeine decreased progressively even in the control (a). In b(ii) (in
the second trial), 10 IM CPA was added to RO.1G solution after
Ca2l loading. Application of CPA induced a small phasic contrac-
tion. The subsequent caffeine-induced contraction in the presence of
CPA was smaller than in the control, whereas the response recovered
substantially in the third trial (b(iii)). (c) Shows the summarized data
indicating that caffeine-induced Ca2" release was slightly but signi-
ficantly reduced in the presence of 10 JIM CPA: (0) control response;
(@) 2nd response measured after treatment with 10 gM CPA. n = 4.
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tions examined (n = 4). When the relaxing solution contain-
ing higher concentrations of EGTA (R2G or RO.5G), CPA
did not induce the small phasic contraction. The subsequent
application of caffeine in RO. lG induced a response which
was slightly smaller than that in the control. The effect of
10 iLM CPA was removed by washout (Figure 2b). Sum-
marized data shown in Figure 2c indicate that the caffeine-
induced contraction in skinned preparations was slightly but
significantly reduced in the presence of 10 JlM CPA. The
decrease was, however, too small to explain the large
decrease in caffeine-induced Ca2"-release by CPA in intact
strips shown in Figure 1, implying that it was mainly due to
inhibition of Ca2'-uptake.
The effects of CPA on spontaneous and 20 mM K+-induc-

ed contractions were examined at 36°C in the presence of
1 gM atropine. Figure 3 shows that CPA at concentrations
higher than 1 pM enhanced the amplitude of spontaneous
contraction at 36°C. High concentrations of CPA (>3 JAM)
also increased the muscle tone. The frequency of spontaneous
contraction varied widely from preparation to preparation
(0.2-5.0 contractionsmin-'). CPA (1-30pM) increased the
frequency in all preparations examined (n =26). Initial
phasic and following sustained contractions were induced by
20 mM K+ in the presence of 1IJM atropine (Figure 3a).
Repetitive small phasic contractions were superimposed on
the tonic contraction. A potassium concentration of 20 mM

10 mmin

K20mMmm K20mM K 20 mM K0 mM

CPA0.0.FM CPA 1 M CPA3 FM

10 mimn

K 20mM K 20mM K 20 mM
CPA 10 LM CPA3pLm

b
260-.

220

'9 130

S 130

* I
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was chosen, since all the contractile responses to 20 mM K+
were almost abolished by 1 gM nicardipine, suggesting that
the responses were evoked by Ca2+ influx through voltage-
dependent Ca2+ channels. The initial phasic contractions
induced by 20 mM K+ were enhanced by CPA in a concen-
tration range of 1-10 IM. The enhancement was rather less
at higher concentrations (>10 JM) (Figure 3b). The CPA
concentration giving a half maximum effect (EC50) was
approximately 3 JAM. The effect of CPA on 80 mM K+-induc-
ed contraction was also examined (Figure 4). Although there
was a tendency for the peak amplitide of the 80 mM K+-
induced contraction to be enhanced by 10 M CPA, the
enhancement was not statistically significant (Figure 4b,
P> 0.05). The steady phase was not affected by 10I M CPA
(P> 0.05).
The effects of CPA on resting membrane potential and

electrical activity were examined with conventional microelec-
trodes in longitudinal smooth muscle strips at 35C in the
presence of 1 JAM atropine (Figure 5a). Application of 10 JAM
CPA slightly depolarized the cell membrane from -48.6 ±
1.2 mV (n = 34) to -44.7 ± 1.3 mV (n = 22, P<0.05 vs. the
control). The depolarization started after a short delay of
about 20-80 s, gradually developed and reached a steady
level within 3 min. Although the AP frequency in the control
varied widely from preparation to preparation and also de-
pended upon how stretched the preparation was, it was in a
range of 0.2-20 APs min '. A burst of several APs often
occurred. After application of 10gM CPA, the AP frequency
markedly increased with the depolarization in all prepara-
tions examined (n = 13, P<0.01) to higher than 0.5 Hz in 10
preparations out of 18, although it varied with time. Another
important finding was that both peak amplitude and 50%
duration of AP afterhyperpolarization (AHP) were decreased
after application of 10 JAM CPA (Figure 5a(ii) and (iii)).
Spontaneous APs and the effects of CPA were not affected
by 1 JAM TTX, 0.3 gAM phentolamine and 0.3 JtM propranolol.

These CPA-induced effects on membrane potential were
mimicked by application of 30-100 nM charybdotoxin
(ChTX). The cells were depolarized by about 5 mV (-43.2 ±
1.3 mV, n = 28, P <0.05) within 20s of the application of
100 nM charybdotoxin (ChTX). Concomitantly, the AP fre-

a

-~~~~~~~~~

I/

5

CPA (-log M)

Figure 3 Effects of cyclopiazonic acid (CPA) on 20 mM K+-induced
contraction in intact ileal longitudinal smooth muscle strips at
36 ± 1°C. (a) Typical recordings of 20 mM K+-induced contractions
in the absence or presence of 0.1, 1, 3, 10 or 30 JM CPA. All
experiments were performed in the presence of 1 JAM atropine. CPA
was added 15 min prior to the application of 20 nM K+-solution. (b)
Summarized data of the amplitude of phasic and sustained com-

ponents of 20 mm K+-induced contractions are shown by (0) and
(M) respectively. Those in the control (in the absence of CPA) were

taken as 100%. The amplitude of the sustained component was

measured at the mean level of repetitive phasic contractions from the
resting tone 10 min after the application of 20 mM K+ solution. The
number of observations was four except at I JM CPA where it was
seven. The amplitude of both initial phasic and following sustained
components was significantly larger than 100% at CPA concentra-
tions in the range of 1 and 20 AM.
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Figure 4 Effects of 10 gAM cyclopiazonic acid (CPA) on 80 mM
K+-induced contractions: 80 mM K+ solution was applied four
times. In the third trial, CPA was added 10 min prior to the applica-
tion of 80 mm K+. All experiments were performed in the presence
of 1 gM atropine at 36 ± 1°C. (b) Summarized data of the amplitude
of 80 mm K+-induced contractions at the peak (phasic component;
open columns) and at 15 min from the application of 80 mm K+
(sustained component; solid columns): n = 5. No statistically signifi-
cant difference was found between the data in the first trial and those
in the second, third or fourth trial for each component, respectively.
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cantly decreased by 10 JAM CPA and more extensively by
100 nM ChTX (Figure 5e).
To confirm that the increase in spontaneous contractions

and muscle tone by CPA was preceded by an increase in
[Ca2J]i, changes in [Ca2+]i were monitored at 35°C in intact
strips, which were loaded with the fluorescent Ca2"-indicator,
Fura-2/AM. Application of 3 1M CPA, in the presence of
1 JAM atropine, markedly enhanced the phasic increases in
[Ca2+]i (Figure 6a(i)). Concomitantly, phasic contractions
were greatly enhanced (Figure 6a(ii)). The increase in [Ca2+]i
changes and phasic contractions by CPA were blocked by
1-10 JAM verapamil (Figure 6a) or 10 mM EGTA (not shown)
and recovered on further addition of 1-101M Bay K 8644
(Figure 6a). Similar results were obtained in five preparations
out of five. When a slight increase in basal [Ca2+]i and muscle
tone was observed on application of 3 JAM CPA in addition to
the enhancement of repetitive phasic changes, it was abolish-
ed by addition of 10 JAM verapamil or 10 mM EGTA (n = 2).
Application of 100 nM ChTX showed similar effects: en-
hancement of spontaneous phasic increase in [Ca2+]i and
contractions (Figure 6b).
Although these effects of CPA on spontaneous electrical

and mechanical activities may be consistent with inhibition of
SR/ER Ca2+-ATPase by CPA, a line of direct evidence was
required to conclude that 10 iM CPA substantially reduced
Ca2+-uptake at 36°C. Figure 7 shows the effect of CPA on
the decay time course of [Ca2+]i and contraction after [K+]o
was decreased from 80 to 5.9 mm. The [Ca2"], was changed
from 2.2 mM to nominally Ca-free (with 0.1 mM EGTA) at
the same time. The rate of decay of [Ca2"]i was markedly
slowed when the Ca-free solution contained 10 JAM CPA.
After 5 min from the decrease in [K+]O, 100 JAM acetylcholine
(ACh) was applied to estimate the amount of stored Ca2 .
Summarized data are shown in Figure 8. During the decay

for 5 min, the relative [Ca2+]i and force were significantly
larger in the presence of 1OJM CPA. Since 30 lAM CPA had
similar potency (not shown), 10 JAM CPA appeared to be
almost maximally effective. It is worth noting that the in-
crease in relative [Ca2']i and force by ACh was smaller in the
presence of CPA and that the final levels of [Ca2+]J in the
presence of ACh were similar in the control and CPA-treated
preparations.

Cont CPA ChTX

Figure 5 Effects of cyclopiazonic acid (CPA) (b) and charybdotoxin
(ChTX) (d) on electrical activity in ileal longitudinal smooth muscle
strips. Membrane potentials were measured with conventional glass
microelectrodes in the presence of I gAM atropine at 35°C. (a) and (b)
show recordings from a smooth muscle cell before and about 5 min
after the application of 1O JM CPA, respectively; (c) and (d) show
recordings from a smooth muscle cell before and about 3 min after
the application of 100 nm ChTX, respectively. Traces in (ii) and (iii)
show faster recordings of parts of (i). The broken lines in (iii)
indicate the level of the membrane potential just before the depolar-
ization triggering an action potential. The arrows in (b(i)) and (d(i))
indicate the resting membrane potential before the application of
CPA or ChTX. Note that action potential frequency was markedly
increased and AHP was substantially decreased in the presence of
10 JM CPA (b) or 100 nM ChTX (d). The AHP from the level
indicated by the broken line was integrated on the computer and
shown as the area of AHP in (e). The AHP areas were obtained
from over 10 APs in each preparation before and after application of
CPA or ChTX and averaged, respectively. Shown are the average of
pooled data from 4-8 preparations. The area of AHP was
significantly decreased by 1OIJM CPA or 100nm ChTX.

quency and AHP amplitude markedly increased and decreas-
ed, respectively, as shown in Figure Sd. To evaluate the
effects of CPA and ChTX on AHP, AHP was integrated as
the area from the level of the membrane potential just before
the rapid depolarization which triggered a burst of APs. The
summarized data indicate that the area of AHP was signifi-

Discussion

The present study was focused on the possibility that electri-
cal and mechanical activities are enhanced in ileal smooth
muscle, when Ca2"-uptake by intracellular storage sites is
significantly reduced by CPA. The results clearly show that
spontaneous APs, repetitive phasic increase in [Ca2+]i and
concomitant phasic contractions were markedly enhanced by
1-10 JiM CPA. Since the ileal longitudinal strips were prepar-
ed free from interstitial cells of Cajal and the circular muscle
layer, the APs observed in the presence of atropine are
myogenic from longitudinal smooth muscle cells. Phasic and
tonic contractions induced by 20 mM K+ were markedly
enhanced by CPA. These results strongly suggest that Ca2-
influx through voltage-dependent Ca2+ channels is enhanced
by CPA, and may be consistent with the observation that
thapsigargin, another inhibitor of SR/ER Ca2+-ATPase, in-
creases the amplitude of the spontaneous mechanical activity
in rat portal vein (Mikkelsen et al., 1992).

Direct evidence indicating that the increase in Ca2"-influx
by CPA is attributable to the inhibition of Ca2+-ATPase in
intracellular Ca storage sites is difficult to obtain in multicel-
lular preparations. However, a line of indirect evidence
shown in the present and previous studies strongly suggests
that CPA significantly reduces IK-Ca by inhibition of Ca2+-
uptake of storage sites and consequently increases Ca2+-
influx in intact ileal longitudinal smooth muscle.

First, CPA slightly depolarized the cell membrane, reduced
AHP and increased AP frequency in a similar manner to
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Figure 7 Effects of cyclopiazonic acid (CPA) on the decay time-
course of elevated [Ca2+]i and evoked contraction during washout of
80mM K+ solution in Fura-2 loaded ileal smooth muscle at 35C.
upper and lower traces show changes in [Ca2J]i and tension, respec-
tively. After treatment with 80mm K+ solution containing 2.2 mM
Ca2l for 4 min, the solution was changed to a Ca2l-free solution
containing 0.1 mm EGTA and 5.9 mm K+ as shown at the bottom.
In (b) the Ca2l-free solution contained 10 M CPA. Five min after
the change to the Ca2l-free solution, 100 ftM actylcholine (ACh) was
added. Note that the decay of both [Ca2+]i and contraction were
markedly slowed in the presence of 1OJM CPA. Subsequent applica-
tion of ACh induced a smaller response in the CPA-treated strip
than in the control.

a

8
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0)
0
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Figure 6 Effects of cyclopiazonic acid (CPA, a) and charybdotoxin
(ChTX, b) on changes in [Ca2"]i in a strip loaded with Fura-2/AM.
[Ca2"], signals are shown as the ratio of amplitude of 500 nm
fluorescence elicited by 340 and 380 nm excitation. (a) Application of
3 fLM CPA induced a slow phasic increase in [Ca2+]i and enhanced
repetitive fast transients of [Ca2+],, which corresponded to a slow
phasic increase in the muscle tone and large spontaneous contrac-
tions, respectively. (b) Application of 30 nm ChTX immediately
enhanced the spontaneous [Ca2+], changes and contractions. These
changes were abolished by addition of 10 jiM verapamil and recover-
ed on further addition of 10IM Bay K 8644. The asterisk in (b(ii))
indicates that the contraction after the addition of Bay K 8644 was
out of scale in this preparation.

ChTX. Corresponding to the significant decrease in AHP, the
IK-Ca activated by depolarization in single cells was very
selectively blocked by 10 jiM CPA (Suzuki et al., 1992) or
100 nM ChTX (Uyama, unpublished observation). ChTX
directly blocked single BK channel current (Brayden & Nel-
son, 1992) but CPA did not (Suzuki et al., 1992). The same
phenomena including changes in resting membrane potential,
AP frequency and AHP in tissue preparations and IK-Ca
inhibition in single cells by quinidine have been reported in
ileal circular smooth muscle of the guinea-pig (Nakao et al.,
1986). The AP falling phase and AHP are mainly due to IK-Ca
activation, which is susceptible to quinidine but not apamin.
In rat sympathetic neurones, it has been shown that CPA
reduces the ryanodine-sensitive component of AHP and
facilitates repetitive AP generation (Kawai & Watanabe,
1989; Ishii et al., 1992).
Second, 1OlM CPA inhibited Ca2"-uptake of intracellular

storage sites in intact ileal strips at 22°C. The inhibition of
caffeine-induced contraction by CPA is mainly due to inhibi-
tion of Ca2"-loading of the storage sites but not due to the
direct change in Ca2" release. Although 1OgM CPA slightly
reduced caffeine-induced Ca2+ release in skinned prepara-
tions, it is probably due to the preceding small Ca2+ release

01)
0

a)

.)

0 1 2 3 4 5
Time (min)

Figure 8 Summarized data of effects of 10 jAM cyclopiazonic acid
(CPA) on the decay time-courses of 80 mM K+-induced high [Ca2+]i
and contraction. These results were obtained from experiments such
as that shown in Figure 7. The time of the solution change to the
Ca2l-free solution was taken as Omin. The resting and high K+-
stimulated levels of signals were taken as 0 and 100%, respectively.
(a) The time-course of relative amplitude of fluorescence ([Ca2+]J). (b)
The time-course of relative force: mean values in the absence (0)
(n = 6) or presence (i) of 1O iM CPA (n = 3), are shown. In the
presence of 10iM CPA, the decay of both signals (between 2 to
5 min) was significantly slowed by CPA. Note that the peak levels of
[Ca2+]i and contraction induced by 100 jiM acetylcholine (ACh,
applied after 5 min in Ca2+-free solution) in the presence of CPA
were not significantly different from those in the control.

a b
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by CPA itself, which slightly reduced the amount of stored
Ca. It has been suggested that Ca in storage sites is spon-
taneously released and is retaken up by Ca-pumps in several
types of cells (Thastrup et al., 1990; Stehno-Bittel & Sturek,
1992; Chen et al., 1992). Ca-pump inhibition may allow
accumulation of spontaneously released Ca2+ and result in a
small contraction.

Third, the decay of high [Ca2+]i and contraction induced
by 80 mM K+ after washout with Ca2'-free solution contain-
ing 5.9 mM K+ was significantly slowed by CPA. Since plas-
malemmal Ca2+-ATPase is not affected by CPA (Seidler et
al., 1989), Ca2+-extrusion from the cell by the Ca-pump
would not be directly affected by CPA. Effects of CPA on
Ca2"-extrusion by Na+-Ca2+ exchange have not been clari-
fied. Under those conditions, however, the subsequent appli-
cation of ACh induces smaller Ca2` release in preparations
treated with CPA than in the control. A combination of
these findings gives additional evidence that CPA also signi-
ficantly reduced Ca2+-uptake by storage sites at 35°C.

Fourth, the ECQ5 of CPA for the enhancement of 20 mM
K+-induced contraction was approximately 3 tLM and close to
the ICm for the inhibition of IK-Ca (-3 pM, Suzuki et al.,
1992). Although the EC50 is about 5 times higher than the
IC5o for the inhibition of Ca2+-uptake in skinned fibres
(0.6 pM; Uyama et al., 1992), the difference is rather small
considering the diffusion barrier of the plasma membrane.
The mechanisms of CPA-induced increase in Ca2+-influx,

however, may not be as simple as those of the ChTX-induced
increase. The initial transient Ca release from storage sites
after the application of 10 M CPA may activate not only
IK-Ca but also other Ca2+ dependent currents: Cl- current or
non-selective cationic current, as has been reported for
caffeine or agonists (Amedee et al., 1990; Janssen & Sims,
1992). The subsequent depolarization was small but sustained
and may result from suppression of spontaneous transient
outward currents (Suzuki et al., 1992) which are elicited by
activation of BK channels by spontaneous Ca release from
local storage sites (Benham & Bolton, 1986) and possibly
contribute, in part, to the resting membrane potential (Hu et
al., 1989; Brayden & Nelson, 1992). The CPA-induced de-
crease in AHP is due to the selective inhibition of IK-Ca
(Suzuki et al., 1992) which also has been reported for thap-
sigargin in urinary bladder smooth muscle cells (Ganitkevich
& Isenberg, 1992). The decrease in resting membrane poten-
tial and AHP by CPA may be responsible for the marked
increase in frequency of spontaneous APs. It is, however,
likely that the increase in AP frequency caused by CPA may
itself result in a further decrease in Ca store size and,
thereby, AHP. Moreover, the combination of the increase in
Ca2'-influx and the inhibition of Ca2+-uptake by CPA raised
[Ca2+]i and may partly compensate the decreased IK-Ca. It
may be the reason why the decrease in AHP by CPA was
smaller than that induced by ChTX in tissue preparations.

It should be mentioned that the BK channel activity is
regulated by [Ca2+]i near the inner mouth of the channels
and, therefore, may well be affected by Ca storage sites
localized just beneath the cell membrane. Activation of BK

channels by Ca2+ release from storage sites can often be
observed in cell free patches (Xiong et al., 1992). The activa-
tion of IK-Ca by Ca2+-influx upon depolarization may be
greatly amplified by the large increase in local [Ca2+]i via
Ca2'-induced Ca2+ release from the storage sites (Suzuki et al.,
1992; Ganitkevich & Isenberg, 1992). On the other hand, the
[Ca2+]i measured by Fura-2 signals show averaged changes in
[Ca2+]i of the whole cytoplasm. The increase in Ca2'-influx
directly results in elevation of Fura-2 or Indo-I signal
(Becker et al., 1989) but may not result in the increase in
IK-Ca, if releasable Ca in storage sites is substantially reduced
by CPA. Such dissociation between [Ca2+]i detected by Indo-
1 or Fura-2 and IKCca has been suggested in smooth muscle
cells (Bittel & Sturek, 1992; Ganitkevich & Isenberg, 1992).

It has been reported that Ca2'-entry through the plasma
membrane depends upon the filling state of the ER/SR (Put-
ney, 1986, 1990; Missiaen et al., 1990; Dolor et al., 1992;
Byron et al., 1992). CPA and thapsigargin deplete intracel-
lular stored Ca2+ and activate an influx pathway for divalent
cations (Takemura et al., 1989, 1991; Demaurex et al., 1992).
It has been suggested that some Ca2'-storage sites may
couple with DHP-sensitive Ca2+-channels in the plasma
membrane in smooth muscle cells (Bourreau et al., 1991;
Low et al., 1992; Xuan et al., 1992) as well as in other types
of cells (Hoth & Penner, 1992). The present results are not
opposed to this hypothesis. When IK-Ca is decreased and AP
frequency is increased by CPA, Ca2'-influx through Ca2+
channels must be markedly increased even when Ca2" chan-
nel properties per se are not changed.
The tonic contraction induced by 80 mM K+ was not

significantly enhanced by CPA in the present study, while
50 mM K+-induced contraction in aorta and mesenteric
artery of the rat was enhanced by thapsigargin (Shima &
Blaustein, 1992). When ICa was measured under whole-cell
clamp, 10ILM CPA did not affect ICa (Suzuki et al., 1992).
Under these conditions, 5 mM EGTA in the pipette solution
may remove stored Ca. It has been reported that a high
concentration of CPA inhibits Ca2'-influx pathways in rat
thymic lymphocytes (Mason et al., 1991). Based on these
observations, it is suggested that the enhancement of Ca2+-
influx through voltage-dependent Ca2+ channels in ileal
longitudinal smooth muscle is an indirect effect of CPA. The
possibility that the activity of Ca2+ channels on the cell
membrane is directly regulated by the amount of Ca in
storage sites is, however, interesting and remains to be exam-
ined more exactly in smooth muscle cells.

In conclusion, CPA applied from outside the cell in intact
ileal smooth muscle can reduce Ca2+-uptake of intracellular
Ca storage sites via the inhibition of Ca2+-ATPase. The
decrease in stored Ca by CPA may increase Ca2'-influx. The
decrease in IK-Ca may be one of the major causes. Of impor-
tance is the fact that inhibition of Ca2+-uptake of intracellu-
lar storage sites by CPA in intact strips was partly reversible,
as shown in single smooth muscle cells and skinned fibres.
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K channel activation by nucleotide diphosphates and its
inhibition by glibenclamide in vascular smooth muscle cells
ID.J. Beech, H. Zhang, K. Nakao & 2T.B. Bolton

Department of Pharmacology and Clinical Pharmacology, St. George's Hospital Medical School, London SW17 ORE

1 Whole-cell and inside-out patch recordings were made from single smooth muscle cells that had been
isolated enzymatically and mechanically from the rabbit portal vein.
2 In whole-cells the inclusion in the recording pipette solution of nucleotide diphosphates (NDPs), but
not tri- or monophosphates, induced a K-current that developed gradually over 5 to 15 min. Intracell-
ular 1 mM guanosine 5'-diphosphate (GDP) induced a slowly developing outward K-current at - 37 mV
that reached a maximum on average of 72 ± 4 pA (n = 40). Half maximal effect was estimated to occur
with about 0.2 mm GDP. Except for ADP, other NDPs had comparable effects. At 0.1 mM, ADP was
equivalent to GDP but at higher concentration ADP was less effective. ADP induced its maximum effect
at 1 mM but had almost no effect at 1O mM.
3 In 14% of inside-out patches exposed to 1 mM GDP at the intracellular surface, characteristic K
channel activity was observed which showed long (>1 s) bursts of openings separated by longer closed
periods. The current-voltage relationship for the channel was linear in a 60 mM: 130 mM K-gradient and
the unitary conductance was 24 pS.
4 Glibenclamide applied via the extracellular solution was found to be a potent inhibitor of GDP-
induced K-current (IK(GDP)) in the whole-cell. The Kd was 25 nM and the inhibition was fully reversible
on wash-out.
5 IK(GDP) was not evoked if Mg ions were absent from the pipette solution. In contrast the omission of
extracellular Mg ions had no effect on outward or inward IK(GDP)*
6 Inclusion of 1 mM ATP in the recording pipette solution reduced IK(GDP) and also attenuated its
decline during long (25 min) recordings.
7 When perforated-patch whole-cell recording was used, metabolic poisoning with cyanide and 2-
deoxy-D-glucose induced a glibenclamide-sensitive K-current. This current was not observed when
conventional whole-cell recording was used. Possible reasons for this difference are discussed.
8 These K channels appear similar to ATP-sensitive K channels but we refer to them as nucleotide
diphosphate-dependent K channels (KNDP) to emphasise what seems to be a primary role for nucleotide
diphosphates in their regulation.

Keywords: Smooth muscle; ATP-sensitive K channel; glibenclamide

Introduction

Potassium channels that are inhibited by adenosine 5'-
triphosphate (ATP) acting at the cytoplasmic side of the
plasma membrane were first observed in cardiac muscle
(Noma, 1983). ATP was subsequently found to inhibit K
channels in other types of cell (reviewed by Ashcroft &
Ashcroft, 1990) and the common theme of ATP-sensitivity
has led to a grouping of the channels under the name ATP-
sensitive K channels, or KATP. The name implies a particular
significance of ATP but other intracellular factors such as
pH, Ca, Mg, nucleotide diphosphates, pyridine nucleotides,
adenosine 3': 5'-cyclic monophosphate (cyclic AMP) and
GTP-binding proteins can also modulate KATP to varying
degrees in different cells (reviewed by Ashcroft & Ashcroft,
1990; Davies et al., 1991). The antidiabetic sulphonylureas
(e.g. tolbutamide and glibenclamide) inhibit KATp and the K
channel opener (KCO) drugs (e.g. diazoxide, pinacidil and
cromakalim) activate KATP in some cells (reviewed by Ash-
croft & Ashcroft, 1990; 1992; Nichols & Lederer, 1991; Laz-
dunski et al., 1992).

Although KATP were not found in smooth muscle when
single channel and whole-cell patch-clamp recordings were

first introduced (reviewed by Tomita, 1988; Bolton & Beech,
1992) the observation that the smooth muscle relaxant effects

of KCOs, an emerging class of drugs (reviewed by Robertson
& Steinberg, 1990; Weston & Edwards, 1992), were inhibited
by glibenclamide (Quast & Cook, 1989) suggested that KATP
might after all exist in smooth muscle. On the basis that KATP
characteristically open simply in the absence of ATP several
attempts were made to identify KATP in smooth muscle by
depleting [ATP]i in single cells or by forming inside-out
patches into ATP-free solution. Glibenclamide-sensitive K-
current or hyperpolarization has been observed in single cells
expected to be depleted of [ATP]Ji, suggesting the presence of
KATP (Clapp & Gurney, 1992; Silberberg & van Breemen,
1992; Noack et al., 1992). Single K channel activity has been
observed in the absence of [ATP]i in patches and in some
studies clear inhibition by [ATP]i has been seen (Standen et
al., 1989). The channels are infrequently observed, however,
and have widely varying properties (see Discussion). Thus it
is unclear whether there are different types of KATP in smooth
muscle or if other factors have led to an apparent
heterogeneity in experiments so far described.
This study was prompted by our own inability to observe

ATP-sensitive K-currents in either whole-cells or isolated
patches from smooth muscle cells (Nakao & Bolton, 1991)
and by the results of Kajioka et al. (1991) which suggested
that K channels which did not open simply in the absence of
[ATP]i could be activated by guanosine diphosphate (GDP),
but only if pinacidil was present. It is significant that GDP,
and other nucleotide diphosphates (NDPs), activate the KATP
of other cell types but in the absence of a KCO drug (Dunne

' Present address: Department of Pharmacology, The University of
Leeds, Leeds, LS2 9JT.
2 Author for correspondence.
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& Petersen, 1986; Tung & Kurachi, 1991; Allard & Lazdun-
ski, 1992). We decided to investigate the action of NDPs on
smooth muscle at both whole-cell and single channel levels
and in doing so we have developed a working hypothesis
where KATP-like channels in smooth muscle do not open
simply in the absence of intracellular ATP but depend on the
presence of a NDP at the intracellular surface of the mem-
brane. Inability of the channels to open in the absence of
[ATP]i does not exclude them from the KATP class but we
refer to the channels as KNDP to avoid a seemingly undue
emphasis on the action of ATP and to recognise the partic-
ularly critical role of NDPs in the control of these smooth
muscle K channels.

Methods

Single smooth muscle cells were isolated from the rabbit
portal vein by a method similar to that previously described
(Beech & Bolton, 1989), except the enzymatic incubation
medium included collagenase (1 mg ml-'; Sigma type XI)
with papain (4 mg ml-'; Sigma; no dithiothreitol added) and
the solution was magnesium-free. Cells were stored at 4°C in
a quasi-physiological medium containing Ca and Mg (both at
0.2 mM).

Patch-clamp recordings (Hamill et al., 1981) were made
from cells within 10 h of the isolation procedure. All record-
ings were made at room temperature (20-24°C). The patch-
clamp amplifier was either an Axopatch-lD (Axon Instr.) or
an RK300 (Biologic). Patch pipettes were made from
borosilicate glass (Clark Electromedical or Plowden &
Thompson); they had resistance of 2 to 4 MQ after fire-
polishing, and were coated with Sylgard (Dow Corning) for
single channel recordings. Data were either stored on FM-
tape (Racal) or captured directly to a 386 PC after digitiza-
tion (CED interface and software). All whole-cell current
records were filtered at 500 Hz (Bessel) and single channel
records as described in the legend of Figure 4. Capacity
currents were partially cancelled in the whole-cell recordings.
When the effects of different pipette solutions were com-

pared in whole-cell experiments we carried out a series of
experiments where the pipette solutions were used in strict
rotation or we observed the effect of 1 mM GDP (with Mg)
to evaluate the responsiveness of the cells on a given day. All
averages are expressed as mean ± s.e.mean and t tests were
used to assess statistical significance. The input resistance was
monitored in whole-cell experiments by square or ramp
hyperpolarizing commands. The series resistance was
estimated by the rate of decay of the capacity current after
an instantaneous step in the command voltage and was
estimated to be < 10 MO in all experiments. Junction poten-
tials between path and pipette solutions were measured using
a 3 M KCI reference electrode and were <3 mV; correction
for these potentials was not made. The volume of the bath
was 150 JlI and the flow rate through it about 2 ml min-'.
The start of the application of substances is indicated in the
figures as the time when the solution reservoirs were switched
and complete exchange of the bath was not until about 30 s
later. In all figures, except Figure 9b, zero time is when
recording in whole-cell mode began.

All solutions (Table 1) were titrated to the specified pH
using the hydroxide of the dominant cation. The total K

concentration in solution Y with 1 mM GDP added and after
titration to pH 7.4 with KOH was 171 mM and the final
osmolarity was measured as 290 M Osmol. Nucleotides were
added as the Na-salt (2.5 mM Na for 1 mM GDP) and the
solution was titrated to pH 7.4, filtered (pore size 0.2 Jm;
Whatman) and frozen in aliquots at - 20°C. For the inside-
out patch experiments 1 mM GDP was added to the bath
solution by dilution immediately prior to the application
from a 100 mM stock solution of Na-GDP dissolved in bath
solution which had been titrated to pH 7.4 and frozen at
- 20°C. Nystatin was prepared as a 5 mg ml-' stock in
methanol and used at final concentration of 100figmlh'.
Glibenclamide was prepared as 10 mm stock solution in
dimethylsulphoxide (DMSO). The final concentration of
DMSO was 0.2% for 20 gM glibenclamide and less for other
concentrations. These dilutions of DMSO had no effect on
IK(NDP)-
The following were used: ADP (adenosine diphosphate),

GDP (guanosine diphosphate), TDP (thymidine diphos-
phate), UDP (uridine diphosphate), IDP (inosine diphos-
phate), CDP (cytidine diphosphate), GMP (guanosine
monophosphate), GTP (guanosine triphosphate), ATP
(adenosine triphosphate), AMP (adenosine monophosphate),
EGTA (ethylglycol-bis-(P-aminoethyl)-N,N,N',N'-tetraacetic
acid), EDTA (ethylenediaminetetraacetic acid), BAPTA (K4
bis-(o-aminophenoxy)-ethane-N,N,N',N'-tetraacetic acid) and
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic
acid). Most salts were from BDH and other chemicals from
Sigma.

Results

Outward current induced by purine and pyrimidine
diphosphates (NDPs)
We have concentrated on a search for K channels at a
membrane potential of - 37 mV and thus have assumed that
they can open near the resting potential. The experimental
design was to compare whole-cell recordings under voltage-
clamp with or without a nucleotide in the recording pipette
solution and determine if current was either induced or
inhibited. Pipette solution X or Y included 5 mM EGTA or
10 mM BAPTA respectively and 20 mM HEPES and so it is
expected that intracellular Ca and H ions were strongly
buffered.

Figure 1 shows membrane current recorded from 12 cells
under the same conditions except for the inclusion of
different nucleotides in the pipette solution. All cells were
voltage-clamped at - 37 mV, about 50 mV positive of the K
equilibrium potential (EK), and averages for all of these
recordings are shown in Figure 2. With no nucleotide present
the current record usually remained constant at a level within
a few picoamperes of zero current, suggesting that K-current
did not develop. This result is surprising if it is assumed that
KATP in smooth muscle behave as they do in cardiac muscle
and open simply when [ATP]i decreases (reviewed by Nichols
& Lederer, 1991), which is to be expected as endogenous
[ATP]i and substrates for metabolism diffused into the pipette
solution (see Discussion). However, also on the basis of
results on the cardiac KATP, it might be that [ATP]i in the
cells was already so low that the channels were dephos-

Table 1 Composition of solutions

Solution

A (bath)
B (bath)
X (pipette)
Y (pipette)
Z (pipette)
E (bath or pipette)
I (bath or pipette)

NaCI KCl CaCl2 MgCI2 HEPES Glucose EGTA BAPTA pH

130
126
0
0
0

80
9

5
6

130
110
134
60
117

1.7
1.7
0
0
0
1.7
0

1.2
1.2
2
2
1.2
1.2
3

10
10.5
20
20
10.5
10
18

10
14
0
0
14
10
0

0
0
5
0
3
0
9

0
0
0
10
0
0
0

7.4
7.2
7.4
7.4
7.2
7.4
7.4
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Figure 1 Effects of intracellular nucleotides on membrane current in whole-cells at a holding potential of - 37 mV. The cells were

smooth muscle cells isolated from the rabbit portal vein and each recording was from a separate cell. The cell-attached patch was
forned, - 37 mV applied to the pipette and then the patch was ruptured to provide access of the whole-cell (time marked as 0).
Pipette solution X was used with nucleotides included as indicated and the external solution was A. The arrows mark the position
of zero current.

phorylated and thus closed. This explanation was inves-
tigated by including 0.1 mM ATP in the pipette which is
sufficient to phosphorylate KATP but not block them com-
pletely (Noma & Shibasaki, 1985; Ashcroft & Ashcroft,
1990). Again no appreciable outward current was evoked, the
average current was 0.7 ± 0.7 pA (n = 3; an example is
shown in Figure 1).
The current recordings were strikingly different when a

NDP was present in the pipette (Figures 1 and 2). GDP
(1 mM), for example, induced a slowly developing outward
current that reached a maximum, on average, of 72 ± 4 pA
(n = 40) after 5 to 15 min. Half maximal effect was estimated
to occur with 0.2 mM GDP in the pipette (Figure 2a). ADP
was equivalent to GDP at 0.1 mM but was less effective at
higher concentrations (Figure 2a). ADP evoked its maximum
effect at 1 mM but had almost no effect at 10 mM. Figure 2b
shows averages for a series of experiments where the actions
of nucleotides were compared in strict rotation to avoid
complications of cell-to-cell variation. (This was clearly
important because in these experiments the K-current amp-
litudes were on average less than those observed in other sets
of experiments.) ATP (1 mM), GTP (1 mM), AMP (1 mM) or

GMP (1 mM) in the pipette did not induce any appreciable
outward current (Figures 1 and 2). All NDPs tested induced
appreciable outward current and all appeared equally
effective at 1 mM except for ADP. Our experiments inves-
tigated the effects of NDPs at 0.1 mm and 14-15 min after
starting the whole-cell recording outward current at - 37 mV
averaged: 8.6 ± 2.8 pA (IDP, n = 4); 8.0 2.2 pA (CDP,
n=4); 16.0± 5.8pA (TDP, n =3); 6.2 2.8pA (UDP,
n = 4). These outward currents were not significantly
different from controls (one-tail test, P> 0.05).

Figure 3 shows the evidence that the outward current
induced by GDP was a K-current. Firstly, raising the exter-
nal K concentration from 5 mM (EK- 88 mV) to 60 mM (EK
- 26 mV) changed the current at a holding potential of
- 37 mV from outward to inward. Secondly, ramp voltage
changes from - 37 mV and - 107 mV in 5 mM external K
gave a reversal potential for the GDP-induced current of
- 82 mV (Figure 3b), close to the calculated EK. The reversal
potential in 60 mM K was not determined.

Single channel recordings

Single channel studies were carried out to investigate further
if GDP did open K channels and to observe the properties of
the channels. When inside-out patches were formed into
zero-Ca EGTA solution in the absence of a nucleotide at the
inner surface of the patch, no distinct channel activity was

seen in 64 patches held at - 80 mV (an example is shown in
Figure 4a). This observation contrasts with that found in the
heart where KATP open readily when patches are excised into
ATP-free solution (Kakei et al., 1985; Tung & Kurachi,
1991). However, in 14% of patches (15 out of 109) the
application of a solution containing 1 mM GDP to the inner
surface of the patch induced characteristic channel activity
which showed long bursts of openings (many seconds)
separated by even longer closed periods (Figure 4a). Channel
activity at various voltages is shown in Figure 4b. It was
noticed that in the open-state, current fluctuations were more
pronounced when the current direction was inward. This
effect resembled that observed for the cardiac KATP which
may reflect a dependence of gating on ion flux (Zilberter et
al., 1988), but this phenomenon was not investigated in
detail. In cell-attached patches this K channel was only rarely
observed (a brief opening occurred in 2 out of 152 record-
ings). The current-voltage relationship was linear and
reversed at - 20 mV (EK- 19.5 mV), suggesting K ions were
the charge carrier (Figure 4b, and Beech et al., 1993). The
mean unitary current was 1.5 ± 0.2 pA (13 patches) at
- 80 mV, giving a conductance of 24 pS in the 60 mM:
130 mM K-gradient.

Inhibition of GDP-induced K-current IK(GDP) by
glibenclamide

Glibenclamide inhibits KATP in pancreatic P-cells in the
nanomolar concentration range and may be a specific
inhibitor of this class of channel in several cell types (Ash-
croft & Ashcroft, 1992). Figure 5a shows that bath applica-
tion of glibenclamide did inhibit IK(GDP) in portal vein smooth
muscle cells at very low concentrations; 50 nM glibenclamide
in the bath solution caused the outward current to decline

No nucleotide 0.1 mM ATP

0

- 25 pA

3 min
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Figure 2 Averages (mean ± s.e.mean) for the outward current
occurring in whole-cells loaded with different nucleotides and held at
- 37 mV. The outward current was measured 14-15 min after
break-through to the whole-cell mode and was defined as that which
was blocked by 5 LAM glibenclamide (see Figure 5): measurement of
net outward current gave a similar result. (a) Concentration-response
curves for the peak effects (glibenclamide-sensitive outward current
at - 37 mV) of GDP (0) or ADP (-) in the pipette solution
(n = 4-6). The pipette solution was X or Y (no difference was

evident) and the bath solution was A. (b) The pipette solution X and
bath solution A were used. The pipette solution included I mm of:
ADP (n = 4); GDP (n = 4); TDP (n = 3); UDP (n = 4); IDP (n = 4);
CDP (n = 4); GMP (n = 4); GTP (n = 4); ATP (n = 4); AMP (n = 4);
control (no nucleotide, n = 6). The current amplitudes with GDP,
TDP, UDP, IDP and CDP in the pipette were significantly different
from the control at P< 0.05 and using a two-tailed test, the current
amplitudes in cells held with ADP, ATP, GTP, AMP and GMP were
not significantly different from control group.

from 62 pA to 34 pA and raising the concentration to 5 gM
reduced the current to about zero (- 3 pA). At 20 tLM gliben-
clamide had no further effect and wash-out of glibenclamide
from the bath allowed a recovery of the current to 58 pA.
When nucleotides were omitted from the pipette, gliben-
clamide had only small effects on membrane current (Figure

5K+

(i)-~~~~~~~~~~~~~i

I(iii)

0 120 240 360
t (s)

b

480 600

Figure 3 The outward current induced by GDP is a K-current. (a)
Whole-cell recording of current at - 37 mV when the pipette solu-
tion Y contained 1 mM GDP. The bath solution was A initially and
then the external [K] was raised as indicated (solution E). (b) Current
in response to linear ramp (80 ms duration) changes in membrane
voltage from the holding potential of - 37 mV to - 107 mV: (i) an
average of 3 current records captured at 10 s intervals starting
1.3 min after break-through to the whole-cell mode; (ii) a single
current record taken 9.5 min after break-through. Current records (i)
and (ii) intersected at - 82 mV. Assuming a - 3 mV junction poten-
tial the reversal potential for the GDP-induced current was - 85 mV
(calculated EK was - 88 mV). Record (iii) was in 60 mm [K]0 and the
extrapolation (dotted line) is the Goldman-Hodgkin-Katz current
equation.

2b). A concentration-response curve is shown in Figure 5b
for glibenclamide inhibition of IK(GDP). The Hill equation was
fitted by eye with a slope of 1 and the IC50 (Kd) was 25 nM.

Dependence on Mg ions

Although the work of Kajioka et al. (1991) suggested that
GDP opened K channels in the absence of Mg ions we
investigated this possibility because the action of NDPs on
KATP in other types of cell does require Mg ions (e.g. Tung &
Kurachi, 1991) and because quite low concentrations of Mg
are required for the activity of some enzymes (Sun et al.,
1990).
Three 1 mM GDP-containing pipette solutions were com-

pared alternately in different cells: (Ya) included 3 mM Mg;
(Yb) included 4 mM Mg and 2 mM EDTA; (Yc) had no Mg
added and included 2 mM EDTA. All solutions contained
1OmM BAPTA and no added Ca. Figure 6a shows typical
recordings for pipette solutions Yb and Yc, and Figure 6b
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Figure 4 Inside-out patch recordings showing K channels activated
by GDP. (a) A continuous recording of current in a patch held at
- 80 mV with solution E in the pipette and solution I in the bath.
Initially the patch was cell-attached and then it was excised (i) into
the ATP- and GDP-free solution and brief test voltage steps applied
to 0, 80 and 0 mV (ii) to test for activity of large Ca-activated
K-channels and confirm the patch was inside-out. GDP (I mM) was
applied via the bath solution as indicated and 3 long bursts of
channel openings were observed. The continuous trace was recorded
on FM-tape (3.75 in s-') with a 0.5 kHz low-pass filter (- 3 dB,
4-pole Bessel) and filtered for presentation at 50 Hz. The expanded
segment was amplified 2 times and filtered again at 0.5 kHz. (b) In a
different patch, the GDP-activated channel at 0, - 40, - 60, - 80,
-O00 mV. The current level when the channel was not open is
marked with arrows. A plot of unitary current amplitude against
voltage (not shown, but see the following paper) showed that the
current reversed at - 20 mV, suggesting the channels were K-
selective. The unitary conductance of the channel was 24 pS.

shows the averages for all of the experiments. It seemed that
Mg ions were required for IK(GDP) and that EDTA did not
have a blocking action when Mg ions were present in excess.
In contrast, external Mg ions seemed of no importance for
IK(GDP). Figure 7a shows that IK(GDP) occurred normally in the
absence of Mg from the bath solution and that addition of
Mg ions did not block the current. Mg ions were also
unimportant when IK(GDP) was inward and thus more likely to
be affected by an external cation (Figure 7b).

Effects of intracellular A TP

Although the K channels we observed did not open simply in
the absence of [ATP]i in inside-out patches, which contrasts
with the observations made on KATP for example in the heart
(Kakei et al., 1985), we looked for an effect of [ATP]i when
the channels were opened by GDP in the whole-cell. To
investigate if an effect of ATP might occur because Mg was
chelated (the pK for Mg binding to ATP is near 4; Sillen &
Martell, 1964), three pipette solutions were compared alter-
nately: (YA) 2 mM Mg and 1 mM GDP; (YB) 3 mM Mg and
1 mM GDP; (YC) 3 mM Mg, 1 mM GDP and 1 mM ATP.
This experimental design relies on the assumption that 1 mM

40
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Figure 5 Inhibition of IK(GDP) by glibenclamide. (a) Plot of mem-
brane current sampled every 10 s at - 37 mV. GDP (10 mM) was in
the pipette solution X. Application of glibenclamide (50 nm, then 5
and 20 gM) inhibited IK(GDp) and after returning to glibenclamide-free
solution current returned. Ramp voltage changes (as in Figure 3b)
were used to measure the reversal potential of the glibenclamide-
sensitive current and it was found to be close to - 80 mV (not
shown) and thus close to EK. (b) Plot of the mean ( ± s.e.mean;
n = 3-16) percentage of IK(GDP) remaining in the presence of various
concentrations of glibenclamide. The smooth function is the Hill
equation with slope 1 and mid-point 25 nm (fitted by least squares
method).

ATP reduces free Mg ions from 3 mM to not less than 2 mM
and considers principally the effect of Mg-ATP. In vivo, [Mg]i
may be lower than in our experiments, perhaps 0.3 mM
(Nakayama & Tomita, 1991), and so more of the ATP may
be free. In cardiac and skeletal muscle cells KATP channels are
roughly equally susceptible to inhibition by free ATP and
Mg-ATP but in pancreatic P-cells free ATP seems a more
potent inhibitor (Ashcroft & Ashcroft, 1990).

Figure 8 shows typical experiments with the YB and YC
pipette solutions. Both outward (5 mM external K) and
inward (60 mM external K) IK(GDP) were measured in the
absence and presence of 5 lAM glibenclamide. IK(GDP) measured
about 10 min after starting the whole-cell recording was less
when ATP was in the pipette and the averages suggested
IK(GDP) was reduced by 64% (Figure 8c). Reducing Mg from 3
to 2 mM (in the absence of ATP) did not affect the amplitude
of outward IK(GDP) (100 ± 18 pA to 94 ± 9 pA; n = 4 and 5
respectively) or inward IK(GDP) (122 ± 8 pA to 127 ± 12 pA;
n = 4 and 5 respectively). It was noted that IK(GDP) declined

I



578 D.J. BEECH et al.

14Mg
EDTA

a
160 -

120 -

80 -

40 -

0 -

Glib

0 300 600 900

t (s)

T

100 a

80 -

60 -

< 40-

20 -

0 -

-20 -

b
80

60 -

< 40-
0.

20 -

o -

+Mg
-Mg

0 300 600 900
b

200

5K+ 130K+

0 -

< -200 --.

-400 -

3 Mg 4 Mg 0 Mg
EDTA EDTA

Pipette solution

Figure 6 Dependence of IK(GDP) on intracellular Mg ions. Whole-
cell current was sampled every 10 s at a holding potential of
- 37 mV. The bath solution was A and the pipette solution Y with:
(Ya) 1 mM GDP plus I mM extra MgCl2 (total Mg = 3 mM); (Yb)
2 mm extra MgCl2 and 2 mm EDTA; (Yc) 2 mm EDTA and with
MgCl2 omitted. (a), An experiment with pipette solution Yb com-
pared with one using solution Yc. Glibenclamide (5 jM) was bath-
applied as indicated. (b) Means ( s.e.mean, n = 4-5) for the three
pipette solutions.

slowly after reaching a maximum in long (25 min) whole-cell
recordings without ATP in the pipette solution but that with
ATP present IK(GDP), although smaller, was better maintained
(Figure 8a and b). Measured 25 min into the whole-cell
recording IK(GDP) was 45.0 ± 5.6 pA (n = 4) for pipette solu-
tion YB and 53.3 ± 7.9 pA (n = 4) for pipette solution YC
([K]0 was 5 mM).

Metabolic poisoning
In all of the experiments described so far glucose was present
in the extracellular solution. Although the cells were expected
to be able to produce ATP in this condition their ability to
maintain a normal level may have been reduced when the
whole-cell pipette solution contained a low concentration of
ATP or no ATP (see Discussion). In an attempt to determine
if production of ATP inside the cell was of consequence we
removed glucose from the bath solution and replaced it with
2-deoxy-D-glucose (2-DG) to prevent glycolysis and added
cyanide (CN) to inhibit aerobic metabolism.

Figure 9a shows a whole-cell recording where the pipette
solution contained no NDP. This pipette solution had little

-Mg

-600 - I
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t (s)

Figure 7 Dependence of IK(GDP) on external Mg ions (Mg was
present in the pipette solution). (a) Whole-cell current sampled every
10 s at a holding potential of - 37 mV. Pipette solution Y contained
1 mm GDP plus 1 mm extra Mg (total Mg = 3 mM). Initially Mg was
omitted from the bath solution A and then at 10 min MgCI2
(1.2 mM) was added as indicated. (b) Holding current sampled every
IO s at - 37 mV. Pipette solution Y contained 1 mm GDP plus I mM
extra Mg. The recording was initiated in the presence of 1.2 mm in
bath solution A and then the external K concentration was raised
from 5 mm to 130 mm (KCI replaced NaCI in solution A) to produce
an inward current through the GDP-activated K channels. The same
solution but without Mg ions was then applied and no change in
current occurred. In all of these experiments Mg ions were simply
omitted from the bath solution and EDTA was not included.

effect on the holding current at - 37 mV and the subsequent
removal of glucose and application of 10 mM 2-DG and
5 mM CN also did not alter the holding current. Separate
experiments were carried out to compare the input resistance
of cells under severe metabolic deprivation (a), or with a very
high concentration of intracellular ATP (b). The conditions
were: (a) pretreatment for more than 30 min with 6 mM CN
and 14 mM 2-DG in the bath solution and recording with a
pipette solution containing 14 mM 2-DG; (b) incubation of
cells in 14 mM glucose and recording with a pipette solution
containing 14 mM glucose and 10 mM Mg-ATP. Under con-
dition (a) the input resistance was 3.18 ± 0.18 Gil (n = 9)
and under condition (b) it was 3.21 ± 0.23 GOl (n = 5). In
some cells under condition (a) 10 mM caged-ATP was
included in the pipette solution (see Methods in the following
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Figure 8 Effects of [ATP]i on IK(GDP)- Whole-cell current was sam-
pled every 10 s at - 37 mV with I mM GDP in pipette solution Y.
(a) The pipette solution had added a total of 3 mM MgCI2. The
external K concentration was raised from 5 mm (solution A) to
60 mm (solution E) and 5 jiM glibenclamide was applied in the bath
as indicated. (b) The same experimental procotol was used as in (a)
but the pipette solution included I mm Na-ATP in addition to the
1 mM GDP and 3 mM MgCI2. (c) Averages (mean ± s.e.mean; n = 5)
for a series of experiments on cells held at - 37 mV for 10 min with
1 mm GDP in the pipette plus: (YA) 2 mm Mg; (YB) 3 mm Mg;
(YC) 3 mM Mg and I mM Na-ATP. Outward current recorded with
pipette solution YC was significantly less than that recorded with
pipette solution YA (P<0.01, two-tailed test). Inward IK(GDP)
(60 mm external K) was also inhibited by ATP: with pipette solution
(YB) the current was - 122.3 ± 7.8 pA (n = 4) and with pipette
solution (YC) it was - 47.5 ± 3.9 pA (n = 4).

paper for details). A standard pulse of u.v.-light from a
xenon flash lamp was estimated to release about I mM free
ATP from the caged precursor but the flash had no effect on
membrane current in cells loaded with caged-ATP (n = 4; not
shown).

In contrast, metabolic poisoning in perforated-patch
whole-cell recordings (Horn & Marty, 1988) did affect memb-
rane current. Figure 9b shows a typical perforated-patch

0 24
Time (min)

Figure 9 Effects of metabolic poisoning on membrane current. (a) A
conventional whole-cell recording of membrane current at - 37 mV.
Pipette solution X was used without a nucleotide and initially 10 mM
glucose was present in the bath (solution A). As indicated, the bath
solution was changed so that glucose was absent and 2 mm cyanide
and 5 mm 2-deoxy-D-glucose were included. No outward current
occurred and glibenclamide had no effect. (b) A nystatin-mode
whole-cell recording at a holding potential of - 37 mV. As indicated,
the bath solution was changed so that glucose was absent and 2 mM
cyanide and 5 mM 2-deoxy-D-glucose were included. An undulating
outward current developed that was inhibited by 10 JAM gliben-
clamide.

whole-cell recording where there was no change in holding
current in the presence of glucose but removal of glucose and
the application of 2-DG and CN caused a pronounced out-
ward current that undulated slowly. Bath application of
1O JM glibenclamide abolished this current. The same proce-
dure induced a similar outward current in all 7 cells studied.
Glibenclamide (100 nM) was applied to 3 of these cells and it
was observed that the undulations ceased and that the cur-
rent level was reduced to a steady level; 10 JAM glibenclamide
reduced the outward current further to near zero current.
Although it proved difficult to quantify the effect of gliben-
clamide in these perforated-patch whole-cell recordings it
seemed that the 2-DG/CN-induced current showed a sen-
sitivity to glibenclamide that was similar to that of IK(GDP)
recorded in the conventional whole-cell (Figure 5b), suggest-
ing that KNDP carried both currents.

Discussion

We have observed a class of small conductance K channels
(KNDP) that opened when NDPs were present with Mg ions
at the intracellular surface of the plasma membrane of
smooth muscle cells. K-current through KNDP in the whole-
cell was found to be sensitive to inhibition by nanomolar
glibenclamide. It is our working hypothesis that NDPs are a
crucial regulator of these channels and that ATP effects are
only of consequence once NDPs have opened the channel.
Although KNDP did not open simply in the absence of [ATP]i
in other regards they showed several similarities to the ATP-
sensitive K channels (KATP) of other cell types.
The interpretation of our whole-cell experiments depends

partly on the changes which might be supposed to occur in
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the intracellular ATP concentration. We describe here our
working hypothesis for the changes and absolute values of
[ATP]j in whole-cells which is firstly consistent with our
inside-out patch experiments that suggested K channels did
not open simply in the absence of ATP, and secondly
explains the observation that metabolic poisoning did not
affect membrane current during conventional whole-cell
recording. We cannot be certain of the total concentration of
ATP in the cell or of the concentration close to a channel but
we estimate here what the reasonable limits for [ATP]i might
have been. We know that smooth muscle cells in the intact
tissue have an [ATP]i in the region of 3 to 5 mM (van
Breemen et al., 1975; Ishida & Paul, 1990) and so the value
in an isolated cell maintained in glucose may be similar and
certainly more than 1 mM. Therefore, after breakthrough to
the whole-cell recording mode without ATP in the pipette
solution, [ATP]i may decline from 1 mM as ATP and some
substrates for metabolism diffuse into the pipette. That
[ATP]i was < 1 mM 10 min into a whole-cell recording was
suggested by the observation that I mM ATP in the pipette
solution inhibited IK(GDp) at this time (Figure 8). Therefore,
we estimate that [ATP]i may have been between I and
100 JlM after 10 min of whole-cell recording. Metabolic
poisoning would cause [ATP]i to decline further and initially
[NDP]j to increase relative to [ATP]I. The maximum rise of
[NDP]i relative to [ATP]i on metabolic poisoning is uncertain
but [NDP]i could rise to 15% of [ATP]i (Ishida & Paul,
1990). On this basis, in our whole-cell recordings [NDP]i
would not become more than 1S5IM and IK(NDP) would be
small or insignificant (Figure 2a). In perforated-patch whole-
cell recordings [ATP]i would not decline as a result of
diffusion into the pipette and metabolic poisoning might
cause NDPs to rise to 150 jAM or more and so induce IK(NDP)-
Silberberg & van Breemen (1992) also observed gliben-
clamide-sensitive K-current in response to metabolic poison-
ing of mesenteric artery smooth muscle cells from which
recordings were made by the perforated-patch whole-cell
method. Our result is similar except we observed undulations
in the K-current, the mechanism of which is being inves-
tigated. The physiological significance of ATP effects on
KNDP is uncertain. The slope of the concentration-inhibition
curve for Mg-ATP against KNDP seems likely to be in the
millimolar range (Figure 8) and so it might be that slight
changes in the normal ATP concentration (3-5 mM) will
have important effects on KNDP channel activity if it has
already been induced by a NDP. However, because [ATP]i
tends to be quite resistant to change (van Breemen et al.,
1975) it might be that [ATP]i is relatively unimportant for
regulation and instead it is changes in [NDP]i in the
threshold region for channel activation that are of most
significance. The latter interpretation also seems to be
favoured by Pfrunder et al. (1993) after a recent study on
guinea-pig portal vein smooth muscle cells.
The KATP of cardiac muscle exhibit a high opening pro-

bability when patches are excised into ATP-free solution and
a large K-current is induced in whole-cells when [ATP]i is
depleted (Kakei et al., 1985; Noma & Shibasaki, 1985). These
effects did not occur in our recordings from smooth muscle
or in those of others (Robertson et al., 1992; Kamouchi et
al., 1993). With reference to work on other cell types it might
be suggested that this difference occurred because KNDP
became dephosphorylated particularly quickly when [ATP]i
was low. (Dephosphorylation is the proposed mechanism for
'run-down' of KATP which occurs over several minutes in
inside-out patch excised from cardiac muscle in the absence
of ATP.) However, we argue that the smooth muscle chan-
nels are closed in the absence of ATP not because they are
dephosphorylated but because this is the state the channels
adopt unless an agonist (e.g. GDP) is present. This is not
only a simpler interpretation of our data but one that is
supported by two key observations: (a) K channels did not
open even within a few milliseconds after an inside-out patch
was formed and patches formed in 10 JAM ATP did not reveal

channel activity (not shown); (b) whole-cell experiments with
100 JAM ATP and no GDP in the pipette did not reveal
K-current (Figure 1) and yet this concentration of ATP was
not expected to inhibit IK(GDP) strongly (Figure 8) and is
known to be sufficient for phosphorylation of KATP (Ashcroft
& Ashcroft, 1990) so KATP channels should open.
Clapp & Gurney (1991) and Noack et al. (1992) have

attempted to deplete [ATP]i in smooth muscle cells during
whole-cell recording and have found evidence for gliben-
clamide-sensitive K-current or hyperpolarization. Although
these experiments were on different smooth muscles from the
one we used and so the channel properties may be different it
is possible to interpret their data using our hypothesis for the
control of KNDP. Clapp & Gurney (1991) recorded from
pulmonary artery smooth muscle cells with 11 mM glucose in
the external solution and compared the effects of pipette
solutions with and without ATP (1-3 mM) on membrane
potential. When ATP was omitted the cells were more hyper-
polarized and 1 JAM glibenclamide depolarized them on
average by 15 mV. We calculate that 3 pA of glibenclamide-
sensitive K-current would have occurred at - 40 mV and
find it plausible that residual NDPs in the cell or GDP
formed from the GTP (see Kajioka et al., 1991) loaded into
the cell from the whole-cell pipette (0.5 mM GTP was pre-
sent) could have been enough to induce IK(GDP). Working on
rat portal vein smooth muscle Noack et al. (1992) found a
transient outward current (Imet) in some whole-cells held at
- 50 mV in the absence of ATP and metabolic substrates. A
small transient outward current resembling Imet occurred in
some of our whole-cell recordings from rabbit portal vein
smooth muscle cells without nucleotide in the pipette (in the
9 cells in which it occurred its maximum amplitude was
10 ± 11 pA at 6 min after break-through to the whole-cell;
Figure 1). In guinea-pig portal vein smooth muscle cells, the
absence of metabolic substrates and of ATP in the pipette
did not induce glibenclamide-sensitive outward current
(Pfrunder et al., 1993). Imet in rat portal vein smooth muscle
was inhibited by 1 JAM but not 100 nM glibenclamide (Noack
et al., 1992). An explanation for Imet could be that [NDP]i
was high before break-through to the whole-cell because the
cells were already metabolically compromised and the tran-
sient time-course of Imet might have reflected complex changes
in intracellular K, ATP, ADP and other NDPs. Dephos-
phorylation of the K channels underlying Imet seems unlikely,
however, because the decline in Imet was unaffected by
18.7 JAM ATP in the pipette. A comparison between rat and
rabbit portal veins should be made cautiously because the
underlying channels may be different (Kajioka et al., 1990;
1991; see below).
The single channel observations suggest ATP-sensitive K

channels in smooth muscle can be divided into 3 groups: (i)
large conductance channels; (ii) small conductance channels
opening without NDPs; (iii) small conductance channels that
require NDPs. (i) Standen et al. (1989) observed 135 pS. K
channels (60 mM:120 mM K-gradient) in inside-out patches
from mesenteric artery smooth muscle cells. These channels
were clearly inhibited by ATP with an IC50 of 50-300 JAM
and were Ca- and voltage-insensitive. They were not demon-
strated to be sensitive to glibenclamide in the absence of
cromakalim. Similar K channels from the aorta have been
observed in lipid bilayers (Kovacs & Nelson, 1991). The K
channels observed by Lorenz et al. (1992) were also of large
conductance but they were activated by depolarization and
were inhibited by 1 JM glibenclamide. (ii) Kajioka et al.
(1990) observed lOpS K channel activity (6 mM: 138 mM K-
gradient) in outside-out and inside-out patches from rat por-
tal vein smooth muscle cells. NDPs and glibenclamide were
not tested but the channel opened in the absence of [ATP]i if
1 JAM Cai was present and this activity could then be inhibited
by 5 mM Na-ATPi but not by Mg-ATPi. These channels
appear similar to those observed by Wakatsuki et al. (1992)
in patches from cultured coronary artery smooth muscle cells
([Ca]. 0.1 mM), which were inhibited by 30JiM glibenclamide.
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(iii) Kajioka et al. (1991) and Kamouchi et al. (1993)
observed a Ca- and voltage-insensitive 15 pS K channel
(6 mM: 140 mM K-gradient) in cell-attached and inside-out
patches from rabbit portal vein smooth muscle cells. This
channel only opened when > 3 jtM pinacidil (or LP-805) was
present and was inhibited completely by 100 tiM gliben-
clamide. Even in the presence of pinacidil the channel activity
disappeared on forming an inside-out patch and or an open-
cell patch into ATP-free solution and could not be reac-
tivated by 1 mM Mg-ATPi. However, the channels were
clearly activated in inside-out patches (pinacidil present) if
1 mM GDPi was applied. Subsequent application of Na-ATPi
inhibited the channels potently (ICso 29 JLM), despite the
presence of pinacidil (cf. Fan et al., 1990); Mg-ATP was
found to be a less effective inhibitor, producing about 65%
inhibition at 1 mM.
The small conductance GDP-dependent K channel we

observed seems most similar to that described by Kajioka et
al. (1991). However, there are a number of differences in
properties between the whole-cell K-currents we observed
and those of the single K channel currents studied by
Kajioka et al. (1991), viz: ADP evoked whole-cell current in
our experiments but not channel openings in theirs; our
GDP-induced current required Mg ions but their K channel
activity did not; GDP alone evoked whole-cell current or
single channel activity in our experiments but single channel
opening was seen in theirs only when pinacidil was also
present, our GDP-evoked currents were shown to be 1000
times more sensitive than theirs to glibenclamide. The ex-
planations for these differences are not clear but they may be
due to differences between the whole-cell and isolated patch
recording modes and reflect difficulties experienced in detect-
ing the channels in patches and then studying their regulation
in detail. Nevertheless, our results and those of Kajioka et al.
(1991) and of Kamouchi et al. (1993) support the conclusion

that the KATP-like channels of these smooth muscle cells do
not open simply in the absence of ATP and that the reason
for this absence of activity is not because the channels have
become dephosphorylated but because they adopt the closed
state unless NDPs are present.

Physiological roles for KNDP channels are indicated by the
action of glibenclamide. On the assumption that low concen-
trations of glibenclamide (we suggest <1 M) specifically
inhibit KNDP channels it seems that the channels may underlie
some of the effects on smooth muscle of hypoxia (Daut et al.,
1990; Lydrup & Hellstrand, 1991), endothelium-derived
hyperpolarizing factor (Brayden, 1990), nitric oxide (Garland
& MacPherson, 1992) and peptide neurotransmitters (Nelson
et al., 1990). The effects of metabolic poisoning or depriva-
tion on electrical activity in smooth muscle appear complex,
perhaps because many membrane proteins are affected by
changes in nucleotide levels. In the rat portal vein glucose-
removal caused a small depolarization but if cyanide was
applied in addition there was a pronounced hyperpolariza-
tion (Ekmeharg, 1989). The significance of KNDP channels
will need to be addressed carefully and in the context of
other membrane effects in a given smooth muscle type. Phar-
macologically the identification of KNDP could be important if
the channels are the target for the hyperpolarizing action of
KCO drugs (see the following paper, Beech et al., 1993). In
addition, however, it is not inconceivable that as the proper-
ties of KNDP channels are better understood and their role
more clearly defined that a wider therapeutic potential will be
realised for selective inhibitors and activators of these chan-
nels.

The work was supported by the Wellcome Trust, the MRC and the
World Health Organization.
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Single channel and whole-cell K-currents evoked by
levcromakalim in smooth muscle cells from the rabbit portal
vein

'D.J. Beech, H. Zhang, K. Nakao & 2T.B. Bolton

Department of Pharmacology and Clinical Pharmacology, St. George's Hospital Medical School, London, SW17 ORE

1 Single channel and whole-cell current recordings were made from single smooth muscle cells isolated
from the rabbit portal vein.
2 Application of 10 JAM levcromakalim ((-)-Ckm) to single cells held with pipettes containing 1 mM

GDP induced a K-current (VK(Ckm)) which occurred in addition to the current caused by GDP alone
(IK(GDP)) and averaged 135 pA at - 37 mV. We have investigated whether the same K channels underlie
the GDP- and Ckm-induced K-currents.
3 If 1 mm GDP was in the pipette but Mg ions were omitted the effect of GDP was absent and IK(Ckm)
averaged only 1O pA, suggesting that the action of (- )-Ckm was Mg-dependent.
4 Intracellular ATP was not observed to have much effect on IK(-Ckm). Loading of cells with 10 mM

ATP from the recording pipette had no significant effect and flash photolysis of caged-ATP loaded into
cells from the pipette, estimated to release about 1 mM free ATP, also had no effect on IK(-Ckm).
S Bath-applied glibenclamide inhibited IK(-Ckm) with an ICs of 200 nM, a value 8 times higher than that
found for inhibition of IK(GDP). The delayed rectifier K-current (IK(DR)) was also inhibited by gliben-
clamide but at higher concentrations (IC50 100 tiM). Bath-applied tetraethylammonium ions (TEA)
inhibited IK(-Ckm) and IK(GDP) to the same extent (IC50 about 7 mM).
6 In inside-out patch recordings (- )-Ckm (10 JiM) applied to the intracellular surface of the membrane
potentiated the opening of K channels already stimulated by I mM GDP and all of the channel activity
was abolished by 1O JM glibenclamide. The unitary conductance of the channels was 24lpS in a

60 mM: 130 mM K-gradient.
7 We suggest that (-)-Ckm may hyperpolarize and relax smooth muscle cells by opening KNDP, a class
of small conductance K channels that are related to the ATP-sensitive K channels seen in other tissues.

Keywords: Smooth muscle; levcromakalim; K channel

Introduction

K channel openers (KCOs) are a new class of drugs with a

variety of different structures that have in common the
ability to open K channels. They are particularly potent
relaxants of smooth muscle and are of promise for the treat-
ment of diseases such as asthma, essential hypertension and
urinary incontinence (reviewed by Robertson & Steinberg,
1990). A major mechanism underlying the relaxant effects of
KCOs appears to be the opening K channels in the cell
membrane which leads to membrane hyperpolarization (re-
viewed by Edwards et al., 1992). The target K channel and
the mechanism of its activation are the subjects of this study.

There is good evidence that KCOs open ATP-sensitive K
channels (KATP) in cardiac muscle but the target K channel in
smooth muscle is less clear. Both small and large conduc-
tance ATP-sensitive K channels (Standen et al., 1989; Wakat-
suki et al., 1992), large conductance Ca-activated K channels
(BKca) (Klockner et al., 1989; Carl et al., 1992) and delayed
rectifier K channels (KDR) (Beech & Bolton, 1989a) have been
suggested as targets for the action of KCOs. It is surprising
that there is so much inconsistency in the literature regarding
the properties of the target K channels and although KCOs
appear to open several types of K channel in isolated patches
of membrane it is uncertain whether the effects occur in the
intact cell or whole tissue. For example, the KCO
cromakalim has often been found to stimulate BKCa in pat-

ches and yet its action on the whole tissue is not blocked by
tetraethylammonium (<1 mM) or charybdotoxin but is
inhibited by 4-aminopyridine, a pharmacology that is incon-
sistent with a role for BKCa (Beech & Bolton, 1989a; Strong
et al., 1989). In addition, data from noise analysis suggest the
K channels underlying the whole-cell current are of small
conductance (Beech & Bolton, 1989a; Noack et al., 1992a;
Langton et al., 1992), thus implying that large conductance
channels do not open in response to KCOs in the intact cell.
Our previous data on the action of the KCO cromakalim

(Ckm; BRL 34915) in rabbit portal vein smooth muscle cells
suggested that a population of small conductance K channels
were opened in single cells (Beech & Bolton, 1989a). The
whole-cell K-current showed only minor voltage-dependence
and had a pharmacology distinct from that of BKCa. A
comparison of the Ckm-induced K-current with other K-
currents in the same cells indicated most similarity with the
delayed rectifier and so we developed a working hypothesis
where Ckm caused a proportion of KDR to shift into a

voltage-independent gating mode so that they were open at
the resting potential. However, although ATP-sensitive K-
current was not noticed in these recordings from portal vein
smooth muscle cells we have now identified a new K-current
in the same cells which is activated by nucleotide diphos-
phates (NDPs) acting intracellularly (Beech et al., 1993). The
channels carrying this K-current are also of small conduc-
tance and they appear related to the KATP seen in other
tissues. We refer to these channels as KNDP to indicate the
importance of NDPs in their activation and the failure of a

reduction in [ATP]i alone to open them. In the light of this
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2 Author for correspondence.
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finding we have reinvestigated the action of Ckm, to see if
KNDP are the site of action of this drug. In this study we have
mostly used the active enantiomer of Ckm, levcromakalim
((-)-Ckm; BRL 38227).

Methods

Methodology for the isolation of single smooth muscle cells
from the rabbit portal vein, experimental procedures and the
composition of solutions were the same as those described in
the preceding paper (Table 1). Flash photolysis was per-
formed with a xenon flash lamp (Hitech). Flash pulses (1 ms
duration) were transmitted through a UG-1 1 filter. The
efficiency of flash-induced hydrolysis was estimated by plac-
ing a 20 1Al drop of pipette solution containing 0.5 mM
NPE-caged-ATP on a cover-slip in place of a cell. High
performance liquid chromatography (h.p.l.c.) was kindly car-

ried out by S.A. Prestwich to determine the percentage con-

version. A single flash (100 V) converted about 10% of the
NPE-caged-ATP and a smaller flash (50 V) converted about
4%. NPE caged-ATP (adenosine 5'-triphosphate, P3-1-(2-
nitrophenyl)-ethyl-ester) and NPE-caged IP3 (D-myo-inositol
1,4,5-trisphosphate, P45()-l-(2-nitrophenyl)-ethyl ester) were
from Calbiochem. (-)-Ckm and glibenclamide were prepared
as 10 mm stock solutions in dimethylsulphoxide (DMSO). The
final concentration of DMSO was 0.2% for 201AM (-)-Ckm
or glibenclamide and less for other concentrations. These
dilutions of DMSO had no effect on IK(NDP) or IK(-Ckm) Lev-
cromakalim ((-)-Ckm, BRL 38227) was a gift from Dr T.
Hamilton (SKB).

Results

Whole-cell K-currents induced by intracellular GDP
(IK(GDP)) and bath-applied (- )-Ckm (IK(-Ckm))
Whole-cell recordings were made from rabbit portal vein
smooth muscle cells. Figure la shows a recording where an
outward current of 88 pA developed at a holding potential of
- 37 mV when GDP was included in the pipette solution.
Once the response to GDP had reached a maximum, (-)-
Ckm (10 1AM) was bath-applied and an additional outward
current was observed which reached a maximum of 167 pA
(in addition to the GDP-induced current) and then declined
while (-)-Ckm was still present; on average the additional
current was 135 ± 16 pA (n = 22) at its peak. The currents
induced by GDP and by (-)-Ckm reversed close to the
calculated EK, suggesting they were both carried mostly by K
ions (Figure lb; the total K concentration in the pipette was
171 mM, making EK - 88 mV). Figure Ic shows a recording
of membrane current at - 77 mV when the external [K] was

60 mM (EK - 26 mV). This condition was expected to in-
crease the amplitude of the K-currents and the associated
noise because the driving force on K was greater and because
the conductance of K channels normally increases when the
external [K] is raised in this range. A slowly undulating noise
was associated with the GDP-induced current but the appli-
cation of (- )-Ckm, although increasing the current by over 4
times, did not increase the noise further. This may indicate
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Figure 1 Levcromakalim ((-)-Ckm) and GDPi activate a similar
K-current in single smooth muscle cells isolated from the rabbit
portal vein. (a) Whole-cell current sampled every 10 s at a holding
potential of - 37 mV. Pipette solution Y was used with I mm GDP,
2 mm EDTA and 2 mM MgCl2 added. The extracellular solution was
A. (-)-Ckm (101AM) was bath-applied 10min after starting the
whole-cell recording. (b) From the same cell as described in (a),
currents (each a mean of 3) in response to ramp changes in voltage
from the holding potential of - 37 mV to - 107 mV: (i) about 2 min
after break-through to the whole-cell; (ii) when the maximum IK(GDP)
was observed; (iii) at the peak of the response to (-)-Ckm. (c)
Whole-cell current at - 77 mV in a cell bathed in solution E (60 mM
K). The recording is shown from 7 min after break-through to the
whole-cell mode; 1 mm GDP was present in the pipette and (-)-
Ckm (10ILM) and glibenclamide (Glib, 101AM) were applied via the
bath solution was indicated. Broken lines mark zero current.

that the K channels opened by (-)-Ckm were not of a larger
conductance than KNDP channels (24 pS in these solutions;
see preceding paper). Noise analysis was not carried out,
however, because a low frequency noise component (<0.05
Hz) necessitated that long constant recordings of current be
obtained and both IK(GDP) and IK(-Ckm) declined over long
periods.

Effects of (-)-Ckm on single KNDP channels

To investigate further whether (-)-Ckm and GDP caused
K-current by opening the same K channel we recorded from
isolated inside-out patches in the presence of 1 mM GDP at
the intracellular surface. (- )-Ckm (1O AM) was applied to 10

Table 1 Composition of solutions

Solution

A (bath)
B (bath)
X (pipette)
Y (pipette)
Z (pipette)
E (bath or pipette)
I (bath or pipette)

NaCi KCI CaC12 MgCl2 HEPES Glucose EGTA BAPTA pH

130
126
0
0
0

80
9

5
6

130
110
134
60
117

1.7
1.7
0
0
0
1.7
0

1.2
1.2
2
2
1.2
1.2
3

10
10.5
20
20
10.5
10
18

10
14
0
0
14
10
0

0
0
5
0
3
0
9

0
0
0
10
0
0
0

7.4
7.2
7.4
7.4
7.2
7.4
7.4
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a
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Figure 2 Stimulation of GDP-dependent K channels (KNDP) in an
inside-out patch by levcromakalim ((-)-Ckm). Solution E was in the
pipette and solution I in the bath: 1 mM GDP was present in the
bath solution from the beginning of the recording. The patch was
initially cell-attached and then the inside-out patch was formed at (a)
by pulling the pipette away from the cell. The holding voltage was
- 80 mV except for a brief period (b) when activity of large conduc-
tance Ca-activated K-channels was looked for by depolarizing to 0,
80, 0 mV. This test revealed activity of these large channels only at
80 mV, as expected in this condition and confirmed that the patch
was inside-out. Once the inside-out patch was formed, intermittent
unitary current steps of about 1.5 pA occurred and there was con-
spicuous noise during the openings. At (c) the 1 mM GDP solution
was exchanged for a new solution of 1 mM GDP but no noticeable
effect occurred. (-)-Ckm (10IM) was bath-applied as indicated and
a large increase in channel activity occurred which declined slightly
in the continued presence of (-)-Ckm. The continuous trace was
recorded on FM-tape (3.75 in s- ') with a 0.5 kHz low-pass filter
(- 3 dB, 4-pole Bessel) and filtered for presentation at 50 Hz. The
expanded sections of trace (amplified 2 times and filtered at 0.5 kHz)
before and in the presence of (- )-Ckm showed that the channel had
the same unitary size and characteristics in both cases. (-)-Ckm
increased the channel activity and on occasions as many as 3 chan-
nels were open simultaneously.

-2 -

b

2pA |

30s

c
0.6 l

patches held at - 80 mV in which KNDP were observed; in 4
of these channel activity ceased before (-)-Ckm was applied
and (-)-Ckm had no effect, in the remaining 6 patches
(-)-Ckm increased channel activity. In 6 patches 10 gM (-)-
Ckm was applied using the same protocol except in the
absence of GDP and no channel openings were observed.
The clearest response we observed to (-)-Ckm is shown in
Figure 2. The patch was excised into 1 mM GDP and inward
unitary currents of 1.5 pA were observed at the holding
potential of - 80 mV when KNDP opened. Subsequent appli-
cation of (-)-Ckm caused a marked increase in channel
activity and occasionally 3 channels were open simultane-
ously. The sections of current record on a faster time base
show that the characteristics of the channels opened by (-
Ckm were similar to those of KNDP.

Figure 3a shows that the unitary current-voltage relation-
ship was linear for the channel activated in the presence of
(-)-Ckm plus GDP and that the relationship was similar for
the channel activated by GDP alone. Channel activity in-
duced by (-)-Ckm and GDP was rapidly abolished by
10YM glibenclamide applied to the intracellular surface of
the patch and partial recovery occurred on wash-out (Figure
3b). These experiments suggested that the channel opened by
GDP was also the one stimulated by (-)-Ckm. An estimate
of the mean effect of GDP and GDP plus (-)-Ckm was
calculated (Figure 3c) and this indicated that the probability
of opening increased from 0.03 (GDP only) to 0.17 (GDP
plus (-)-Ckm). On the basis that the average channel density
in a patch was 0.2 and the ratio of cell:patch surface area
was 10000:1 the whole-cell currents at - 80 mV resulting
from the channel activity would be - 90 pA (GDP only) and
- 510 pA (GDP plus (-)-Ckm). These values are close to
those actually recorded under the same ionic and voltage
conditions in the whole-cell (e.g. Figure ic).
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Figure 3 GDP- and levcromakalim ((-)-Ckm)-activated K channels
in inside-out patches. Solution E was in the pipette and solution I in
the bath. (a) Unitary current-voltage relationship in the presence of
I mM GDP (E) and in a different patch in the presence of 1 mM
GDP and 1OIM (- )-Ckm (M). Unitary current was measured by
constructing amplitude histograms for the closed and open state
current levels. (b) K channel activity in a patch held at - 80 mV in
the presence of 1 mM GDP and 1O gM (-)-Ckm in the bath.
Glibenclamide (1OIM) was applied with GDP and (-)-Ckm via the
bath solution as indicated. Wash out of glibenclamide allowed par-
tial recovery of channel activity; the section of current record marked
'wash' started 1 min after glibenclamide was washed from the bath.
(c) Estimated channel opening probability before and during 10 iM
(-)-Ckm, averaged for 6 patches (mean ± s.e.mean). The calculation
assumed the maximum number of unitary current levels observed in
a patch to be equal to the number of channels in the patch and
ignored the fluctuations in the open-state current.
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Figure 4 Inhibition of IK(-Ckm) and IK(DR) by glibenclamide. (a) Current in a conventional whole-cell recording at - 40 mV with
pipette solution Z and bath solution B. Cromakalim (Ckm, 20 tiM) and then 300 nm and I lAM glibenclamide (Glib) with Ckm were

bath-applied as marked. (b and c) Current during a perforated-patch whole-cell recording using pipette solution X and bath
solution A. (-)-Ckm (20 JiM) and glibenclamide with (-)-Ckm were bath-applied as marked. (d) Conventional whole-cell
recording with pipette solution X and bath solution was A. The holding potential was - 80 mV and 0.5 s-test voltage steps were

applied every 20 s to 0 mV (to elicit IK(DR)) and to - 100 mV (to assess leak current). Currents are shown for the control, in 50 and
500 JiM glibenclamide and after wash-out of glibenclamide. (e) For the experiment described in (d) a plot of current amplitude at
the end of each test step to 0 mV. 'Leak' current (which was very small compared with IK(DR)) was estimated from the inward
current elicited by stepping from - 80 mV to - 100 mV each time after stepping to 0 mV. This current was scaled linearly and
added to the current elicited by stepping to 0 mV. Glibenclamide was bath-applied as indicated.

Actions ofglibenclamide and tetraethylammonium
(TEA)

The data presented in Figures 1 to 3 suggest that (-)-Ckm
acted on KNDP to produce K-current in the whole-cell. To
test this hypothesis further we investigated the actions of
glibenclamide, a potent inhibitor of KNDP (see preceding
paper), and TEA which, although a blocker of many K
channels (Rudy, 1988), can be helpful for the classification of
K channels when IC50 values are measured (Bolton & Beech,
1992).

Figure 4a shows current induced by Ckm in the conven-

tional whole-cell. Bath-applied 300 nM glibenclamide inhibi-
ted the current by 37% and 1 JAM caused a decline to the
pre-Ckm level. The whole-cell experiments were, however,
often complicated by a decline of IK(Ckm) in the absence of
glibenclamide and so further experiments were carried out in
which perforated-patch whole-cell recording was used (Horn
& Marty, 1988) where the Ckm-response was better main-
tained. Two experiments are shown (Figure 4b and c), in
both of which 1.5 JAM glibenclamide caused complete inhibi-
tion of IK(-ckm): 50 nM glibenclamide reduced IK(.Ckm) by 18%
in one cell and 150 nM glibenclamide reduced IK(-Ckm) by 33%

in another. Wash-out of glibenclamide allowed full recovery
(sometimes with post-wash potentiation) of IK(.ckm). For com-

parison, the effect of glibenclamide on the outward current
elicited by depolarization from - 80 mV to 0 mV was studied
without GDP in the pipette solution. This current is mostly
the delayed rectifier current (IK(DR)) under these conditions
(Beech & Bolton, 1989b). Figure 4d shows an experiment
where glibenclamide (50 lJM) caused a 29% reduction of
IK(DR) and 500 JAM caused a 90% reduction. Recovery of
current was good on wash-out of glibenclamide (Figure 4e).
The averages for these and other experiments are shown in
Figure 5. An IC50 of 200 nM was indicated for glibenclamide-
induced inhibition of IK(-Ckmn), similar to that found for
glibenclamide-induced inhibition of Ckm-induced 86Rb-efflux
from a segment of rat portal vein (Quast & Cook, 1989). The
IC50 for inhibition of IK(DR) was relatively high at 100 JM.

Delayed rectifier type K-current was also inhibited by gliben-
clamide in the neuroblastoma cell line SH-SY5Y (Reeve et
al., 1992) and in hippocampal neurones (Crepel et al., 1992).
At 7 mM, TEA inhibited the K-current induced by GDP

(1 mM) by 47 ± 4% (n = 3) and K-current induced by GDP
and (-)-Ckm together by 46+6% (n = 3). This blocking
action of TEA agrees well with the IC50 of 7 mM previously
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t
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Figure 5 Comparison of concentration-inhibition curves for gliben-
clamide effects on: K-current induced by 10I M levcromakalim ((- )-
Ckm) in perforated-patch whole-cells (IK(-Ckm), *); delayed rectifier
K-current in conventional whole-cells (IK(DR), 0); and GDP-induced
K-current in conventional whole-cells (broken line; from Beech et al.,
1993). The data points are mean ± s.e.mean (n = 3-14); when the
error bars are not shown they are smaller than the symbol. The
smooth lines are Hill equations fitted by the method of least squares
with a slope of 1. The estimated Kd values are: 200 nM, IK(Ckm);
100 JAM, IK(DR); 25 nm, IK(GDP). The ordinate scale is the % of the
control current remaining in the presence of glibenclamide.
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Figure 6 Dependence of IK(Ckm) on Mg ions. (a) Whole-cell current
sampled every 10 s at - 37 mV with pipette solution Y plus 2 mM
EDTA, 1 mM GDP and Mg ions omitted (GDP-Mg). Levcroma-
kalim ((-)-Ckm) 10 laM and 101JM glibenclamide (Glib) were bath-
applied as marked. (b) Whole-cell current sampled every 10 s at
- 37 mV with pipette solution Y plus 2 mM EDTA, 2mM MgCI2
(total Mg = 4mM) and mM GDP (GDP + Mg). (-)-Ckm 10 JAM

and 10 JAM glibenclamide were bath-applied as marked. (c) Averages
(mean ± s.e.mean) for the whole-cell current induced by bath-applied
1O JM (-)-Ckm at - 37 mV with the two pipette solutions: GDP-
+ Mg (n = 4) and GDP - Mg (n = 7).

found for TEA against current induced by (± )-Ckm (BRL
34915) in these cells (Beech & Bolton, 1989a).

Dependence of 'K(-Ckm) on Mg ions

We have found that the action of GDP to induce K-current
requires intracellular Mg ions (Beech et al., 1993) and so for
comparison we investigated if the action of (-)-Ckm might
also require Mg ions. This possibility was investigated in
experiments where Mg ions were omitted from the pipette
solution (Figure 6a and c). In experiments where 1 mM GDP
was included in the pipette but Mg ions were omitted (EDTA
was included to chelate residual Mg ions) it was found that
GDP had no effect and 10 JAM (- )-Ckm had much less effect;
(-)-Ckm produced a slowly developing outward current of
10 ± 7 pA at - 37 mV and this current was inhibited by
glibenclamide. In contrast, when the EDTA was saturated
with excess Mg ions, GDP and (-)-Ckm produced normal
glibenclamide-sensitive responses (Figure 6b and c). These
observations suggest that the responses to GDP and to (-)-
Ckm (GDP in the pipette) depend absolutely on the presence
of intracellular Mg ions.

Effects of [A TP]j on 1K(-Ckm)

It is commonly suggested that (-)-Ckm and other KCOs act
on KATP in smooth muscle but evidence is lacking that KCO
effects can be inhibited by [ATP]j, even at very high concen-
trations. Therefore, we have investigated the effects of [ATP]i
on IK(-Ckm)-
The first experimental design was to compare the effects of

Ckm on cells when [ATP]i was expected to be very low or
very high. Cells were either incubated for 30 min prior to
recording with 6 mM cyanide and 14 mM 2-deoxy-D-glucose
(2-DG) in the external solution and recordings made with a
pipette solution containing 14mM 2-DG and no glucose, or
they were maintained in 14mM glucose and the recording
pipette containing 14 mM glucose plus 10 mM Na-ATP or
1OmM Mg-ATP. At a holding potential of - 40 mV, bath-
application of 20 JM Ckm induced an outward current of
59.9 ± 11.3 pA (n = 22) in the cells treated with cyanide and
2-DG, and 37.2 ± 5.2 pA (n = 14) and 32.7 ± 8.9 pA (n = 11)

50:. 50 75 I00 V

A~ ~ ~ ~ ~ ~ p

Figure 7 Lack of effect of flash photolysis of intracellular caged-
ATP onI'K(Ckn)* Whole-cell current was recorded at a holding poten-
tial of -40 mV in both experiments and pipette solution Z and bath
solution B were used. (a) The pipette solution contained 10 mm~
NPE-caged-ATP and 3 mm EGTA without ATP or glucose. Once
oiutward cuirrent hadi been inducedA by1 20 JlAM levc1romakralim si1ngle
flash pulses were applied (50, 50, 75, 100 V). The inset current record
is on an expanded time-scale. (b) The pipette solution contained
100 JAM NPE-caged-IP3, 1 mm ATP and 0.05 mM EGTA. A single
flash pulse (50 V) was applied in the absence and presence of 20 JAM
Ckm. The upper two traces are shown on an expanded time-scale
and with different current sensitivities.
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in the cells loaded with Na-ATP or Mg-ATP respectively.
These IK(Ckm) were not significantly different although there
was some indication that IK(ckm) was less when [ATP]j was
high.

Figure 7 shows a different approach to investigating effects
of [ATP]j. A, cell was loaded with NPE-caged-ATP (10 mM in
the pipette solution) and a brief flash of u.v. light was
applied to the cell from a xenon flash lamp. The maximum
flash (100 V) was estimated to release about 1 mM free ATP
(see Methods) but no obvious effect on IK(ckm) was observed
(Figure 7a). Figure 7b shows a control experiment where the
pipette solution contained 1001iM NPE-caged-IP3 instead of
the NPE-caged-ATP. A flash (50 V) caused rapid transient
outward and inward currents at a holding potential of
-40 mV as well as a prolonged reduction in the brief out-
ward currents that were occurring spontaneously. The experi-
ments of Komori & Bolton (1991) suggest that these effects
occur because free IP3 was generated inside the cell which
then released Ca from intracellular stores causing the open-
ing of Ca-activated K channels and Cl channels. The result
serves here as an indication of the effectiveness of the techni-
que. Although NPE-caged-ATP inhibits cardiac KATP prior
to flash, the inhibition is not complete and flash does cause a
further reduction in K-current (Nichols et al., 1990). A
different 'cage' on the ATP (4,5-dimethoxy-2-nitrophenyl-
ethyl-ester) does not prevent the inhibitory action in the dark
(Nichols et al., 1990; Ammala et al., 1991). Thus, although
these caged-ATPs are not well-suited to the study of KATP,
flash photolysis does increase the free ATP and sensitivity to
released ATP can be detected (see Clapp & Gurney, 1992).
Our results suggested that IK(Ck,,) was not sensitive to intra-
cellular ATP in the region of 1 mM.

Discussion

We have investigated the characteristics of K-currents indu-
ced by (-)-Ckm, a KCO, at whole-cell and single channel
levels in vascular smooth muscle cells. Similarities were ap-
parent between the actions of (-)-Ckm and intracellular
GDP and the results point towards the conclusion that (-)-
Ckm acted to potentiate the activity of K channels normally
opened by GDP or other NDPs.

Evidence in favour of (-)-Ckm inducing hyperpolarization
via an action on KNDP is: (i) in inside-out patches (-)-Ckm
stimulated the activity of K channels that had similar proper-
ties to KNDP and the effect of (-)-Ckm on the channels
seemed sufficient to explain the whole-cell current; (ii) in the
whole-cell noise associated with IK(-Ckm) was not greater than
that associated with IK(GDP), suggesting a channel of the same
or smaller conductance (see also Beech & Bolton, 1989a;
Langton et al., 1992; Noack et al., 1992a); (iii) TEA blocked
IK(-ckn) and IK(GDP) with similar IC50s; (iv) 1 tLM glibenclamide
abolished IK(-Ckm) and IK(GDP); (v) Kajioka et al. (1991) showed
that pinacidil (a KCO) opened a small conductance K chan-
nel in cell-attached patches on rabbit portal vein smooth
muscle cells and these channels showed some similarities to
KNDP (see preceding paper). Evidence against the KNDP hypo-
thesis is weaker: (i) the IC50 for glibenclamide inhibition of
IK(-ckim) was 8 times higher than that for inhibition of IK(GDP);
(ii) (-)-Ckm induced a large K-current when GDP had
already produced its maximum effect (i.e. one effect did not
prevent the other): (iii) [ATP]i did reduce IK(GDP) but inhibi-
tion of IK(-Ckm) was difficult to demonstrate. If (-)-Ckm does
open KNDP it remains to be explained why these differences
should exist. It is possible that GDPi enhanced the sensitivity
of KNDP to glibenclamide, perhaps via a mechanism similar to
that suggested for the action of tolbutamide on the ,3-cell
KATP (Schwanstecher et al., 1992). Pinacidil has been found
to reduce the sensitivity of cardiac KATP to [ATP]i (Fan et al.,
1990). A similar effect might make IK(-Ckm) particularly resis-
tant to [ATP]j. These possibilities will need to be investigated.

Our previous working hypothesis was that Ckm acted to
shift a proportion of delayed rectifier K channels (KDR) to a
voltage-independent state and that glibenclamide inhibited
this effect by acting as an antagonist at the Ckm receptor
(Beech & Bolton, 1989a). This view was favoured by evidence
that: (i) 4-aminopyridine and phencyclidine inhibited IK(DR)
and IK(Ckm) at similar concentrations; (ii) the noises associated
with IK(DR) and IK(ck,,) were both small and suggestive of a
small conductance for the underlying channels; (iii) IK(DR) was
reduced when IK(cim) developed (see also Okabe et al., 1990;
Noack et al., 1992a); we suggested this effect occurred as a
result of KDR channels shifting to a voltage-independent state
so that fewer were available for opening by depolarization;
drug-induced shifts in channel gating have also been pro-
posed for the action of disulphonic stilbene derivatives (e.g.
SITS) on squid axon delayed rectifier K channels (Inoue,
1986) and veratridine on voltage-gated Na channels (Leibowitz
et al., 1986); (iv) glibenclamide inhibited relaxation induced
by Ckm in a manner that appeared competitive (Quast &
Cook, 1989), which allows the interpretation that gliben-
clamide prevented an action of Ckm on KDR channels simply
by inhibiting binding of Ckm at its receptor rather than the
alternative hypothesis where glibenclamide inhibits the K
channels directly.
Although the evidence in favour of an exclusive action of

(-)-Ckm on KNDP is compelling, it is difficult to rule out the
KDR hypothesis. However, we can now say that the IC50 for
glibenclamide inhibition of IK(DR) was 500 times higher than
that for IK(-Ckm) and that recovery of IK(DR) from block by
glibenclamide was fast in comparison to the recovery of
IK(-Ckm). In addition, Russell et al. (1992) found that (-)-Ckm
could induce K-current without reducing IK(DR) in rabbit
portal vein, and Noack et al. (1992a) found no effect of 1 iLM
glibenclamide on the inhibition of a IK(DR)-like current (desig-
nated ITO) by (-)-Ckm in rat portal vein. Therefore, KDR
and KNDP may be separate populations of K channels but
with some similarities with regard to unitary conductance,
opening characteristics and pharmacology. It is tempting to
speculate that KDR channels might be sensitive to higher
concentrations of Ckm on the basis that they are sensitive to
higher concentrations of glibenclamide. Indeed, it has recent-
ly been suggested that the sulphonylurea receptor could be
associated with channels other than KATP, such as KDR-like
channels or the CFTR chloride channel (Ashcroft & Ash-
croft, 1992). There is evidence that nicorandil (a KCO that
also has nitrate-like properties) can open small conductance
K channels that are not KNDP in smooth muscle cells from
the rat portal vein (Kajioka et al., 1990) and porcine cor-
onary artery (Wakatsuki et al., 1992). The K channel in
porcine coronary artery may also be activated by SITS
(Inoue et al., 1989). Similar small conductance K channels
have been observed to be stimulated occasionally by Ckm in
some patches from the rabbit portal vein held at depolarized
potentials (Nakao & Bolton, 1991). The relationship between
these small channels and KNDP and their significance in
whole-cells has yet to be established.
Some single channel studies have suggested that Ckm

opens large conductance K channels in smooth muscle
(Standen et al., 1989; Kovacs & Nelson, 1991; Lorenz et al.,
1992). Although the channels have a conductance close to
that of the BKca channels, which can also be activated by
cromakalim in patches (e.g. Klockner et al., 1989), and they
may show similar voltage-dependence (Lorenz et al., 1992)
they are not Ca-dependent, are inhibited by intracellular
ATP (BKca are not; Klockner & Isenberg, 1992; Silberberg &
van Breemen, 1992) and have a distinct pharmacology.
Therefore, there is evidence that Ckm can act on a popula-
tion of large conductance K channels but there is no evidence
that these channels are opened by Ckm in the whole-cell and
noise analysis suggests that the channels opened by Ckm
have a small conductance (about 15 pS in a physiological
K-gradient), which seems to rule out a role for large conduc-
tance channels in rabbit and rat portal vein (Beech & Bolton,
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1989a; Noack et al., 1992a) and pulmonary artery (Langton
et al., 1992) smooth muscles.
The reason for the Mg-dependence of the action of (-

Ckm is unknown but the possibility that the response might
depend on Mg-NDP is worthy of discussion. We have
observed previously that 10 gM Ckm induced an average
outward current of 44 pA at - 40 mV in portal vein smooth
muscle cells (Beech & Bolton, 1989a), considerably less than
was observed in the present experiments when GDP was in
the pipette solution. In addition, averaging our responses to
10IM (-)-Ckm at - 37 mV in this study gives 55 ± 5 pA
(n = 11) without GDP in the pipette and 135 ± 16 pA (n =
22) with 1 mM GDP in the pipette. From these observations
it is tempting to speculate that the response to (-)-Ckm
might be Mg-dependent because Mg-GDP in some way
modulates the action of (-)-Ckm. NDP-induced enhance-
ment of KCO effects on KATP has been observed in other cell
types. Allard & Lazdunski (1992) found that pinacidil acti-
vated skeletal muscle KATP only if NDPs were present. Shen
et al. (1991) found that nicorandil, but not pinacidil or
cromakalim, required the presence of Mg-NDPs in order to

activate cardiac KATP channels. Potentiation of the action of
(-)-Ckm by a NDP might be an explanation for the obser-
vation that vasodilatation of the rabbit ear artery to (-)-
Ckm is augmented by hypoxia (Randall & Griffith, 1993).
This observation may seem to contradict results on the re-
sponse to Ckm in metabolically compromised conventional
whole-cells (Noack et al., 1992b; Beech et al., 1993) but as
discussed in the preceding paper (Beech et al., 1993) [ATP]J
might have been low (< 100 ;iM) in these recordings and so
metabolic poisoning would not raise [NDP]j sufficiently to
affect the action of Ckm or [NDP]j may have been so low
that Ckm did not act. Further experiments will be required
to test thoroughly the hypothesis that NDPs modulate the
action of KCOs and other explanations for the Mg-depen-
dence of (- )-Ckm response will also need to be considered.

We are grateful for support from the Wellcome Trust, the World
Health Organization and the MRC. We thank Ms S.A. Prestwich for
measuring ATP by h.p.l.c. for us and Dr T.C. Hamilton (SKB) for
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Effects of phospholipase A2 inhibitors on coupling of
a2-adrenoceptors to inwardly rectifying potassium currents in
guinea-pig submucosal neurones

'R.J. Evans & A. Surprenant

Vollum Institute, L-474, 3181 SW Sam Jackson, Oregon Health Sciences University, Portland, Oregon 97201, U.S.A.

1 Noradrenaline hyperpolarizes guinea-pig submucosal neurones by opening inwardly rectifying potas-
sium channels. Intracellular recordings were made from submucosal neurones and the possible involve-
ment of the phospholipase A2 pathway in this response was examined.
2 The non-specific phospholipase A2 inhibitors, quinacrine (10 f4M) and 4-bromophenacyl bromide
(4-BPB, 10 !LM) inhibited nerve-evoked inhibitory synaptic potentials (i.p.s.ps) and hyperpolarizations to
somatostatin and UK 14304. Quinacrine and 4-BPB also blocked the inward rectification present in
current-voltage curves in the absence of somatostatin or UK 14304.
3 The more selective phospholipase A2 inhibitor, cyclosporin A (10 tM) and the lipoxygenase and
cyclo-oxygenase inhibitor, eicosatetraynoic acid (ETYA, 20 F.M) and nordihydroguairetic acid (NDGA,
201LM) did not alter i.p.s.ps or hyperpolarizations to UK 14304.
4 Exogenously applied arachidonic acid (1-300 tM) did not mimic the i.p.s.p. or the hyperpolarization
to UK 14304.
5 We conclude that arachidonic acid or its eicosanoid metabolites produced by phospholipase A2
stimulation are unlikely to be involved in the receptor G-protein coupled activation of potassium
currents in submucosal neurones. The inhibition of the noradrenaline-induced hyperpolarization by
quinacrine and 4-BPB is most likely due primarily to blockade of the basal inwardly rectifying
potassium conductance present in these neurones.

Keywords: Enteric neurones; arachidonic acid; phospholipase A2; electrophysiology; G-protein coupled receptors

Introduction

Arachidonic acid can be released following the activation of
phospholipase A2 by receptor-coupled G proteins (Axelrod et
al., 1988; Piomelli & Greengard, 1990). Arachidonic acid or
its eicosanoid metabolites have been shown to act as second
messengers in neuronal inhibition by G-protein-coupled re-
ceptors which act by increasing potassium conductances
(Piomelli et al., 1987; Kurachi et al., 1989; Volterra & Siegel-
baum, 1989; Miller et al., 1992). This mechanism of action
has been particularly well characterized for the FMRF-amide
induced activation of the S-channel in Aplysia neurones (see
review by Volterra & Siegelbaum, 1989). There is much less
information regarding the involvement of this pathway in
activation of G-protein coupled potassium conductances in
mammalian neurones. In rat hippocampal pyramidal neur-

ones the increase in neuronal M-current by somatosatin can

be mimicked by the application of arachidonic acid or its
eicosanoid metabolite, leukotriene C4 (Schweitzer et al., 1990)
and arachidonic acid has been shown to open potassium
channels in excised membrane patches obtained from these
neurones (Premkumar et al., 1990).
The opening of potassium channels following the activa-

tion of inhibitory receptors has been studied extensively in
guinea-pig submucosal neurones (North, 1989). These neur-
ones receive inhibitory synaptic inputs through the activation
of M2-adrenoceptors by noradrenaline released from sym-
pathetic nerves and by somatostatin released from intrinsic
enteric nerves (Mihara et al., 1987a,b; Surprenant & North,
1988; Bornstein et al., 1988). These hyperpolarizations are
mediated through the activation of an inwardly rectifying
potassium conductance. The transduction is blocked by per-
tussis toxin (Surprenant & North, 1988), and is guanosine

5'-triphosphate-sensitive (Shen et al., 1992) demonstrating the
activation is G-protein coupled. The involvement of protein
kinases A and C as second messengers in this transduction
pathway has been discounted (Surprenant & North, 1988).
We have shown previously that the opening of potassium
channels by noradrenaline can be recorded in excised patches
of submucosal neurones (Shen et al., 1992). These results
suggest that either the potassium channel is modulated
directly by the G-protein coupled receptor or the second
messenger system is closely associated with the cell mem-
brane. A possible candidate for such a second messenger
system is the production of arachidonic acid and its meta-
bolites from membrane phospholipid by the membrane-
bound phospholipase, phospholipase A2 (Kennedy, 1992).
Recently, it has been suggested that a2 adrenoceptor activa-
tion may be coupled to the stimulation of phospholipase A2
and the production of arachidonic acid (Jones et al., 1991;
Gonzales et al., 1991). The aim of the present study was to
examine whether arachidonic acid or its metabolites may be
involved in the hyperpolarizations to somatostatin and a2-
adrenoceptor activation in guinea-pig submucosal neurones.

Methods

Submucosal plexus preparations were obtained from the
small intestine of guinea-pigs (150-250 g); methods of tissue
preparation were as described previously (Surprenant, 1984).
Tissues were superfused at 3-4 ml min-' with a physiological
solution of the following composition (mM): NaCl 126,
NaH2PO4 1.2, MgCl2 1.2, CaCI2 2.5, KCI 5, NaHCO3 25 and
glucose 11; gassed with 95% 02 and 5% CO2. The tempera-
ture was maintained at 34-36°C. Test agents were added to
the superfusion medium to give the required final concentra-
tion.
Changes in membrane potential of submucosal neurones

' Author for correspondence at present address: Department of
Physiology & Pharmacology, University of Strathclyde, Glasgow
GI IXW, Scotland.

Br. J. Pharmacol. (1993), 110, 591-596 It" Macmillan Press Ltd, 1993
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were recorded with glass microelectrodes, filled with 1 M KCl
and 1% neurobiotin (Vector laboratories) with tip resistances
of 70-180 MQ. Signals were recorded with an Axoclamp 2A
amplifier and displayed on a Gould 2400S chart recorder.
When successful impalements were obtained with microelec-
trodes of approximately 70-90 MQl, membrane currents were
measured with a single-electrode voltage clamp amplifier
(Axoclamp 2A) with a switching frequency of 1-3 kHz.
Steady-state voltage/current relationships were obtained by
measuring membrane current during slow (5 mV s1) ramps
of membrane potential. Signals were also digitised at 5-10
kHz and data were acquired using pClamp 5.5 software.
A blunt glass microelectrode (tip diameter 20-50 ytm) filled

with physiological saline was used to evoke synaptic poten-
tials from submucosal neurones following the stimulation of
adjacent ganglia (for nicotinic excitatory postsynaptic poten-
tials (e.p.s.ps) 0.1 Hz, pulse width 0.1 ms, 5-15 V, and
noradrenergic inhibitory postsynaptic potentials (i.p.s.ps)
5 pulses 20 Hz, pulse width 0.2 ms, 50 V). I.p.s.ps and
agonist-induced hyperpolarizations were recorded at
- 60 mV; nicotinic e.p.s.ps were recorded at a holding poten-
tial of - 90 mV in order to suppress action potential initia-
tion.

Acetylcholine (ACh) (1 mM) was applied by ionophoresis
from fire polished patch clamp electrodes (resistance 3-5
MCI). Duration of the ionophoretic pulses ranged from 10 to
50 ms (30- 50 V). Ionophoretic pulses were delivered at a
frequency of 0.1 Hz throughout the course of the experiment.
Drug effects are expressed as a percentage of the response

before drug application; all values are mean ± s.e.mean. Tests
of significance were by Student's t test; P <0.05 was con-
sidered statistically significant.

Drugs

The following drugs were used, acetylcholine, arachidonic
acid (sodium salt), 4-bromophenacyl bromide (4-BPB), 5,8,
11, 14-eicosatetraynoic acid (ETYA), nordihydroguaiaretic
acid (NDGA), quinacrine, tetrodotoxin and somatostatin
(Sigma); cyclosporin A (Sandoz), UK 14304 (5-bromo-6-(2-
imidazolin-2-ylamino)-quinoxaline, gift from Pfizer). Drugs
were made up as concentrated stock solutions. 4-BPB was
dissolved in dimethylsulphoxide (DMSO), arachidonic acid,
ETYA and NDGA were made up in ethanol; these solvents
had no effects on responses when applied in vehicle control
experiments.

Results

Electrophysiological properties ofsubmucosal neurones

Recordings were made from submucosal neurones that exhi-
bited noradrenergic inhibitory postsynaptic potentials (i.p.s.ps)
and/or were hyperpolarized by the M2-adrenoceptor agonist,
UK 14304 or somatostatin. Resting membrane potentials
ranged from -48 mV to - 63 mV (mean ± s.e.mean =
- 54 ± 1.6 mV, n = 31). These neurones, which also show
nicotinic excitatory postsynaptic potentials (e.p.s.ps), are
classified as S or type 1 neurones (Nishi & North, 1973; Hirst
et al., 1974). Electrical stimulation (5 pulses at 20 Hz) evoked
i.p.s.ps; the peak amplitude of these was 26.8 ± 1 mV (n = 20)
(Figure 2). Superfusion with UK 14304 (100 nM) or somato-
statin (10 nM) hyperpolarized these submucosal neurones by
24.8 ± 1.3 mV (n = 20) and 24.6 ± 3 mV (n = 4) respectively.
Agonist-induced hyperpolarizations were reversed on wash-
out (Figure 1).

Effects ofphospholipase A2 inhibitors on i.p.s.ps and
hyperpolarizations to UK 14034 and somatostatin

The non-specific phospholipase A2 inhibitors, quinacrine
(mepacrine) and 4-BPB, and the relatively more specific

UK 14304 (100 nM)
a

b

+quinacrino (10 FM)

*100_

+quinacrine (10 gLm)

VK 14304(100OnM) +4BPD(lOpM)

UK 14304(100 nM) +cyclosporin A (10 pM)
d

UK 14304(00 nM:) +ETYA (20 m)

30 mV

min

Figure 1 Effects of phospholipase A2 inhibitors, quinacrine, 4-BPB,
and cyclosporin A, and the cyclo-oxygenase and lipoxygenase inhibi-
tor ETYA on somatostatin and a2-adrenoceptor-mediated hyperpol-
arizations. Traces in (a)-(e) are recordings obtained before (lefthand
records) and during the application of phospholipase A2 inhibitors
(righthand records); each set of recordings were obtained in separate
experiments. (a,b) Quinacrine (1O gM) reduced the hyperpolarization
produced by the M2-adrenoceptor agonist, UK 14304 (UK, a) or
somatostatin (b). (c) 4-BPB (10 ILM) abolished the UK 14304-induced
hyperpolarization; note the high frequency of spontaneous nicotinic
e.p.s.ps in the presence of 4-BPB. (d,e) The hyperpolarization in
response to UK 14304 was unaltered in the presence of cyclosporin
A (10 tM) (d) or ETYA (201M) (e). For abbreviations, see text.

inhibitor cyclosporin A (Wallach & Brown, 1981; Blackwell
& Flower, 1983; Fan & Lewis, 1985; Niwa et al., 1986;
Schweitzer et al., 1990; El-Etr et al., 1992) were used to
examine whether phospholipase A2 may be coupled to the-
G-protein activation of inwardly rectifying potassium cur-
rents in submucosal neurones. Quinacrine (10 iM) reduced
significantly the nerve evoked i.p.s.p. (Figure 2a), and the
hyperpolarizations to UK 14304 (100 nM) and somatostatin
(10 nM) by 92 ± 4% (n = 8), 58 ± 8% (n = 11) and 70 ± 5%
(n = 4) respectively (Figure 1). Increasing the concentration
of UK 14304 ten fold produced no further hyperpolarization
(Figure la) indicating that quinacrine was not acting com-
petitively. 4-BPB (10 ElM) reduced the nerve-evoked i.p.s.p. by
> 95% (n = 5; Figure 2b) and reduced the hyperpolarization
to UK 14304 by 94 ± 8% (n = 4; Figure Ic). An increase in
the frequency of spontaneous e.p.s.ps was often recorded
during the application of 4-BPB (e.g. Figure ic). The inhibi-
tion of the UK 14304-induced hyperpolarization by quina-
crine and 4-BPB was similar when experiments were carried
out in the presence of tetrodotoxin (1 rM) to block indirect
effects that might occur due to possible release of neurotrans-
mitters by quinacrine or 4-BPB (n = 2). The effects of quina-
crine and 4-BPB were not reversed after 20 min washout.
Cyclosporin A (10 I.M) had no effect on the i.p.s.p. amplitude
(Figure 2c) or the hyperpolarization to UK 14304 (Figure Id;
105.5 ± 2.5% (n = 8) and 108.7 ± 3.3% (n = 6) of control
respectively).



PLA2 AND a2-ADRENOCEPTORS 593

aS.

.i; ;d ,..- P~t

Cor.ntrol A

c Contro +cyclepnn A (lQjsa)

d Co: G | :(2 j.M-rF )

. .< 1 r 2.~~~~~~20iW.

Figure 2 Effects of phospholipase A2 inhibitors, quinacrine, 4-BPB,
and cyclosporin A, and the cyclo-oxygenase and lipoxygenase inhi-
bitor ETYA on nerve evoked i.p.s.ps. I.p.s.ps were evoked by elec-
trical stimulation of adjacent ganglia with 5 pulses at 20 Hz. Traces
in (a)-(d) are recordings obtained before (lefthand records) and
during the application of drugs (righthand records); each set of
recordings were obtained in separate experiments. (a,b) Quinacrine
(IO JAM) (a) and 4-BPB (1O JM) (b) reduced nerve evoked i.p.s.ps by
>95%. (c,d) The amplitude of nerve evoked i.p.s.ps was unaffected
by cyclosporin A (10 JAM) (c) or ETYA (20 JAM) (d). For abbrevia-
tions, see text.

Effects of cyclo-oxygenase and lipoxygenase inhibitors
on hyperpolarizations to UK 14304

Arachidonic acid can be metabolised by two main routes: by
cyclo-oxygenase to produce prostaglandins, and/or by lip-
oxygenase to produce hydroperoxyeicosatetraenoic acid
derivatives. In this study neither the lipoxygenase and cyclo-
oxygenase inhibitor ETYA (20 gAM; Figure le) nor the lipoxy-
genase inhibitor NDGA (20 JM) inhibited the hyperpolariza-
tions to UK 14304; UK 14304-induced hyperpolarizations
were 89 ± 5% (n = 5) and 115 ± 15% (n = 2) of control res-
pectively. Similarly, ETYA (20 gM) did not alter the i.p.s.p.
amplitude (96 ± 4% of control i.p.s.p., n = 3; Figure 2d).

Effects of exogenously applied arachidonic acid

The exogenous application of arachidonic acid or its metabo-
lites have been demonstrated to mimic G-protein activation
in those cases where phospholipase A2 stimulation has been
well documented in signal transduction (Buttner et al., 1989;
Schweitzer et al., 1990). In the present study superfusion with
arachidonic acid (1-20 JM) produced no significant change
in membrane potential (n = 4). Higher concentrations (100-
300 JM) also did not alter the membrane potential (n = 2) or
produced a 10-15 mV depolarization (n = 3). Arachidonic
acid (100 JM) was without effect when it was applied in the
presence of ETYA to prevent the enzymatic degradation of
arachidonic acid (n = 2). Therefore, it appears that the
depolarization to the higher concentrations of arachidonic

acid may have been due to an action by one or more of its
eicosanoid metabolites. Alternatively, these high concentra-
tions of arachidonic acid may well have caused direct mem-
brane damage which would be expected to result in a

J- depolarization.

Effects of quinacrine on nicotinic responses and action
potentials

In addition to its action as a phospholipase inhibitor, quinac-
rine has been shown to block ion channels and nicotinic ACh
receptors (Adams & Feltz, 1980; Kehl, 1991; Mironov &
Lux, 1992). We further examined the effects of quinacrine on
nicotinic synaptic and ionophoretic potentials and on directly
evoked action potentials. Quinacrine (10 JM) reduced nico-
tinic e.p.s.p.s by > 95% (n = 4; Figure 3a). lonophoretic
application of ACh evoked nicotinic depolarizing potentials
or inward currents; these were inhibited by 63 ± 9% by
quinacrine (10 gAM, n = 8; Figure 3b). Directly evoked action
potentials were recorded in response to depolarizing current

a

b

Control
Wash Quinacrine, 10 LM

A
Nerve
stimulation

30 p

, 1 0 p

Control
Wash

20 mV

20 ms

LM
Quinacrine

LM

100 pA

100 ms

C

Control Quinacrine, 10 ,UM

30 mV

20 ms

Figure 3 Effects of quinacrine on nicotinic responses and action
potentials. (a) Records show averages of 10 nicotinic e.p.s.ps evoked
at 0.1 Hz. Quinacrine (1O JM) reversibly reduced nicotinic e.p.s.ps by
>95%. (b) Records show averages of 10 inward currents evoked by
the ionophoretic application of acetylcholine (ACh, 1 mM) (50 ms
pulse width, 30 V). Nicotinic inward currents were reduced reversibly
by quinacrine (10-30 JM). (c) Injection of depolarizing current
pulses (40 ms) evoked action potentials. The action potential
threshold and duration was increased, and the peak amplitude and
undershoot decreased by the application of quinacrine (10-30I1M).
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pulses; quinacrine depressed the amplitude and increased the
duration of these action potentials (Figure 3c).

Effects of quinacrine and 4-BPB on the voltage-current
relationship

To determine if the inhibitory effects of quinacrine and 4-
BPB may be independent of their action as phospholipase
inhibitors, steady state voltage/current relations were exam-
ined between - 40 mV and - 140 mV. The control voltage/
current curve shows marked inward rectification at potentials
negative to EK (Figure 4a; see Surprenant & North, 1988).
Application of UK 14304 produced a hyperpolarization asso-
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-160
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Figure 4 Effects of quinacrine on the voltage-current relationship.
(a) The voltage-current curve shows marked inward rectification at
potentials negative to EK. UK 14304 (100 nM) produced a hyper-
polarization associated with an increase in the membrane conduc-
tance. (b) In control physiological solution, quinacrine (10 JM)
reduced the inward rectification at potentials negative of EK with no

effect on the voltage/current relationship at potentials positive of EK.
(c) In the presence of quinacrine the UK 14304-induced outward
current recorded at potentials positive to EK was greatly reduced and
no inward current was recorded at potentials negative to EK. All
recordings obtained from the same neurone.

ciated with an increase in membrane conductance (Figure 4).
Previous studies have shown that it is the opening of an
inwardly rectifying potassium current that mediates the
hyperpolarization (Surprenant & North, 1988). Quinacrine
(10 pM) reduced the inward rectification present in the ab-
sence of agonist; the conductance ratio measured at - 60 and
-1 5 mV was reduced from 1:3 ± 0.3 to 1:0.93 ± 0.1
(n= 3). Quinacrine produced no significant alteration in the
current/voltage curve at potentials positive to EK (about
- 90 mV; Figure 4c). In the presence of quinacrine, UK
14304 produced a small outward current at potentials posi-
tive to EK but no inward current was recorded negative to EK
(Figure 4c). A similar blockade of inward rectification was
recorded in the presence of 4-BPB (30 l.M, n = 3). Lower, and
more selective (Okada et al., 1989), concentrations of 4-BPB
(3-10-IlM) partially inhibited the basal inward rectification of
the membrane (n = 3).

Discussion

The aim of the present study was to examine whether the
receptor coupled opening of inwardly rectifying potassium
current by activation of x2-adrenoceptors in submucosal
neurones was mediated by arachidonic acid or its metabolites
generated by the action of phospholipase A2. Quinacrine and
4-BPB greatly inhibited both the noradrenergic i.p.s.p. and
the agonist-induced hyperpolarizations; these results initially
suggested a possible involvement of the phospholipase A2
pathway in signal transduction following a2-adrenoceptor
stimulation. However, we also found that quinacrine blocked
a number of other ionic currents in these neurones, including
the nicotinic current and currents underlying the directly
evoked action potential. These actions of quinacrine prob-
ably account for the inhibition of spontaneous action poten-
tial firing that was observed in a number of cells when
quinacrine was applied (e.g. Figure la,b). These results are in
keeping with previous studies which have demonstrated that
quinacrine blocks nicotinic currents (Adams & Feltz, 1980),
fast transient outward potassium currents (Kehl, 1991), cal-
cium currents (Mironov & Lux, 1992; Sargent et al., 1992)
and calcium and creep currents in isolated atrial myocytes
(Bielfeld et al., 1986; Yang & Vassalle, 1989). In the present
study, quinacrine and 4-BPB also blocked the inward
rectification present in the voltage/current curves recorded in
control solution (Figure 4), in a manner analogous to the
blockade of the inwardly rectifying potassium channels by
rubidium or barium (Surprenant & North, 1988). Barium
and rubidium inhibit somatostatin and X2-adrenoceptor-acti-
vated potassium conductance increases in these neurones by
this blockade of the inward rectification of the resting mem-
brane (Surprenant & North, 1988). As has been described
previously for barium (North & Surprenant, 1985), quinac-
rine and 4-BPB inhibited the outward current to UK 14304
recorded at potentials positive to EK. It has not yet been
established whether x2-adrenoceptor activation shifts the cur-
rent-voltage relation for the resting inward rectifier to more
positive potentials or whether an additional conductance the
pharmacology of which is identical to the inward rectifier
present in these cells is activated (see Surprenant & North,
1988; Shen et al., 1992). In any event, the most likely expla-
nation for the actions of quinacrine and 4-BPB in inhibiting
the somatostatin and UK 14304-induced hyperpolarization is
a direct blockade of the inwardly rectifying potassium chan-
nels the activity of which is increased by these agonists. The
inhibition by quinacrine and 4-BPB of the postsynaptic M2-
adrenoceptor response (the agonist-induced hyperpolarization
as well as the adrenergic i.p.s.p.) were irreversible or only
slowly reversible while the inhibition of the nicotinic e.p.s.p.
was rapidly reversible. The inhibition of the e.p.s.p. is prob-
ably due to direct blockade of the nicotinic receptor-channel
as has been described for the quinacrine-induced blockade of
the endplate potential at frog neuromuscular junction



PLA2 AND a2-ADRENOCEPTORS 595

(Adams & Feltz, 1980). We have not examined possible
mechanisms of action of quinacrine or 4-BPB in inhibiting
the M2-adrenoceptor response but because of its slow time
course its action may involve more than direct blockade of
the inward rectifying potassium channels. The present results,
in addition to the previously mentioned studies, make it clear
that neither quinacrine nor 4-BPB-mediated inhibition can be
considered adequate criteria for involvement of the phospho-
lipase A2 pathway in a given cellular effect.

In the present study the more specific phospholipase A2
inhibitor, cyclosporin A, or the inhibitors of arachidonic acid
metabolism, ETYA and NDGA, had no effect on the res-
ponse of submucosal neurones to x2-adrenoceptor activation.
In addition arachidonic acid itself did not mimic the UK
14304-induced membrane hyperpolarization of submucosal
neurones. These results strongly indicate that in guinea-pig
submucosal neurones the increase in the inwardly rectifying

potassium current following the activation of x2-adreno-
ceptors is not likely to be mediated by arachidonic acid or its
eicosanoid metabolites produced through the stimulation of
phospholipase A2. Previous studies on submucosal neurones
have failed to provide evidence for a role of protein kinase
A, protein kinase C or nitric oxide in mediating the hyper-
polarization to M2-adrenoceptor or somatostatin receptor act-
ivation (Mihara et al., 1987a; Surprenant & North, 1988;
R.J.E. & A.S., unpublished observations). The present
finding that the phospholipase A2 pathway also is unlikely to
play a role in transducing this response strengthens the con-
clusion that receptor-activated G-proteins modulate the act-
ivity of inwardly rectifying potassium channels directly.

This work was supported by U.S. Department of Health & Human
service grant NS 25996.
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Monocrotaline pyrrole-induced changes in
angiotensin-converting enzyme activity of cultured pulmonary
artery endothelial cells
Cindy M. Hoorn & 'Robert A. Roth

Department of Pharmacology and Toxicology, Michigan State University, East Lansing, Michigan 48824, U.S.A.

1 Changes in the structural and functional integrity of endothelium have been recognized as relatively
early features of delayed and progressive pulmonary vascular injury caused by the pyrrolizidine alkaloid,
monocrotaline (MCT). Although a number of investigators have evaluated angiotensin-converting
enzyme (ACE) activity in the lungs of rats treated with MCT, the exact nature of changes in activity of
this enzyme and the role they may play in MCT pneumotoxicity remain controversial.
2 We examined the direct effects of monocrotaline pyrrole (MCTP), a toxic metabolite of MCT, on
cultured endothelial cell ACE activity. Post-confluent monolayers of porcine or bovine pulmonary artery
endothelial cells (PECs or BECs, respectively) were treated with a single administration of MCTP at
time 0; then they were examined for their ability to degrade the synthetic peptide, [3H]-benzoyl-Phe-Ala-
Pro.
3 In PECs, which are relatively insensitive to the direct cytolytic effects of MCTP, monolayer ACE
activity was unchanged initially but gradually decreased within 4 days after treatment with a high
concentration of MCTP (150 tLM). This decrease was transient, and PEC monolayer ACE activity
returned to the control value by 10 days post treatment.
4 BEC monolayer ACE activity was also unchanged initially but rapidly declined within 4 days after
MCTP treatment and remained depressed throughout the post treatment period. BECs were quite
sensitive to the cytolytic effects of MCTP and the decline in ACE activity occurred coincident with the
decrease in monolayer cellularity and appearance of marked cytotoxicity.
5 We conclude that high concentrations of MCTP decrease endothelial ACE activity. The decline in
ACE activity is delayed and the magnitude and duration of the decrease corresponds to the degree of
MCTP-induced cytotoxicity. This suggests that altered endothelial ACE activity is unlikely to be a direct
effect of MCTP on the enzyme but may reflect the delayed cell injury which results from exposure to this
compound.

Keywords: Monocrotaline; monocrotaline pyrrole; angiotensin-converting enzyme; cultured endothelium; pulmonary hyperten-
sion; response to injury

Introduction

The pyrrolizidine alkaloid, monocrotaline (MCT), causes
delayed and progressive pulmonary vascular injury in rats
and other sensitive species (Schoental & Head, 1955; Valdivia
et al., 1967; Hayashi & Lalich, 1967; Peckham et al., 1974),
resulting in the development of pulmonary hypertension and
right ventricular hypertrophy (Chesney et al., 1974; Meyrick
& Reid, 1979; Sugita et al., 1983). The pulmonary vascular
endothelium has been suggested as a likely cellular target for
initial injury, and changes in endothelial structural and func-
tional integrity have been noted relatively early in the course
of MCT pneumotoxicity in vivo (Hilliker et al., 1982; Bruner
et al., 1983; Reindel et al., 1990). It has been suggested that
persisent changes in endothelial cell function may play a role
in the development and/or maintenance of MCT-induced
pulmonary hypertension (Reindel et al., 1990; Roth & Rein-
del, 1990; Reindel & Roth, 1991b).
The pulmonary vascular endothelium carries out a number

of complex functions which are important in the maintenance
of vascular homeostasis and in regulating the vascular res-
ponse to circulating mediators (for a review of this subject,
see Fajardo, 1989). One of these functions is the cleavage of
circulating, inactive angiotensin I (Al) to the potent vasocon-
strictor, angiotensin II (All), by the action of the exopep-
tidase known as angiotensin-converting enzyme (ACE) (Yang
et al., 1970; Erdos, 1975). It has been suggested that pul-
monary vascular disease might be associated with changes in

' Author for correspondence.

pulmonary activity of this enzyme (Gillis & Catravas, 1982;
Dobuler et al., 1982; Catravas et al., 1988).
A number of investigators have evaluated ACE in lungs of

rats treated with MCT in an effort to correlate changes in
enzyme activity with the development or progression of'
MCT-induced cardiopulmonary changes. The results of these
studies have been disparate. Some investigators report that
there is a decrease in lung ACE activity (Kay et al., 1982;
Keane et al., 1982), whereas others contend that apparent
changes in lung ACE activity are due to a dilution of this
activity by the increased lung mass seen in this model (Hux-
table et al., 1978; LaFranconi & Hustable, 1983); transient
increases in ACE activity have also been reported (Molteni et
al., 1984). From these results of work done in vivo, it is
difficult to draw definitive conclusions about ACE activity in
lung vasculature injured by MCT.

Monocrotaline pyrrole (MCTP) is a putative, toxic metab-
olite of MCT. Injection of a relatively low dose of chemically
synthesized MCTP into rats results in a spectrum of pul-
monary changes which are comparable to those produced by
MCT, including changes in endothelial cells (Bruner et al.,
1983). MCTP has also been shown to be toxic to cultured
bovine and porcine pulmonary artery endothelial cells (BECs
and PECs, respectively) (Reindel & Roth, 1991; Reindel et
al., 1991). This cultured endothelial cell model makes it
possible to investigate the direct effects of MCTP treatment
on endothelial cell function. The purpose of this study was to
determine whether MCTP affects ACE activity in cultured
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endothelium and to characterize the development of any
changes that occur.

Methods

Preparation of endothelial cells

Lines of PECs and BECs were derived from segments of
pulmonary artery by modifications of the methods of Jaffe et
al. (1987) and Booyse et al. (1975), as described by Reindel &
Roth (1991). PECs and BECs exhibited characteristic cobble-
stone morphology in culture and were further characterized
as described in Reindel et al. (1991).
BECs or PECs were maintained in Medium 199 (M199;

GIBCO, Grand Island, NY, U.S.A.) containing 10% fetal
bovine serum (FBS; Intergen, Purchase, NY, U.S.A.) and
1% penicillin (100 units ml- ')-streptomycin (100 ig ml1')-
fungizone (0.25 gml-') (antibiotic-antimycotic; GIBCO) or
Opti-MEM (GIBCO) containing 3% FBS and 1% antibiotic-
antimycotic, respectively. Cells were passed by enzymatic
dissociation with 0.025% trypsin-0.27mM EDTA (GIBCO)
at a ratio of 1:3 or 1:4. Cells used in these studies were
between passages 4 and 10.

Preparation of MCTP

MCTP was prepared from MCT (Transworld Chemical,
Washington, DC, U.S.A.) via an N-oxide intermediate by the
method of Mattocks (1968). MCTP isolated from this syn-
thesis procedure has Ehrlich activity (Mattocks & White,
1971) and a structure compatible with MCTP as determined
by mass spectrometry and nuclear magnetic resonance (Bru-
ner et al., 1986). MCTP was dissolved in N,N-dimethyl-
formamide (DMF; Sigma Chemical Co., St. Louis, MO,
U.S.A.) at a concentration of 20 mg kg-', and all dilutions of
MCTP were made with DMF. A 2.5 jil volume of MCTP
solutions or DMF vehicle (0 jAM MCTP) per millilitre of
medium was used to achieve the nominal concentrations of
MCTP (0, 1.5, 15 or 150 gM) used in the study.

Assay of angiotensin-converting enzyme activity

PECs and BECs were plated into 12-well tissue culture
clusters (25 mm diameter) and allowed to form confluent
monolayers. Monolayers were not used to assay ACE activity
until at least 10 days after plating because ACE activity of
cultured endothelial cells is not restored after dissociation
and replating until cells have been maintained in a confluent
state for this length of time (DelVecchio & Smith, 1981).
Mature monolayers were treated with a single administration
of MCTP (0, 1.5, 15 or 150 M) on day 0. ACE activity of
monolayers were analysed at 8 h and 2, 4 and 7 days (also at
10 days, for PEC monolayers) post treatment using the stan-
dard radioassay protocol provided by Ventrex Laboratories,
Inc. (Portland, ME, U.S.A.). The assay involves cleavage of
the synthetic peptide [3H]-benzoyl-Phe-Ala-Pro by endothelial
ACE to form [3H]-benzoyl-phenylalanine and the dipeptide,
alanyl-proline. The tritiated product, soluble in organic scin-
tillant, was extracted, separated and counted in a liquid
scintillation counter. At the times indicated post treatment,
monolayers were washed thoroughly with ACE assay buffer
(0.05 M HEPES, 0.1 M NaCl; pH 7.5, 37°C). At a time 0,
2 ml of buffered substrate ([3H]-benzoyl-Phe-Ala-Pro: specific
activity 20 Ci mmolP', diluted to I05 c.p.m. 100 11-' in assay
buffer) were added to each well in a shaking water bath at
37°C. At 10 min intervals, 50 itl aliquots of the reaction
mixture were removed to each of 2 test tubes containing 1 ml
of 0.1 N HCI to stop the reaction; 1 ml of Ventrex scintilla-
tion cocktail No. 2 was added to each tube. The tubes were
mixed for 30 s, then spun in a centrifuge for 3 min at 500 g.
An aliquot (500 tl) of the upper counting phase was transfer-
red to a 2 ml microvial (Ventrex) for measurement of rad-

ioactivity; 50 glA aliquots of the reaction buffer were also
counted in aqueous scintillant to determine total c.p.m. per
well. Monolayer ACE activity was determined in the presence
or absence of the specific ACE inhibitor, captopril (10-6 M)
to ensure that conversion of substrate was due to the action
of ACE. In addition, wells without cells were used as a
negative control. ACE activity was calculated by a simplified
form of the integrated first-order rate equation as derived by
Ryan (1988). A unit of ACE activity is defined as that
quantity of enzyme required to hydrolyse substrate at an
initial rate of 1% min-' at 37°C.

Effects ofMCTP on monolayer cellularity

After determination of ACE activity as described above,
monolayers were washed three times with calcium- and
magnesium-free Hank's balanced salt solution to remove
non-adherent cells. Adherent cells were enzymatically re-
moved from the plate surface with 0.025% trypsin-0.27 mM
EDTA solution (GIBCO) and counted in a Coulter counter
(Model ZM).

Statistical analysis

ACE activity data are presented as means of 5 (PECs) or 3
(BECs) separate experiments, each consisting of duplicate
wells at each concentration of MCTP. The standard error of
difference (Steel & Torrie, 1980) for each data set is presen-
ted. Data were analysed with a blocked analysis of variance
(Crunch Statistical Package, Version 3.12; Crunch Software
Corporation, Oakland, CA, U.S.A.). Individual comparisons
between treatment groups (MCTP and DMF vehicle) were
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Figure 1 Cellularity of PEC (a) and BEC (b) monolayers exposed to
a single administration of 1.5 (0), 15 (V) or 150 (Y)LM mono-
crotaline pyrrole (MCTP) or N,-N-dimethylformamide (DMF) vehi-
cle (0) on day 0. Values represent the means of replicate studies
(n = 5 for PECs; n = 3 for BECs). *Significantly different from vehi-
cle control (P< 0.05).
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made by Tukey's omega test (P< 0.05) (Steel & Torrie,
1980).

Cell numbers are presented as means ± s.e.mean. These
data were analysed by a completely random analysis of
variance, and individual comparisons were made by Tukey's
omega test (P<0.05).

Results

Effects ofMCTP on cellularity

The effects of MCTP on cellularity of PEC and BEC
monolayers are shown in Figures la and b respectively. Cell
monolayers were treated once with MCTP at zero time.
Whereas PEC and BEC cell numbers continued to increase
slightly with time in wells treated with vehicle or the lowest
concentration of MCTP, they declined in monolayers treated
with the higher doses of MCTP, beginning at day 4 post
treatment. When examined by phase contrast microscopy, all
monolayers appeared to remain intact and free of obvious
gaps throughout the post treatment period. PECs and BECs
treated with higher concentrations of MCTP (15 or 150pLM)
demonstrated distinct morphological changes as monolayer
cellularity decreased. These changes have been described
previously (Reindel & Roth, 1991; Reindel et al., 1991) and
include cell enlargement, vacuole formation and nuclear
changes in BECs. A milder enlargement with a shift toward a
more spindle-like shape occurred in PECs.

Changes in ACE activity
Changes in ACE activity of mature monolayers of PECs and
BECs after a single exposure to MCTP are shown in Figure
2. ACE activity of PEC monolayers (Figure 2a) treated with
150 AM MCTP decreased gradually, reaching a nadir at 4
days post treatment then returning to control levels by 10
days post treatment. BEC monolayers also showed a concen-
tration-dependent decline in ACE activity with MCTP treat-
ment, but the decrease was much more marked and persistent
(Figure 2b). In monolayers treated with the highest concen-
tration of MCTP, ACE activity was significantly decreased
by 2 days post treatment, and after 4 days these monolayers
demonstrated virtually no ACE activity. In BECs, the inter-
mediate MCTP concentration also led to reduced ACE act-
ivity after day 2. In both PECs and BECs, cells treated with
1.5 tLM MCTP exhibited levels of ACE activity similar to
those seen in controls.

Cellular ACE activity

Cellular ACE activity after MCTP treatment is expressed in
Figure 3 as a function of PEC and BEC number (i.e., units
of activity per million cells). Although the total activities of
vehicle-treated PEC and BEC monolayers were similar (see
Figure 2), activities normalised to cell number were quite
different. BECs (Figure 3b) had about twice the ACE activity
per million cells than PECs (Figure 3a). The delayed, tran-
sient decrease in ACE activity of PECs treated with 150 LM
MCTP was still evident, but cellular ACE activity returned
to the control value by 7 days and was increased by 10 days
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Figure 2 Angiotensin-converting enzyme (ACE) activity of mono-
layers of PECs (a) and BECs (b) exposed to a single administration
of 1.5 (0), 15 (V) or 150 (V)"M monocrotaline pyrrole (MCTP) or
N,N-dimethylformamide (DMF) vehicle (0) at time 0. One unit of
ACE activity is defined as that quantity of enzyme required to
hydrolyze substrate at an initial rate of 1% min-' at 37°C. Values
represent the means of replicate studies (n = 5 for PECs; n = 3 for
BECs). Standard error of difference = 3.89 PECs; 7.55 BECs.
*Significantly different from vehicle control (P <0.05).
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post treatment. Cells treated with 15 AM MCTP showed no
change in activity until day 10, at which time cellular ACE
activity was elevated. In BECs, cellular ACE activity was
significantly depressed by 4 days post treatment in cells
treated with the highest concentration of MCTP. However,
decreases in cellular ACE activity were not evident in BECs
treated with 15 tM MCTP. PECs and BECs treated with
1.5tiM MCTP exhibited similar ACE activity to vehicle-
treated controls.

Discussion

A number of conditions which result in pulmonary injury or
alterations in pulmonary blood flow have been associated
with changes in angiotensin-converting enzyme activity in
lung or serum. A rapid, transient decrease in lung ACE and
a corresponding increase in serum ACE as is seen following
administration ofa-naphthylthiourea (ANTU) or paraquat
(Hollinger et al., 1980a,b) may reflect direct damage to the
vascular endothelium. In other cases, changes in ACE activ-
ity appear to be compensatory and occur coincident with or
subsequent to the development of pulmonary hypertension
(Keane et al., 1982; Jederlinic et al., 1988; Oparil et al.,
1988).
The latter scenario has been described for MCT pneumo-

toxicity in the rat. Kay and coworkers reported that MCT
treatment results in vascular remodelling and consequent
pulmonary hypertension by 10-14 days post treatment with
an accompanying decrease in lung ACE activity per mg
protein and decreased conversion of AI to All beginning by
day 10 (Kay et al., 1982; Keane & Kay, 1984). Molteni et al.
(1984) reported a transient increase in pulmonary ACE
activity after 1 week of MCT treatment followed by a persis-
tent decline in activity during weeks 2 to 6 of treatment. Kay
and Keane maintained that the alterations in ACE activity
seen with MCT treatment occur in response to the pul-
monary hypertensive conditions and may be a protective
mechanism to limit this physiological change (Kay et al.,
1982; Keane et al., 1982). This view is held by Molteni and
coworkers as well, but they further suggest that the transient
increase in ACE activity which they find in their model
precedes vascular remodelling and reflects endothelial injury
and dysfunction (Molteni et al., 1984).

In a separate study, Shale et al. (1986) found that lung
ACE (reported as nmol min '/lung and nmol min-' mg-'
protein) decreased when MCT was given in an oral dosing
regimen which did not produce pulmonary hypertension or
right ventricular hypertrophy. Although this supports the
idea that ACE does not play a causative role in the develop-
ment of these sequelae, it also suggests that the decrease in
ACE activity seen with MCT treatment is not solely a res-
ponse to increased pulmonary vascular pressure. Rather, it
suggests an early, direct effect of MCT on the lung. The
increased pulmonary tissue mass due to inflammation and
hyperplasia after MCT treatment may in fact dilute what is
really an unchanged endothelial ACE content at this stage in
the injury. This conclusion is in agreement with the findings
of Huxtable and co-workers, who maintain that decreases in
lung ACE activity in MCT-treated animals can be attributed
to dilution by an increased total lung mass (Huxtable et al.,
1978; LaFranconi & Huxtable, 1983).
Our objective in performing this study was to determine

whether MCTP would directly alter ACE activity in an
endothelial cell system in vitro. Although we found that
MCTP does decrease endothelial ACE activity in vitro, our
results raise a number of interesting points with respect to
changes in ACE activity after cell injury. In both PECs and
BECs, decreases in ACE activity did not occur immediately
after administration of MCTP; rather, changes were delayed
for several days. This suggests that the decrease in ACE
activity was not due to a direct interaction of MCTP with the
enzyme or to other changes which may occur at the cell

surface at the time of treatment. MCTP is quite reactive and
much of it probably binds to cells rapidly after administra-
tion in vitro. However, the inactivation of ACE does not
appear to be an early or immediate change effected by
MCTP, even at relatively high concentrations. Ryan & Cat-
ravas (1990) suggest that, in addition to enzyme dysfunction,
changes in ACE activity may occur as a result of changes in
the microenvironment of the enzyme. Some of the delayed,
cytotoxic changes which occur as a consequence of exposure
to hypoxia or MCTP treatment could result in subtle altera-
tions of the endothelial cell surface which are incompatible
with ACE function.

There are clear species differences in the response of pul-
monary artery endothelial cells to treatment with MCTP
(Reindel et al., 1991). While BECs are quite sensitive to the
cytolytic effects of MCTP, PECs appear to be relatively
resistant. However, both cell types show distinct changes in
morphology after MCTP treatment. The differences noted
with respect to ACE activity of BEC and PEC monolayers
after MCTP treatment are also pronounced, and these seem
to parallel the morphological and cytotoxic changes. For
example, the transient nature of the decrease in PECs corres-
ponds with the decline in cell numbers, and the more
dramatic and persistent fall in ACE activity in BECs reflects
the more marked cytotoxic response of this cell type.

Recent work with ACE inhibitors and All receptor antag-
onists suggests that AII may be important in the patho-
physiology of the vascular response to injury (Zakheim et al.,
1975; Grotendorst et al., 1982; Molteni et al., 1985; Schwei-
gerer et al., 1987; Powell et al., 1990; Clozel et al., 1991). Bell
& Madri (1990) propose that blockade of ACE activity may
decrease local generation of AII and reduce vascular wall
injury by enhancing wound closure, increasing the antithrom-
botic tendency of the area and decreasing the rate of smooth
muscle cell infiltration. ACE activity declined substantially in
our cells after treatment with MCTP only after there was
evidence of cytotoxicity; changes in enzyme activity may have

occurred in response to these alterations and might function
to limit the local damage. In PECs, in which the cellular
damage was less pronounced, the changes in ACE activity
were also quite subtle and transient. These cells eventually
had increased ACE activity on a cellular basis by 10 days
post treatment, which may reflect more persistent alterations
in the cells' response to injury.

It is important to point out that the most dramatic
changes in ACE activity in both PECs and BECs occurred
only at the highest concentrations of MCTP. Whether the
pulmonary vascular endothelium experiences such an expo-
sure in vivo after a pulmonary hypertension-producing dose
of MCT or MCTP is open to question (Reindel et al., 1990).
Our results indicate clearly that direct inhibition of endo-
thelial cell ACE does not happen at MCTP exposures that
probably occur in vivo. It appears likely that changes in ACE
activity seen in vivo occur indirectly from altered lung mass
or through a response of the endothelium to injury (e.g.,
modified gene expression), altered vascular surface area and/
or changes in blood flow or pressure.

In summary, ACE activity in pulmonary artery endothe-
lium is altered after exposure to relatively high concentra-
tions of MCTP in vitro, and this alteration is clearly not
secondary to hypoxia, increased pressure, or other comp-
licating haemodynamic factors that may be present in vivo.
The decline in ACE activity is delayed, and the magnitude
and duration of the decrease corresponds to the degree of
MCTP-induced cytotoxicity. These changes apparently are
not due to a direct action of MCTP on the enzyme but may
occur as a response to the delayed cell injury which results
from exposure to this compound.
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Competitive inhibition by procaine of carbachol-induced
stimulus-secretion coupling in rat pancreatic acini
Nobuhiro Ikei, *Julia Busik, *Yoshiaki Habara & ' *tTomio Kanno
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1 Procaine (0.03-10 mM) inhibited carbacbol (CCh)-induced amylase release from rat isolated pan-

creatic acini in a competitive manner. Kinetic analysis of the relation between CCh concentrations and
the amount of amylase released in the presence of various procaine concentrations indicated that
procaine caused competitive inhibition with the affinity constant (pA2) value of 5.00 ± 0.08.
2 Receptor binding assay confirmed that procaine (0.01-10 mM) competitively inhibited [N-methyl-
3H]-scopolamine chloride ([3H]-NMS) binding to its receptor with binding affinity (pKi) of 4.63 ± 0.10.
3 Procaine transformed CCh-evoked [Ca2+]i dynamics: the initial rise in [Ca2+], followed by a gradual
decay during continuous stimulation with 3 tiM CCh was transformed by 0.3 mM procaine to the
oscillatory [Ca2+]i dynamics, which resembled the response to 0.3 ylM CCh in the absence of procaine.
The initial phase of [Ca2+], oscillation corresponded to the initial phase of CCh-induced amylase release
in isolated perfused acini.
4 Procaine (0.3-3 mM) did not inhibit the secretory response to cholecystokinin octapeptide (CCK-8)
in isolated incubated acini. A higher concentration of procaine (10 mM) caused weak but significant
inhibition of the response to only limited concentrations of CCK-8, 30 and 100 pm. Procaine lower than
10 mM was ineffective on [251I]-BH-CCK-8 binding, although procaine (10 mM) caused weak but
significant inhibition of the binding.

Keywords: Exocrine secretion; pancreas; procaine; amylase release; [Ca2 ],; carbachol; cholecystokinin (CCK)

Introduction

The term 'stimulus-secretion coupling' originally expressed
the sequence of events set in motion by acetylcholine (ACh)
which results in the release of catecholamines from the
adrenal medulla. This term has since been applied to a
variety of secretory systems including the exocrine pancreas
(Kanno, 1972). A cardinal intracellular signal in the coupling
is the increase in cytoplasmic concentration of calcium ion,
[Ca2+],. Information on [Ca2+]i dynamics in various types of
cells has become available following the development of the
bioluminescent probe, aequorin (Cobbold, 1989 for reference)
and of Ca2'-sensitive fluorescent probes (Grynkiewicz et al.,
1985; Tsien et al., 1985). Spatial and temporal [Ca2+]i dy-
namics in stimulus-secretion coupling of rat pancreatic acinar
cells have been monitored by a digital image analysing tech-
nique using Fura-2 (Kanno et al., 1989; Habara & Kanno,
1991).
An approach to elucidate the cardinal role of [Ca2+],

dynamics in the coupling may be pharmacological analysis
with local anaesthetics, since it was reported that the local
anaesthetic, tetracaine, reduced both acetylcholine-induced
45Ca2+ uptake and catecholamine secretion in the chromaffin
cells of the adrenal gland (Douglas & Kanno, 1967; Rubin et
al., 1967; Rubin, 1970). In the present study, recordings were
made of [Ca2+]i dynamics and of amylase release evoked by
stimulation with carbachol (CCh) or the C-terminal octapep-
tide of cholecystokinin (CCK-8). In addition, binding assays
for muscarinic or cholecystokinin (CCK) receptors were used
to elucidate the mechanism of the inhibitory action of pro-
caine on stimulus-secretion coupling, which is activated by
binding of CCh or CCK-8 to respective receptors in the rat
pancreatic acinar cell.

' Author for correspondence at Okazaki address.

Methods

Male rats (Sprague-Dawley) of 200-250 g b.w. were fasted
overnight and used for the experiments.

Isolation and incubation ofpancreatic acini

HEPES-buffered Ringer Solution (HR; pH 7.4) was used for
preparing, incubating, and perfusing isolated acini. The com-
position of the standard solution was as follows (mM):
NaCl 118, KCI 4.7, NaH2PO4 1.0, MgCl2 1.13, CaCI22.5, D-
glucose 5.5, HEPES 10.0. The solution was supplemented
with soybean trypsin inhibitor (0.1 mg ml-'), bovine serum
albumin (2mgml-'), Eagle's minimal essential amino acids
medium, and 2.0mM L-glutamine. The solution was gassed
with 100% 02- Pancreatic acini were prepared by the method
of Hootman et al. (1986) with slight modifications as re-
ported previously (Habara et al., 1986). The isolated acini
were preincubated for 30 min prior to the experiments. The
dose-response curves were obtained by stimulating acini with
increasing concentrations of CCh or CCK-8 in the absence
or the presence of various concentrations of procaine for
30 min at 37'C. After 30 min stimulation with secretagogue,
I ml aliquot was taken from the flask and centrifuged at
12,000 x g for 20 s. The supernatant was kept on ice for
amylase determination.

Perfusion

An aliquot of acinar suspension was loaded onto a Millipore
filter held in a plastic holder (Imamura et al., 1983) and was
perfused at a rate of 1 ml HR min' with a Perista Mini-
pump. Initial collections of perfusate were made at 20min
intervals for 60 min and subsequent collections at every
2 min thereafter. Acini were continuously stimulated with
CCh in the absence or the presence of 0.3 mM procaine.

'." Macmillan Press Ltd, 1993Br. J. Pharmacol. (1993), 110, 603-608
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Receptor binding assay

The possible antagonism of procaine with muscarinic recep-
tors was examined by use of a specific muscarinic antagonist,
[3H]-NMS (2.94 TBq mmol-'), as described in previous re-
ports (Hootman et al., 1986; Habara et al., 1986). Acini were
incubated with 0.5 nM [3H]-NMS in a total volume of 5 ml
of HR in the presence of varying concentrations of atropine
or procaine or carbachol for 60 min at 37°C. The binding
reaction was then stopped by pouring the medium onto
Whatman GF/A glass fibre filters in a vacuum filtering
manifold and rinsed three times with 5 ml of chilled 0.9%
NaCl. Filters were then placed in scintillation vials, extracted
for several hours in a cocktail consisting of 10% Solvable in
Atomlight, and counted for radioactivity with an Aloka
liquid scintillation spectrometer. The ability of procaine to
interact with pancreatic acinar CCK receptors was charac-
terized by use of ['251]-BH-CCK-8 (81.4 TBq mmol 1) as
described in a previous paper (Miller et al., 1981). Acini were
incubated with 13 pM [12511-BH-CCK-8 in a total volume of
1 ml of HR in the presence of various concentrations of
CCK-8 and procaine for 30 min at 37°C. The binding reac-
tion was then terminated as described in [3H]-NMS experi-
ments. Saline containing 0.2% BSA was used for rinsing
solution. Radioactivity of the filters was measured with an
Aloka gamma counter.

Fura-2-AM loading and digital image analysis

Fura-2-AM loading and measurement of fluorescence ratio
with double excitation wavelengths were carried out as re-
ported previously (Kanno et al., 1989). In brief, acini were
loaded with a final concentration of 10tiM Fura-2-AM for
40 min at 37°C with mild shaking. After pelleting and rinsing,
acini resuspended in fresh HR were transferred onto a Cell-
Tak coated non-fluorescent glass cover slide mounted in a
Sykus-Moore chamber and allowed to attach to the cover
slide for several minutes. The chamber was then installed on
a stage of a modified inverted microscope (TMD-2, Nikon,
Tokyo, Japan) equipped with an inlet of perfusing solution
and an outlet by suction. At 5 s intervals, a pair of fluor-
escence images of the emissions (510 nm) formed by excitation
at 340 and 380 nm were obtained with a silicon intensified
target (SIT) camera and data processing was carried out with
an Argus 50 (Hamamatsu Photonics, Hamamatsu, Japan) as
described previously (Kanno et al., 1989; Habara & Kanno,
1991). Regulation of excitation wavelengths was controlled
with a personal computer which is on-line with a filter
exchange unit and SIT camera.

Measurement of amylase release

Amylase activity present in incubation or perfusion media
was determined by the modified method of Bernfeld using
soluble Zulkowsy starch as substrate (Kanno, 1975). Amylase
activity was expressed as a percentage of the total enzyme
activity initially present in acinar cells.

Affinity constant analysis

Schild plots and standard analysis for linear regression were
adopted for the analysis of antagonism in the functional
studies (Arunlakshana & Schild, 1959). In the binding stud-
ies, the pKi values are negative logarithms of Ki values which
were derived from the IC_o value, according to the following
equation (Cheng & Prusoff, 1973), Ki = IC5o/(l + [L]/Kd),
where [L] and Kd are the concentration of [3H]-NMS ( = 0.5
nM) and dissociation constant (= 180 pM), respectively. The
Kd value of [3H]-NMS was employed from the results of
Hootman et al. (1991), because the pancreatic acini were
prepared according to their method.

Statistics

The results are presented as mean ± s.e.mean. Statistical
analyses were carried out by Student's t test.

Materials

Procaine hydrochloride and HEPES (N-2-hydroxyethylpiper-
azine-N'-2-ethanesulphonic acid) were purchased from Naca-
lai Tesque (Kyoto, Japan); collagenase (purified; CLSPA)
was from Worthington Biochemical (Freehold, NJ, U.S.A.);
soybean trypsin inhibitor (type 1-S), bovine serum albumin
(Fraction V) and carbamylcholine chloride (carbachol, CCh)
were from Sigma Chemical (St. Louis, MO, U.S.A.); chole-
cystokinin octapeptide (CCK-8) was from Peptide Institute
(Minoh, Japan); Eagle's minimal essential amino acids med-
ium (50 x concentrate) was from Flow Laboratories (Irvine,
Scotland); Cell-Tak from Collaborative Research (Bedford,
MA, U.S.A.); soluble Zulkowsky starch was from Merck
(Darmstadt, Germany); Fura-2-AM from Dojindo Laborato-
ries (Kumamoto, Japan). [N-methyl-3H]-scopolamine chloride
([3H]-NMS), ['25I]-Bolton & Hunter-labelled cholecystokinin
octapeptide (BH-CCK-8), Solvable, and Atomlight were
from Du Pont/New England Nuclear (Boston, MA, U.S.A.).
Millipore filter (type SM, pore size 5 .m) was from Nihon
Millipore Kogyo (Yonezawa, Japan).

Results

Effect ofprocaine on amylase release induced by CCh or
CCK-8 stimulation in isolated incubated acini

The effect of procaine on secretagogue-induced amylase
release was examined in isolated incubated acini. Figure 1
illustrates the relation between the concentrations of CCh or
CCK-8 and the level of amylase release in the absence or the
presence of various concentrations of procaine. When the
procaine concentration was increased stepwise from zero to
10 mM, the dose-response relation for CCh was shifted to the
right in a concentration-dependent manner. The maximal
responses to CCh in the presence of various procaine concen-
trations were not significantly different from the maximal
response to CCh alone. In contrast to CCh, the CCK-8-
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Figure 1 Dose-response relation of amylase release induced by car-
bachol (CCh) or cholecystokinin octapeptide (CCK-8) in the absence
or the presence of procaine. CCh or CCK-8 at different concentra-
tions as indicated was added to the incubation media and amylase
released over 30 min was determined. Each value represents the
mean ± s.e.mean obtained from 6 (CCh) or 5 (CCK-8) experiments.
Each symbol represents the value obtained in following conditions:
CCh without procaine (0); CCh with 0.03 mM procaine (V); CCh
with 0.3 mm procaine (A); CCh with 3 mM procaine (0); CCh with
10mM procaine (O); CCK-8 without procaine (0); CCK-8 with
0.3 mM procaine (A); CCK-8 with 3 mM procaine (O); CCK-8 with
10mM procaine (*).
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induced secretory response was not affected by procaine
(0.3-3 mM), but amylase release induced by CCK-8 (30 pM
or 100 pM) stimulation was significantly decreased by 10 mM
procaine. The dose-response curve was slightly shifted down-
ward in the presence of 10mm procaine (Figure 1).
The inhibitory effect of procaine on CCh-stimulated amy-

lase release was further analysed by a method of Arunlak-
shana & Schild (1959) in Figure 2. The pA2 for procaine was
5.00 ± 0.08 (n = 6). The slope of the line in Figure 2 was
0.98 ± 0.04 (n = 6), which was not significantly different from
unity. On the contrary, kinetic analysis of the inhibitory
action of procaine on CCK-8 induced amylase release was
also carried out, but it did not give us a definite conclusion
as to the mode of inhibition.

Effect ofprocaine on [3H]-NMS or ['25I]-BH-CCK-8
binding

A view that procaine may compete with CCh at the receptor
site was further confirmed by examining the inhibitory effect
of procaine on [3H]-NMS binding to isolated incubated acini.
The results presented in Figure 3 show that procaine com-
petitively inhibited [3H]-NMS binding. The pKi value for
procaine calculated from binding studies was 4.63 ± 0.10
(n = 3). This value was not significantly different from the
pA2 value (P> 0.05). The data depicted in the Figure 3 were
calculated according to Hill equation and yielded a Hill
coefficient of 1.07 ± 0.06 (n = 3) which was not significantly
different from unity.

Procaine concentrations of less than 10 mM were ineffective
on [1251]-BH-CCK-8 binding, although 10 mM procaine caused
weak but significant inhibition of the binding.

Effect ofprocaine on secretagogue-induced amylase
release and temporal dynamics of [Ca2+]i in acini

The effect of procaine on [Ca2+]i dynamics induced by
secretagogues at various concentrations was examined in
isolated perfused acini and the corresponding effect on the
time course of the secretory response was compared in the
other preparations. In the absence of procaine, 0.3 JiM CCh
induced [Ca2+], oscillation (Figure 4b) and sustained amylase
release (Figure 4a). Procaine (0.3 mM) inhibited [Ca2+]i dyna-
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Figure 2 Schild plot of procaine inhibition of amylase release. Dose-
ratios for procaine were calculated from Figure 1. Values are the
mean ± s.e.mean of 6 experiments.

E 11

E

C'.

z

I

'
o-

10 1010-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2
Ligand concentration (M)

Figure 3 Effect of procaine on [N-methyl-3H]-scopolamine ([3H]-
NMS) binding to acini. Acini were incubated in HR containing
0.5 nM [3H]-NMS for 60 min at 37°C in the presence of varying
concentrations of atropine (0), procaine (0), or carbachol (CCh)
(0). The results were represented as a percentage of maximum.
Values are the mean ± s.e.mean of 3 experiments in which duplicate
measurements were carried out.

mics and secretory response induced by continuous stimula-
tion with 0.3 JAM CCh (Figure 4c and d).
When isolated pancreatic acini were stimulated with 3 JiM

CCh, [Ca2+]i reached peak levels, on which small oscillatory
spikes were superimposed, within 2 min after the initiation of
the stimulation, and gradually returned to the stable level
(Figure 5b). This pattern of [Ca2+], was transformed by
0.3 mM procaine to [Ca2+], oscillation, which resembled the
response to 0.3 JAM CCh in the absence of procaine (Figure
Sd). Amylase release was rapidly increased and reached the
peak level within 4 min after the initiation of stimulation and
was maintained at a stable level during stimulation (Figure
Sa). The initial phase of [Ca2+], oscillation corresponded to
the initial phase of amylase release (Figure 5c).
When the preparation was stimulated with 1001JM CCh,

[Ca2+]i rose rapidly to the peak level followed by sharp
decay, and amylase release increased to an initial phase
followed by second plateau phase. Addition of 0.3 mM pro-
caine prolonged the CCh-evoked [Ca2+], increase and initial
phase of amylase release.

Procaine (0.3 mM) was ineffective by itself on [Ca2+],
dynamics and secretory response, and did not inhibit the
responses to CCK-8 (10-1000pM). However, procaine at a
higher concentration, 10 mM, caused weak inhibition of the
responses to CCK-8. When isolated pancreatic acini were
stimulated with CCK-8 at a lower concentration, 10 or
30 pM, [Ca2+], increased with oscillatory spikes and amylase
release was gradually increased followed by a plateau phase.
Addition of 10mM procaine attenuated the [Ca2+], oscilla-
tion, and decreased both the rate of rise in amylase release
and the level of plateau phase. When the preparation was
stimulated with CCK-8 at a higher concentration, 100 or
1000 pM, [Ca2+]i rapidly reached the peak level followed by a
rapid decay, and amylase release was increased rapidly to
reach the initial transient phase followed by gradual decay.
Addition of 10 mM procaine induced slight inhibition of the
[Ca2+], increase and delayed the declining phase of the
secretory response to CCK-8. Procaine alone (10 mM) was
ineffective on both responses.

Discussion

Cholinoceptor

The present study carried out in the isolated incubated
preparations of rat pancreatic acini gave us the following
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Figure 4 Effect of 0.3 mm procaine on 0.3 pM carbachol (CCh)-induced amylase release and [Ca2I]j dynamics in isolated perfused
rat pancreatic acini. (a) Time course of amylase release induced by continuous stimulation with 0.3 FM CCh. The values are the
mean ± s.e.mean obtained from 5 experiments. Open horizontal bar indicates the period of CCh perfusion. (b) Shows the changes
in [Ca2+]i measured in four different regions of the same acinus, and is part of a continuous recording of [Ca2+]j dynamics
(indicated by the thin lines) at a high magnification of time scale in order to distinguish the [Ca2+]i dynamics during the perfusion
with CCh. [Ca2+]i is expressed as fluorescence ratio (F340/F380). Similar records were obtained in three other experiments. (c) Time
course of amylase released induced by 0.3 fLM CCh in the presence of 0.3 mm procaine. The values are the mean ± s.e.mean
obtained from 5 experiments. (d) Time course of [Ca2+]i dynamics induced by perfusion with 0.3 jtM CCh in the presence of 0.3 mM
procaine. Stippled horizontal bar indicates the perfusion period with CCh and procaine. Similar records were obtained in three
other experiments. Other explanations as in (b).

results; (1) the maximal responses to CCh in the presence of
various procaine concentrations were not significantly
different from the maximal response to CCh alone (Figure 1);
(2) the dose-response relation for the CCh-induced amylase
release showed a parallel shift to the right by increasing doses
of procaine (Figure 1); and (3) the slope of the Schild plots
thus obtained was not significantly different from unity
(Figure 2). These results are compatible with a view that
procaine is a competitive antagonist for the muscarinic recep-
tor in pancreatic acinar cells. This view was further streng-
thened by the receptor binding experiments, indicating that
the pKi value was not significantly different from the pA2.
The coincidence of two values, pKi and pA2, indicates that
the main mechanism of procaine inhibition on CCh-induced
pancreatic secretion may certainly be at the muscarinic recep-
tor level, and that the drug may cause little, if any, inhibitory
effects on the Ca2+ entry step and on the steps between
[Ca2+], increase and exocytosis. Furthermore, the Hill
coefficient calculated from the results of the receptor binding
experiments was 1.07 ± 0.06, which was not significantly
different from unity, indicating that the mode of procaine
binding with the receptor is single order. This conclusion
coincides with that obtained by characterizing muscarinic
cholinoceptors on rat pancreatic acini (Dehaye et al., 1984).

The conclusion that procaine is a competitive muscarinic
antagonist in the pancreatic acinar cells is compatible with
previous findings obtained in other types of cells. Richelson
et al. (1978) concluded by measuring CCh-induced guanosine
3':5'-cyclic monophosphate (cyclic GMP) formation in cul-
tured neuroblastoma clone of mouse that local anaesthetics,
including procaine, were apparently competitive inhibitors of
CCh. Sharkey et al. (1988) concluded from a binding assay
using [3H]-quinuclidinyl benzilate that local anaesthetics in-
cluding procaine could act as antimuscarinic agents in heart
and brain of rat. Hisayama et al. (1989) suggested that local
anaesthetics including procaine may interact directly with the
muscarinic M2 receptor sites in a competitive manner in
smooth muscle of guinea-pig. In addition, the pKi value of
4.63 is similar to the value obtained in heart (pKi= 5.5) or
medulla (pKi= 4.4) or taenia caecum (pKi = 5.03), all of
which have M2 type muscarinic receptors (Sharkey et al.,
1988; Hisayama et al., 1989).

CCK receptor

The present experiments demonstrated that procaine at a
much higher concentration (10 mM) caused weak but
significant inhibition of [125I]-BH-CCK-8 binding, whereas the

Prprqrmp

lllllmlp.l .; .. .,
r-l- I. 7. ...

..,.v

;.. .I, :.c

il r, I.u'r

.i ..;.



PROCAINE INHIBITS STIMULUS-SECRETION COUPLING 607

1.0 1.0

0.8 0.8

I 06~~~~~~~~~~~~~~~~60.4. . .0s.4-., ..

0.2 0.2

8.0 0.0
5'

tt:.- rfly;-:?'JTlmttmvfl);.:

4 4M

3 ~~~~~~~~~~~~~~3

2A ~~~~~~~~~~~~~~2-

Ak~~~~~~U

10~~~ ~ ~ ~ ~ ~ 8 1 142 14 1 8 2

f~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~- hE< ;In;'j Y*g~~~~ie (mm) r2 ; - ;Tim410e(rrwn){ <*

Figure 5 Effect of 0.3 mm procaine on 3 gim carbachol (CCh)-induced amylase release and [Ca"]i dynamics in perfused acini.
Symbols and explanations except CCh concentration as in Figure 4.

drug at concentrations lower than 10 mM was without effect
on binding. The weak inhibitory effect of procaine on CCK-
8-induced secretory response was further confirmed in iso-
lated incubated acini: procaine (0.3-3 mM) failed to inhibit
the secretory response evoked by CCK-8 stimulation at
various concentrations. A higher concentration of procaine
(10 mM) caused a weak but significant inhibition of the re-
sponse to only limited concentrations (30 and 100 pM) of
CCK-8.
The weak inhibitory effect of procaine at a much higher

concentration may not be entirely due to the disturbance by
procaine at the binding sites of CCK-8 but may also be due
to action on the steps between receptor binding and exo-
cytosis. Precise mechanisms of the inhibitory action of pro-
caine on CCK-8-induced responses remained to be eluci-
dated, although the following views have been proposed in
various preparations; (1) local anaesthetics including procaine
may inhibit the Ca2"-induced Ca2" release in various prepar-
ations (Thorens & Endo, 1975; Endo, 1977; Yagi et al., 1985)
and (2) local anaesthetics including procaine may interfere
with Na+ channel, Ca2+ channel, various membrane-asso-
ciated proteins including adenylate cyclase, guanylate cyclase,
calmodulin-sensitive proteins, ion-pumping enzymes (Na+/
K+-ATPase and Ca2+/Mg2+-ATPase), phospholipase A2, and
phospholipase C (for reference see Butterworth & Strichartz,
1990; Charlesworth et al., 1992).

Correlation between [Ca2]i dynamics and time course
of amylase release

A cardinal intracellular signal in stimulus-secretion coupling
is the increase in [Ca2+]i, the dynamics of which may cor-
relate with the time course of secretory responses to secre-
tagogues. To analyse the correlation, however, it should be
noted that the [Ca2+]i dynamics were recorded from a single
acinar cell, whereas the secretory response was the mean of a
population of many cells. The mean of asynchronous oscil-
latory [Ca2+]i dynamics induced by continuous stimulation
with CCh at a low concentration (0.3 tAM) in different acini
may correspond to a gradual increase in secretory response
followed by a plateau phase (Figure 4). The dual phase of
[Ca2+]i dynamics, an initial rapid rise followed by gradual
decay, caused by continuous stimulation with CCh at a
higher concentration (3 jAM) apparently resembled the dual
phase of the time course of the secretory response (Figure 5).
The pattern of [Ca2"]j dynamics caused by stimulation with
3 JAM CCh in the absence of procaine was transformed to the
pattern caused by stimulation with 0.3 JAM CCh in the solu-
tion containing 0.3 mM procaine. These results again support
the view that the [Ca2+]i dynamics correlated with the
secretory response, and that procaine inhibits the muscarinic
receptor and, in turn, decreases the CCh-induced Ca2" entry.
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Effect of capsazepine on the release of calcitonin gene-related
peptide-like immunoreactivity (CGRP-LI) induced by low pH,
capsaicin and potassium in rat soleus muscle

Paolo Santicioli, *Elena Del Bianco, *Michela Figini, tStuart Bevan & 'Carlo Alberto Maggi

Pharmacology Department, A Menarini Pharmaceuticals, Via Sette Santi 3, 50131, Florence, Italy; *Dept. of Internal
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1 We have determined the effect of the competitive antagonist capsazepine at the capsaicin receptor on
the release of calcitonin gene-related peptide-like immunoreactivity (CGRP-LI) from rat isolated soleus
muscle induced by capsaicin (1 ALM), by superfusion with low pH medium (pH 5) or by KCI (80 mM).
2 Each one of the three stimuli tested produced a marked CGRP-LI release. Total evoked release
(fmol g-') was 482 + 69, 169 ± 20 and 253 ± 43 for capsaicin, low pH medium and KCI, respectively.
3 Prior application of capsaicin (10iM for 30 min followed by 30 min of washout) to produce
capsaicin desensitization in vitro abolished CGRP-LI release induced by the three stimuli.
4 Capsazepine (1-100 !LM, 45 min preincubation) inhibited the evoked CGRP-LI release. Capsaicin-
induced release was significantly inhibited by 77, 92 and 96% with 10, 30 and 100 gM capsazepine,
respectively. Low pH-induced release was inhibited by 78, 84, 88 and 93% with 3, 10, 30 and 100 AM
capsazepine, respectively. KCI-induced release was significantly inhibited by 55 and 93% with 30 and
100§tM (but not with 1OIM) capsazepine, respectively.
5 These findings demonstrate that capsazepine prevents low pH- and capsaicin-induced CGRP-LI
release from rat soleus muscle at concentrations which do not affect the release evoked by KCI. These
findings imply a relationship between the action of low pH and activation of the capsaicin receptor. At
high concentrations, capsazepine produces a nonspecific inhibitory effect on CGRP-LI release from
peripheral endings of the capsaicin-sensitive primary afferent neurone.

Keywords: Calcitonin gene-related peptide (CGRP); protons; rat soleus muscle; capsaicin-sensitive primary afferents; cap-
sazepine

Introduction

Capsaicin-sensitive primary afferent neurones are known to
exert an 'efferent' function by releasing sensory neuropep-
tides, tachykinins and calcitonin gene-related peptide (CGRP),
from their peripheral endings. Pronounced chemosensitivity
is a distinguishing feature of the capsaicin-sensitive primary
afferents: peripheral release of sensory neuropeptides is evok-
ed by a number of chemical stimuli, including mediators or
inflammation (bradykinin, 5-hydroxytryptamine etc.) and
conditions (elevated extracellular K+ and H+ concentrations)
which are commonly encountered during inflammation/tissue
damage (Maggi, 1991a for review).

In recent years, much information has been gained on the
mechanisms through which capsaicin and related molecules
act on primary afferent neurones (Maggi et al., 1991b; Bevan
& Szolcsanyi, 1991 for reviews). The selective action of cap-
saicin is mediated through the stimulation of a specific 'vanil-
loid' receptor, identified by the use of resiniferatoxin, an
ultrapotent capsaicin analogue (Szallasi & Blumberg, 1990).
Stimulation of the capsaicin or 'vanilloid' receptor opens a
novel type of cation channel leading to calcium and sodium
entry into the sensory neurones (Bevan & Szolcsanyi, 1991).
In peripheral terminals of capsaicin-sensitive afferents, the
increased cation conductance is believed to underlie the
capsaicin-induced depolarization and generation of afferent
impulses, whilst calcium entry is the trigger for the con-
comitant local secretion of sensory neuropeptides (Maggi,
1991b).
Determination of the mechanism of action of capsaicin on

primary afferent neurones has been facilitated by the
development of pharmacological tools which selectively block
capsaicin action on primary afferent neurones. Bevan et al.

' Author for correspondence.

(1991, 1992a) developed the benzazepine derivative, capsa-
zepine, as the first example of a competitive receptor
antagonist for the vanilloid receptor. Capsazepine has been
shown to antagonize selectively capsaicin action at both cent-
ral and peripheral endings of primary afferent neurones
(Urban & Dray, 1991; Bevan et al., 1992a; Belvisi et al.,
1992; Maggi et al., 1993) and the nature of the antagonism is
compatible with competitive interaction at the capsaicin
receptor. The selectivity of capsazepine for the vanilloid
receptor makes it an extremely useful tool to investigate the
possibility that an endogenous ligand exists for this receptor.
Another tool which, at certain concentrations, acts as a
selective capsaicin antagonist is the dye, ruthenium red
(Amann & Maggi, 1991, for review). In contrast to capsa-
zepine, ruthenium red does not bind to the vanilloid receptor
and its action is characterized by noncompetitive antagonism
of capsaicin-induced primary afferent stimulation (Bevan et
al., 1992a; Maggi et al., 1993). Although the precise mechan-
ism of action of ruthenium red is unclear, there is evidence
that it prevents the opening of the cation channel coupled to
the vanilloid receptor (Dray et al., 1990; Amann & Maggi,
1991 for review). According to this model, ruthenium red not
only prevents the action of capsaicin on sensory neurones,
but also blocks the action of other stimuli which share with
the vanilloid receptor the same cation channel for sensory
neurone stimulation. A notable case for this is the action of
protons (low pH media) which activate the efferent function
of capsaicin-sensitive afferent neurones in a ruthenium red-
sensitive manner (Geppetti et al., 1991; Del Bianco et al.,
1991; Santicioli et al., 1992a). Patch clamp studies on memb-
ranes of primary afferents have demonstrated that capsaicin
and protons open the same cation channel (Bevan et al.,
1993).

Br. J. Pharmacol. (1993), 110, 609-612 '." Macmillan Press Ltd, 1993
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In a recent study we demonstrated that application of low
pH medium produced release of CGRP-LI of sensory origin
from the rat soleus muscle and that release evoked by low
pH medium or capsaicin is selectively reduced by ruthenium
red, the release evoked by KCI being unaffected (Santicioli et
al., 1992a). In the present study we aimed to investigate the
effect of capsazepine on CGRP-LI release induced by these
three stimuli from rat soleus muscle. Preliminary results of
this study were presented at a Meeting of the British Pharma-
cological Society (Santicioli et al., 1992b).

Methods

Male albino Wistar rats (Charles River, Italy) weighing 250-
300 g were anaesthetized with urethane (1.2 g kg-', i.p.). The
soleus muscle was excised from both legs and the animals
killed with an excess dose of the anaesthetic. The muscles
were placed in oxygenated (96% 02, 4% CO2, pH 7.4) Krebs
solution of the following composition (mM): NaCl 119,
NaHCO3 25, KH2PO4 1.2, MgSO4 1.5, KCI 4.7, CaC12 2.5
and glucose 11. In each. experiment, the soleus muscles were
excised from the legs of 2 rats: tissues were sliced (thickness
0.4 mm) with a Macllwain tissue chopper, the chopped
muscles pooled and divided (150-250 mg each) into 4 ther-
mostated (37C) 1 ml perspex chambers and superfused at
rate of 0.4 ml min-' with oxygenated Krebs solution contain-
ing 0.1% (w/v) bovine serum albumin (BSA) and 10 jiM
thiorphan. All values in the text and figures are mean +
s.e.mean of replicates of different experiments.
Thiorphan was added to inhibit endopeptidase 24.11, mini-

mize CGRP-degradation and enhance CGRP-LI recovery in
superfusates (Katayama et al., 1991; Davies et al., 1992). For
experiments aiming to assess the effect of low pH solutions,
phosphate buffer solutions at pH 7.4 and 5 were prepared
and used as described in previous studies (Geppetti et al.,
1991; Del Bianco et al., 1991; Santicioli et al., 1992a). The
soleus muscle was placed in phosphate buffered physiological
salt solution at pH 7.4 after excision and during equilibra-
tion. In these experiments, the phosphate buffer solutions
were gassed with 100% 02.

After a 45 min stabilization period, 5 min fractions were
collected into polypropylene tubes containing acetic acid
(final concentration 2 N). In some experiments, in order to
induce a long lasting blockade of primary afferents, capsaicin
(1O jiM) was left in contact with the tissue for 30 min and
then washed out for 30 min before sample collection and
application of low pH medium. Controls were run in the
presence of capsaicin vehicle (0.001% ethanol).
To study the effect of capsazepine on CGRP-LI release

evoked by the various stimuli, the samples were incubated
with the drug for 45 min before application of the stimuli. At
the end of the experiment the samples from each chamber
were collected and weighed.
The fractions were freeze-dried, reconstituted with the

assay buffer (0.1 M phosphate buffer at pH 7.4 containing
0.9% NaCl, 0.01% NaN3 and 0.10% bovine serum albumin
(BSA)) and their CGRP-LI content was determined by radio-
immunoassay (RIA), as described previously (Geppetti et al.,
1991; Del Bianco et al., 1991; Santicioli et al., 1992a).
Drugs used were: capsaicin and thiorphan (Sigma). Cap-

sazepine was synthesized at the Sandoz Institute for Medical
Research.

In each experiment the total evoked release (TER) of
CGRP-LI produced by the various stimuli above the basal
values was calculated. Statistical analysis was performed by
means of two-tailed Student's t test for paired and unpaired
data, or by analysis of variance, when applicable.

Results

Application of capsaicin (1 ,IM), high potassium medium

(80 mM) or superfusion with low pH medium (pH 5) pro-
duced a clearcut increase in CGRP-LI outflow (Figure 1).
TER (fmol g-' wet wt) produced by these three stimuli was
482 ± 69, 169 ± 20 and 253 ± 43 for capsaicin, low pH
medium and KCI, respectively.

Prior application of capsaicin totally prevented CGRP-LI
outflow induced by a subsequent application of capsaicin, pH
5 buffer solution or KC1 (n = 4-6 for each agonist, Figure 1,
open columns).

Capsazepine (1 -100 jiM) did not produce CGRP-LI release
on its own. In the presence of capsazepine, the CGRP-LI
release evoked by the three stimuli was depressed in a con-
centration-dependent manner, but the concentrations of the
drug which inhibited the evoked release were different for the
three agonsits (Figure 2). In particular, the capsaicin-evoked
CGRP-LI release was inhibited by 10 1iM capsazepine and
abolished at higher concentrations. The CGRP-LI release
evoked by low pH medium was significantly inhibited by
3pjM capsazepine and further depressed and abolished by
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Figure 2 Effect of capsazepine (I -100 giM) on calcitonin gene-
related peptide-like immunoreactivity (CGRP-LI) release induced by
capsaicin (I JAM) (a), low pH medium (pH 5), (b) or KCI (80 mM) (c)
from rat soleus muscle. Con = control. Each value is mean ± s.e.
mean of 4-8 replicates. Significantly different from controls:
*P< 0.05.

higher concentrations. The KCI-induced release was only
reduced at 30 JAM and was abolished at 1I00 JM capsazepine.

Discussion

The rat soleus muscle receives a CGRP-containing, capsaicin-
sensitive afferent innervation. In skeletal muscle, another
source of CGRP exists, the peripheral terminals of somatic
motorneurones (Yamamoto & Tohyama, 1989, for review).
Capsaicin pretreatment, at a dose regimen which completely
depletes CGRP-LI in e.g. the rat urinary bladder, only par-
tially reduces (50-60%) CGRP-LI levels of the soleus muscle
(Santicioli et al., 1992a), which is consistent with dual CGRP
innervation. On the other hand the available evidence indi-
cates that only the 'sensory' source of neuronal CGRP is
released from skeletal muscle by depolarizing media (Saka-
guchi et al., 1991). In agreement with this notion, CGRP-LI
release evoked by KCI was totally prevented by in vitro
application of high capsaicin concentrations (capsaicin desen-
sitization). Therefore, peripheral endings of primary afferent

neurones are the only source of releasable CGRP-LI in our
preparation.
The main finding of this study is that the competitive

vanilloid receptor antagonist, capsazepine, not only prevents
the capsaicin-evoked CGRP-LI outflow, but also significantly
inhibits that induced by low pH. Up to 1O IM, the action of
capsazepine is, in some way, selective, because no inhibition
of KCI-induced CGRP-LI release was observed. At higher
concentrations (30-100 JM) capsazepine possesses a non-
specific inhibitory action on the neurosecretory process, as
indicated by inhibition of the response to KCI. Capsazepine
is a competitive antagonist of the vanilloid receptor (Bevan et
al., 1992a) and its failure to antagonize the capsaicin- (1 JAM)
induced CGRP-LI release at concentrations below 10 JM is
likely to be due to the competitive nature of interaction. The
magnitude of response to low pH is smaller than that to
capsaicin and this may explain the greater efficacy of capsa-
zepine. In preliminary experiments (data not shown) we
attempted to use lower capsaicin concentrations but the
evoked CGRP-LI release was too variable for pharmaco-
logical analysis of the inhibitory effect of capsazepine.
A major finding of this study is that capsazepine antag-

onized CGRP-LI release evoked by low pH medium at a
concentration of 3 JAM while the response to KCI, which is
quantitatively comparable to that evoked by low pH, was
only inhibited at 30 JM capsazepine. While this work was in
progress, Franco-Cereceda & Lundberg (1992) showed that
CGRP-LI release induced by low pH (pH 5) or lactic acid
(5 mM) from guinea-pig isolated, perfused heart was inhibited
by 10OJM capsazepine. In a subsequent study, Lou & Lund-
berg (1992) showed that acid-induced nasal irritation and
bronchoconstriction in guinea-pigs and CGRP-LI release
from guinea-pig perfused lung was inhibited by capsazepine.
Our findings in rat soleus agree with the reports of Franco-
Cereceda & Lundberg (1992) and Lou & Lundberg (1992) in
that capsazepine inhibits release of sensory neuropeptides
induced by low pH at concentrations which do not affect
afferent stimulation by other stimuli.

These findings are difficult to reconcile with the data pres-
ented by Bevan et al. (1992b) showing that neither the ampli-
tude of the proton-activated current, nor the acid-induced
86Rb+ efflux from dorsal root ganglion (DRG) neurones in
culture or acid-induced depolarization of rat vagal nerve
fibres are affected by capsazepine at concentrations, that are
fully effective in blocking the corresponding responses acti-
vated by capsaicin. Likewise, peripheral nociceptor activation
by low pH medium in a rat tail-spinal cord preparation is
unaffected by capsazepine at concentrations which block the
response to capsaicin (Dray et al., 1992). On this basis, the
hypothesis that occupancy of the vanilloid receptor by cap-
sazepine might interfere with stimulation of the coupled
cation channel by protons seems untenable.
Our findings and those of Franco-Cereceda & Lundberg

(1992) and Lou & Lundberg (1992) have a common point in
that the interaction of capsazepine with the effect of low pH
has been investigated at the level of peptide release from
peripheral endings of capsaicin-sensitive primary afferent
neurones.
On this basis it would be premature to draw a parallel

between the proton-activated cation current on DRG
neurone membranes (Bevan et al., 1992b; 1993) and the low
pH-induced neuropeptide release from peripheral endings of
primary afferent neurones. In particular, the possibility can-
not be excluded that, when applying low pH media to peri-
pheral tissues, a mediator is generated from one or more of
the multiple cell types which are present which, in turn, may
act on primary afferents. In other words, the action of low
pH on sensory neuropeptide release in the periphery could
have been stimulated by the generation of some intermediate
factor(s) rather than by a direct action of protons on sensory
nerve terminals. This implies that if such a factor(s) exists, it
could be an endogenous ligand for the vanilloid receptor, and
thus account for blockade of the response to low pH media

I *I
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by both capsazepine (Franco-Cereceda & Lundberg, 1992;
Lou & Lundberg, 1992 and present findings) and ruthenium
red (Geppetti et al., 1991; Del Bianco et al., 1991; Santicioli
et al., 1992a). On the other hand, although KCl-induced
CGRP-LI release was not affected by capsazepine at concen-
trations that inhibit the effect of low pH, the possibility
cannot be entirely ruled out that the neurosecretory process
is not-specifically inhibited by capsazepine. In particular,
there is evidence that KCI-evoked CGRP-LI release from

peripheral endings of primary afferent neurones in rats
involves the activation of w-conotoxin-sensitive calcium
channels (Maggi & Giuliani, 1991) which may be a target for
the nonspecific effect of capsazepine on evoked CGRP-LI
release. The present findings indicate that at concentrations
of 30 JM or higher, capsazepine exerts a generalized depres-
sant action on evoked peptide release and therefore caution
against an uncontrolled use of this compound as a selective
capsaicin receptor antagonist.
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Comparison of the anti-inflammatory properties of formoterol,
salbutamol and salmeterol in guinea-pig skin and lung
'C.J. Whelan, M. Johnson & C.J. Vardey

Department of Cardiovascular and Respiratory Pharmacology, Glaxo Group Research Ltd., Park Road, Ware, Herts.
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1 We have compared some anti-inflammatory properties of formoterol, salbutamol and salmeterol in
guinea-pig skin and lung.
2 Intradermal formoterol (1 x 10-10 to 1 x 10-8 mol/site), salbutamol (1 x 10-8 and 1 x 10- mol/site)
and salmeterol (1 x 10-8 and 1 x 10- mol/site) inhibited bradykinin-induced plasma protein extravasa-
tion (PPE) in guinea-pig skin. A maximally effective dose of formoterol (1 x 10-9mol/site) and sal-
butamol (1 x o0-8 mol/site) inhibited PPE in guinea-pig skin for 2-4 h and 1-2 h respectively, whereas
salmeterol (1 x 108 mol/site) was effective for >6 h.
3 Inhaled formoterol (nebuliser concentration 0.1 to 100lAg ml') inhibited histamine-induced plasma
protein extravasation (PPE) in guinea-pig lung, with significant inhibition being observed at 10 and
100 fig mlh'. Formoterol (100 glg ml-') inhibited PPE in guinea-pig lung for 2-4 h, a duration of action
intermediate between that previously obtained for salbutamol (1 h) and salmeterol (>6 h).
4 Formoterol, like salbutamol, had no effect on neutrophil accumulation or granulocyte-dependent
PPE (zymosan-induced) in guinea-pig skin. Formoterol inhibited neutrophil accumulation
(lipopolysaccharide-induced) in guinea-pig lung but at doses greater than those required to inhibit
granulocyte-independent PPE (histamine-induced). In contrast, salmeterol inhibited neutrophil
accumulation and granulocyte-dependent PPE in guinea-pig skin and inhibited neutrophil accumulation
in guinea-pig lung at doses which inhibit granulocyte-independent PPE.
5 Inhaled formoterol (nebuliser concentration 100 jig ml 1) and salmeterol (100lgg ml ') both inhibited
PAF-induced eosinophil accumulation in guinea-pig lung. However, unlike salmeterol, this effect of
formoterol was observed only at suprabronchodilator doses.
6 We conclude that to inhibit neutrophil accumulation, at doses which inhibit granulocyte-independent
PPE, agonists acting at P-adrenoceptors on vascular endothelium require a duration of action greater
than that of salbutamol and formoterol. However, we speculate that the mechanism of inhibition of
eosinophil accumulation in guinea-pig lung by P2-adrenoceptor agonists may involve an action on
P2-adrenoceptors on a cell type other than the endothelial cell.

Keywords: Formoterol; salbutamol; salmeterol; P2-adrenoceptor agonists; vascular permeability; neutrophil; eosinophil; skin;
lung

Introduction

We have previously shown that the long-acting P2-adreno-
ceptor agonist, salmeterol, inhibited zymosan- and lipopoly-
saccharide- induced neutrophil accumulation in guinea-pig
skin and lung respectively, at doses which produce a sus-
tained inhibition of histamine-induced increased vascular
permeability (Whelan & Johnson, 1992). The same dose-
range of salmeterol also inhibited platelet activating factor
(PAF)-induced eosinophil accumulation in guinea-pig lung
(Whelan & Johnson, 1992). In contrast, the short-acting
P2-adrenoceptor agonist, salbutamol, inhibited histamine-
induced plasma protein extravasation (PPE), but had little or
no effect on neutrophil or eosinophil accumulation (Whelan
& Johnson, 1992).

Formoterol is another P2-adrenoceptor agonist which pro-
duces prolonged bronchodilatation in man (Faulds et al.,
1991). It has recently been reported to produce long-lasting
inhibition of PPE (Erjefalt & Persson, 1991) and inhibition of
antigen-induced eosinophil accumulation in guinea-pigs
(Sugiyama et al., 1992). Furthermore, like salmeterol (Twen-
tyman et al., 1990; Dahl, 1991), formoterol has been shown
to inhibit allergen-induced late-phase responses in man
(Gronneberg & Zetterstrom, 1992; Palmqvist et al., 1992),
data which are consistent with the concept that long-acting
P2-adrenoceptor agonists may have acute anti-inflammatory
activity in vivo (Johnson et al., 1992). However, in vitro and

I Author for correspondence.

in vivo studies have shown that the duration of action of
formoterol is intermediate between that of salmeterol and
salbutamol (Nials et al., 1990).
The objective of the present study was to extend our earlier

observations (Whelan & Johnson, 1992) by comparing the
effects of formoterol, salbutamol and salmeterol as inhibitors
of PPE and granulocyte accumulation in guinea-pig lung and
skin, and to use the data to explore further the relationship
between duration of action of P2-adrenoceptor agonists and
acute anti-inflammatory effects in vivo.

Methods

Plasma protein extravasation

Guinea-pig skin Male guinea-pigs (300-400 g) were anaes-
thetized with ketamine (40 mg kg-', i.m.) and xylazine
(8 mg kg-', i.m.). Each animal received an intracardiac injec-
tion of iodinated (1251I) human serum albumin ('251-HSA;
20 kBq) in heparinised (10 u ml-') saline. The abdomen of
each animal was shaved, and into this shaved area, six
intradermal injections (50 gIL) of a 132-adrenoceptor agonist or
vehicle (1% dimethylsulphoxide (DMSO) in saline) were
administered. After 30 min, one site of the six received an
injection of sterile saline (50 gIL) while the other five sites were
injected with bradykinin (1 x 10`-'1 x 10-6mol/site) in
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50 sterile saline. Thirty min after bradykinin, animals were

killed with pentobarbitone sodium (Expiral) and a plasma

sample prepared. Each injection site was removed with a

hollow punch and the radioactivity contained within the skin

samples, and -an aliquot of plasma, determined in a scintilla-

tion counter (LKB compugamma). From these data, the

plasma content of each skin sample was determined as describ-

ed previously (Whelan & Johnson, 1992). All data described

are corrected for the plasma content of the vehicle-injected site.

In experiments where the duration of action Of P2
adrenoceptor agonists was determined in guinea-pig skin,

['251]f-HSA and 132-adrenoceptor agonists were administered

under isoflurane anaesthesia as described above. At intervals

after the intradermal injection Of 132-adrenoceptor agonists,
animals were anaesthetized with ketamine and xylazine and

the same sites were injected with bradykinin. Thirty minutes

after injection of bradykinin, animals were killed and PPE

determined as described above.

Guinea-pig lung Histamine-induced PPE in guinea-pig lung
was determined as described previously (Whelan & Johnson,

1992). Briefly, following intracardiac injection of ['251]-HSA
(20 kBq), male guinea-pigs (300-400 g) were exposed to an

aerosol of histamine (500 tLg ml-') for min. Thirty minutes

after histamine challenge, guinea-pigs were killed with an

overdose of pentobarbitone sodium injected intra-

peritoneally. A blood sample was taken and the lungs were

lavaged twice with 10 ml heparinized phosphate-buffered
saline. The radioactivity in an aliquot of plasma and 5 ml of

the pooled bronchoalveolar lavage fluid (BALF) was

measured in a scintillation counter. From these data, PPE

(expressed as LIl plasma ml-' BALF) was calculated.

In experiments where potency was determined, guinea-pigs
were exposed to aerosols of formoterol (nebulizer concentra-

tion 0.1-100 Lg ml-') as described by Ball et at. (1991),

30 mm before challenge with histamine (500 Lg ml-'). The

duration of action was determined by increasing the interval

between treatment of guinea-pigs with formoterol and

challenge with histamine.

Granulocyte accumulation

Guinea-pig skin Guinea-pig peritoneal granulocytes were

elicited, isolated and labelled with "'In as described

previously (Whelan & Johnson, 1992). Labelled granulocytes
were resuspended in saline, mixed with ["'21]-HSA and rein-

jected into male guinea-pigs (300-400 g) under ketamine

(40mg kg-', i.m.) and xylazine (8 mg kg-', i.m.) anaesthesia.

At the same time, the abdomen of each animal was shaved,

and six intradermal injections (50 jdI) of a fi2-adrenoceptor

agonist or vehicle (1 % DMSO) were administered. Thirty
minutes after injection Of 132-adrenoceptor agonist, each

animal received an injection of saline (50 gil) into one site,

while the other sites were injected with zymosan (0.2 mg).

Granulocyte accumulation and PPE were measured 4 h after

injection of zymosan as described previously (Whelan &

Johnson, 1992). All data described are corrected for the

granulocyte and plasma content of a vehicle-injected site.

Guinea-pig lung Male guinea-pigs (250-350 g) were exposed
to aerosols of lipopolysaccharide (LPS, 100 tg ml-') or

platelet activating factor (PAF, 100pjg ml-') for 10min.
Four hours after LPS, or 24 h after PAF, guinea-pigs were

killed with pentobarbitone sodium, the lungs lavaged and

neutrophil (LPS) and eosinophil (PAF) accumulation

measured as described previously (Whelan & Johnson, 1992).

Animals were exposed to aerosols of P2-adrenoceptor

challenge with either LPS or PAF.

Statistical analysis

Data obtained for plasma protein extravasation in skin and

for granulocyte accumulation in skin and lung were normally
distributed and are expressed as arithmetic means ± s.e.mean.
Where appropriate, levels of statistical significance were cal-
culated by Student's ttest.

In lung, histamine-induced increases in plasma protein ex-
travasation were log normally distributed. These data are
expressed as geometric means and 95% confidence limits.
Where appropriate, levels of statistical significance were cal-
culated, on the log transformed data, by Student's t test. A
difference was considered to be significant when P <0.05.
Experimental design was such that in any given experiment,
each 132-adrenoceptor agonist group was compared with a
time-matched vehicle-treated group, thus, avoiding multiple
comparisons.

Drugs and reagents

For intradermal administration, formoterol, salbutamol and
salmeterol (Glaxo Group Research) were dissolved in DMS0
to produce a stock solution of 2 x 10' mol I`. This was
diluted in sterile saline to produce a final solution for intra-
dermal injection containing 1% DMSO or less. For aerosol
administration, formoterol, salbutamol and salmeterol were
dissolved in saline with the addition of a few drops of acetic
acid where necessary. Bradykinin, histamine dihydrochloride,
lipopolysaccharide (E. coli 026:B6), platelet activating factor
and heparin were purchased from Sigma Ltd., Poole, U.K.
'251-iodinated human serum albumin (specific activity
92.5 kBq mg' albumin) and ["'In]-oxine were purchased
from Amersham International plc., Amersham, Bucks.

Results

Plasma protein extravasation

Guinea-pig skin Intradermal injection of bradykinin (1 x
10-10 to 1 X 1066mol/site) induced a dose-related PPE such
that the highest dose of bradykinin used (1 X 10-6 mol/site)
caused the extravasation of 21.3 ± 2.68 txl plasma (n = 23,
Figure 1).

Formoterol, salmeterol and salbutamol inhibited PPE
induced by bradykinin (1 X 10-10 to 1 X 10-6 mol/site). When
injected 30 min prior to bradykinin (1 X 10-6 mol/site), intra-
dermal formoterol (1 x 1010 to 1 x 10-' mol/site) signifi-
cantly (P<0.05) inhibited PPE in guinea-pig skin (Figure 1),
with a peak effect being obtained at 1 x 10-' mol/site. A
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lower dose of formoterol (I x 10-" mol/site) was also
effective, but this inhibition was not statistically significant
(P>0.05). Similarly, salmeterol (1 x 10-8 and 1 x 10-7mol/
site), and salbutamol (1 x 10-' and 1 x 10-7mol/site),
significantly (P <0.05) inhibited bradykinin-induced PPE
(Figure 1). Lower doses (1 x l0- mol/site) of salbutamol
and salmeterol had no significant inhibitory effect (P>0.05;
Figure 1). In these experiments, 1 x 109 mol/site formoterol
was equivalent to 1 x 10-7 mol/site salmeterol and both were
more effective than 1 x 10-7mol/site salbutamol (Figure 1).

In experiments where the duration of action of P2-
adrenoceptor agonists in guinea-pig skin was determined,
formoterol (1 x 10-9mol/site) caused a marked inhibition
(82.3%, P<0.05) of PPE when injected 30 min before
bradykinin (Figure 2). However, the inhibitory activity of
formoterol was progressively lost, such that no significant
inhibition (P> 0.05) was seen after 4 h (Figure 2). In con-
trast to formoterol, a less effective dose of salmeterol
(1 x 10-8 mol/site, 64.4% inhibition at 30 min) significantly
inhibited PPE (P<0.05) even when administered up to 6h
before bradykinin, while, in these experiments, the inhibitory
effects of salbutamol (1 x 10-8 mol/site, 52.3% inhibition at
30 min, P< 0.05) were lost after 2 h (Figure 2). The duration
of action of formoterol, salmeterol and salbutamol obtained
with lower doses of bradykinin (1 x 10-8 and 1 x 10-7 mol/
site) were similar to those obtained with the higher dose of
bradykinin (1 x 10-6 mol/site, data not shown).

Guinea-pig lung When guinea-pigs were challenged with
aerosols of histamine (500 igml-'), the plasma protein con-
tent of BALF increased from 1.19 (95% c.l. 0.82- 1.73,
n = 7) gAl plasma ml-' to 4.71 (3.43-6.48, n = 12) iLl plasma
ml-' (Figure 3).

Formoterol (nebuliser concentration 0.1-100 tg ml-'),
administered to guinea-pigs by inhalation 30min prior to
challenge with histamine, caused a concentration-related
inhibition of PPE (Figure 3). Unlike data previously obtained
for salmeterol and salbutamol (Whelan & Johnson, 1992),
the concentration-effect curve for formoterol appeared shal-
low, in that while a small degree of inhibition of PPE was
apparent at concentrations of 0.1 and 1.0 fig ml-', greater
concentrations of formoterol (10 and 100iggml-') were
required to reduce significantly (P<0.05) histamine-induced
PPE (Figure 3).
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Inhibition of histamine-induced PPE by formoterol
(100 jig ml-') was evident 30 min and 1 h after administra-
tion. However, no significant (P>0.05) inhibition of PPE
was observed when formoterol was administered 2 h or 4 h
before histamine (Figure 4).

Granulocyte accumulation

Guinea-pig skin: zymosan-induced granulocyte accumulation
and PPE Four hours after injection of zymosan (0.2 mg/
site), an increased granulocyte content and PPE were
observed in guinea-pig skin (Table 1). Intradermal formoterol
(1 x 10-9 and 1 x 10-8 mol/site) had no significant (P>0.05)
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Table 1 Inhibition of granulocyte accumulation and plasma protein extravasation (PPE) in guinea-pig skin by P2-adrenoceptor
agonists administered 30min before zymosan (0.2mg/site, i.d.): measurements were made 4h later

Dose Granulocytes (x 103)/site
Agonist (mol/site) Control Test

Formoterol 10-9
10-8

Salmeterol 10-8
10-7

Salbutamol 10-7

983.2 ± 118.8
342.7 ± 53.8
332.0 ± 21.8
332.0 ± 21.8
973.1 ± 202.9

760.0 ± 79.3
247.4 ± 47.3
222.7 ± 22.1 *
185.3 ± 59.2*
769.2 ± 150.8

PPE (i.l plasma site)
Control Test

39.40 ± 4.91
13.86 ± 1.37
8.81 ± 0.70
8.81 ± 0.70

22.10 ± 5.40

29.77 ± 4.05
11.43 ± 1.78
4.99 ± 1.64*
4.50 ± 1.26*
11.48 ± 2.40

n

6
6
8
6
6

Each value is the mean ± s.e.mean of n observations.
*Significantly different from control (P<0.05).

inhibitory effect (Table 1). However, in parallel experiments,
intradermal injection of salmeterol (1 x 10-8 and 1 x I0-7
mol/site) significantly (P< 0.05) inhibited both zymosan-
induced granulocyte accumulation and PPE (Table 1),
whereas the short-acting compound, salbutamol, (1 x 10'
mol/site) again had no effect, findings that are consistent with
those described previously (Whelan & Johnson, 1992).

lation which was not statistically significant (P> 0.05). Thus,
in terms of the threshold nebuliser concentration (100 fig
ml-') required to produce statistically significant inhibition
(P<0.05), formoterol and salmeterol appear equipotent.

Discussion

Guinea-pig lung: LPS-induced neutrophil accumu-
lation Exposure of guinea-pigs to aerosols of LPS (100gLg
ml-'), as described previously (Whelan & Johnson, 1992),
caused a significant (P<0.05) increase in BALF neutrophil
count to 771.3 ± 87.2 cells gd-' (mean ± s.e.mean, n = 9), 4 h
after challenge. Pretreatment of guinea-pigs with aerosols of
formoterol (nebuliser concentrations up to 100 jig ml-'),
30 min before challenge with LPS, had no significant
(P> 0.05) inhibitory effect on LPS-induced neutrophilia. A
higher concentration of formoterol (1000 fig ml-') was
required to inhibit significantly (P< 0.05) LPS-induced
neutrophilia by 46.2%, the BALF neutrophil count being
reduced to 414.3 ± 66.0 cells gld-' (n = 9). These findings for
formoterol are similar to those previously reported for sal-
butamol (Whelan & Johnson, 1992). In contrast in parallel
experiments, salmeterol (10 and 100 gtg ml-') significantly
(P <0.05) reduced LPS-induced neutrophil accumulation
from 793.0 ± 108.5 cells gdI-' (n = 6) to 319.7 ± 59.1 and
297.2 ± 50.6 cells d-' (n = 6) respectively, confirming data
published previously (Whelan & Johnson, 1992).

PAF-induced eosinophil accumulation Exposure of guinea-
pigs to aerosols of PAF (nebuliser concentration 100 ttg
ml-') caused a 2-5 fold increase in BALF eosinophil count
24 h after challenge. Pretreatment of guinea-pigs with
aerosols of formoterol (100 fig ml-') or salmeterol (100 f,g
ml-') resulted in a significant (P<0.05) decrease in PAF-
induced eosinophilia (Table 2). Lower concentrations of for-
moterol (1 and I0lggml-') or salmeterol (lOgAgml-') had a
smaller inhibitory effect on PAF-induced eosinophil accumu-

In an earlier study, we postulated that a long duration of
action was necessary for P2-adrenoceptor agonists to inhibit
aspects of acute inflammation, such as granulocyte accumula-
tion (Whelan & Johnson, 1992). This hypothesis was based
on the observation that the long-acting P2-adrenoceptor
agonist, salmeterol, but not the short-acting compound, sal-
butamol, inhibited granulocyte accumulation in guinea-pig
lung and skin, by an action on P2-adrenoceptors.
The experiments described in the present report confirm

and extend these findings by comparing the anti-inflam-
matory profile of formoterol, another P2-adrenoceptor
agonist (Anderson, 1991) with that of salmeterol and sal-
butamol. Formoterol inhibits PPE in guinea-pig skin and
lung, findings that are consistent with those described for
other P2-adrenoceptor agonists (Persson et al., 1982; Whelan
& Johnson, 1992). As a bronchodilator, formoterol is
approximately 10 times more potent than salmeterol in
guinea-pigs and dose-effect curves for the two compounds
appear to be parallel (Nials et al., 1990). However,
concentration-effect curves for inhibition of PPE by for-
moterol in guinea-pig lung appeared shallow, in that while
formoterol appeared to be more potent than salmeterol at
threshold concentrations, the concentrations required to
achieve significant inhibition of PPE were similar to those
obtained previously for salmeterol (Whelan & Johnson,
1992). Thus, in contrast, to salmeterol, which inhibits PPE at
bronchodilator doses, formoterol appears to inhibit PPE
significantly in guinea-pig lung only at doses that are greater
than those reported to produce bronchodilatation in this
species (Nials et al., 1990).

Table 2 Inhibition of platelet activating factor (PAF)-induced eosinophil accumulation in guinea-pig lung by inhaled formoterol and
salmeterol

Eosinophils (cells jal-' BALF)
P2-Agonist
nebuliser

concentration
(jig ml-') Formoterol Salmeterol

Control
PAF
PAF + P2-Agonist
PAF + p2-Agonist
PAF + P2-Agonist

1.0
10
100

34.0 ± 7.5 (6)
123.8 ± 16.7t (6)
68.0± 15.7 (6)
75.2 ± 18.9 (6)
46.2 ± 13.0* (6)

59.1±9.1 (9)
104.3 ± 16.5+ (9)

NT
65.8 ± 17.4 (9)
43.2 ± 9.1 * (9)

Animals were exposed for 3 min to aerosols of P2-adrenoceptor agonists. Thirty min later, the animals were exposed for 10 min to
aerosols of PAF (1I00 Lg ml-') and lungs were lavaged 24 h later. Each value is the mean ± s.e.mean of (n) observations.
tSignificantly greater than control (P <0.05).
*Significantly different from PAF alone (P <0.05).
NT = Not tested.
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As an inhibitor of PPE in both guinea-pig skin and lung,
formoterol has a duration of action of 2-4 h. In contrast, in
skin, an equipotent dose of salmeterol has a duration of
effect in excess of 6 h, while this is only 2 h for salbutamol,
similar profiles to those reported previously in guinea-pig
lung (Whelan & Johnson, 1992). Thus, in both guinea-pig
skin and lung, formoterol appears to have a duration of
action intermediate between that of salbutamol and sal-
meterol. Furthermore, this duration is similar to that
obtained for formoterol-induced bronchodilatation in guinea-
pigs by Nials et al. (1990).

Inhibition of PPE by P2-adrenoceptor agonists is believed
to be due to an action of these agents on the venular
endothelium (Persson et al., 1982; Gudgeon & Martin, 1989),
leading to a reduction in the number, or size, of inter-
endothelial cell gap junctions. We have previously postulated
that inhibition of granulocyte accumulation by salmeterol is
also due to a long-lasting action on P2-adrenoceptors on
venular endothelium (Whelan & Johnson, 1992), since high
concentrations of P2-adrenoceptor agonists are generally
required to have a direct inhibitory effect on leukocytes in
vitro (Busse & Sosman, 1984; Baker & Fuller, 1990; Nijkamp
et al., 1992). Furthermore, unlike inhibition of granulocyte
accumulation by salmeterol in vivo (Whelan & Johnson,
1992), these effects are not reversed by P-adrenoceptor
antagonists such as propranolol (Baker & Fuller, 1990).
The availability of formoterol has allowed us to investigate

further the relationship between the duration of action of
P2-adrenoceptor agonists and inhibition of granulocyte
accumulation in guinea-pig lung and skin. The finding that
formoterol, unlike salmeterol, did not inhibit neutrophil
accumulation or granulocyte-dependent PPE (zymosan), at
doses which inhibit granulocyte-independent PPE (histamine
or bradykinin), suggests that compounds with a duration of
action greater than that of formoterol are necessary for
inhibition of this inflammatory process. This observation
supports our hypothesis that inhibition of granulocyte
accumulation is a feature of P2-adrenoceptor agonists with a
long duration of action (Whelan & Johnson, 1992).

In contrast to the lack of inhibition of neutrophil
accumulation, both formoterol and salmeterol inhibited
PAF-induced eosinophil accumulation in guinea-pig lung.
This finding is consistent with reports in the literature that
inhaled formoterol inhibits antigen-induced eosinophil
accumulation in dog and guinea-pig lung (Anderson, 1991;
Sugiyama et al., 1992). In the present study, formoterol and
salmeterol were approximately equipotent as inhibitors of
PAF-induced eosinophil accumulation in guinea-pig lung,
whereas formoterol is approximately 10 times more potent
than salmeterol as a bronchodilator in guinea-pigs (Nials et
al., 1990). Thus, like inhibition of PPE, salmeterol inhibits
eosinophil accumulation in guinea-pigs at bronchodilator
doses, but formoterol is only effective at doses greater than
those required to produce bronchodilatation.
The finding that formoterol is more potent as an inhibitor

of PAF-induced eosinophilia than LPS-induced neutrophilia,
may indicate that 132-adrenoceptor agonists inhibit eosinophil
accumulation through a different mechanism from neutrophil
accumulation. The differential effect of the P2-agonists on
neutrophil recruitment and the associated granulocyte-
dependent PPE, suggests that only compounds with a dura-
tion of action similar to salmeterol will inhibit this response
at doses which inhibit granulocyte-independent PPE (Whelan
& Johnson, 1992), whereas higher doses of shorter-acting
compounds, such as formoterol, are required to produce an
equivalent effect. Thus, in the experiments where higher doses
of formoterol were used, it is possible that the duration of
action was sufficient to produce an equivalent inhibition of
neutrophil accumulation.

It is unlikely that even salmeterol is exerting an effect on
the endothelium when eosinophil accumulation is taking
place during the 24 h following challenge with PAF. Thus, it
is possible that bronchodilator doses of salmeterol, and sup-

rabronchodilator doses of formoterol, inhibit an early event
in the process of eosinophil recruitment. However, sal-
butamol, at bronchodilator doses, has no effect on PAF-
induced eosinophil accumulation in guinea-pigs (Whelan &
Johnson, 1992), suggesting that this event must be occurring
after the inhibitory effects of salbutamol have waned. In
contrast, fenoterol, another short-acting P2-adrenoceptor
agonist, has been reported to inhibit antigen-induced
eosinophil accumulation in guinea-pig lung (Fugner, 1989),
but at doses which may have resulted in a prolonged dura-
tion of action. Alternatively, because of its higher intrinsic
activity (O'Donnell & Wanstall, 1978), it is also possible that
fenoterol exerts an effect on eosinophil accumulation which
salbutamol does not. However, salmeterol also has low in-
trinsic activity (Dougall et al., 1991), thus efficacy per se is
unlikely to account for these differences, unless P2-
adrenoceptor agonists act at more than one site to inhibit
eosinophil recruitment.
Although the process by which eosinophils are recruited

into tissues is poorly defined, it appears to involve the
generation of interleukin-5 (Lopez et al., 1988; Sanjar et al.,
1992) and the expression of adhesion molecules such as
VLA-4 on eosinophils (Dobrina et al., 1991) and VCAM-1
on endothelium (Moser et al., 1992). P2-adrenoceptor
agonists could exert an inhibitory effect at many levels in this
complex process, and, further studies will be necessary before
the mechanism by which these compounds inhibit
eosinophilia in guinea-pig lung can be elucidated.

The duration of action of formoterol is dependent on the
concentration or dose used, whereas salmeterol appears to be
intrinsically long-acting (Johnson et al., 1993), properties
which may influence the anti-inflammatory profiles of the
compounds. The finding that formoterol has a duration of
action between that of salbutamol and salmeterol contrasts
with data in the literature, which show formoterol to exhibit
long-acting anti-inflammatory effects in animals (O'Donnell
& Anderson, 1991; Erjefalt & Persson, 1991; Advenier et al.,
1992) and man (Gronneberg & Zetterstrom, 1990a,b; 1992;
Palmqvist et al., 1992). However, in these studies, few com-
parative results relating to potency were presented and, it is
possible that high doses of formoterol were used that resulted
in an extended duration of action. For example, Erjefalt &
Persson (1991) found formoterol to have a duration of action
of over 10 h as an inhibitor of PPE in guinea-pig lung.
However, the dose of formoterol used was at least 10 times
greater than that required to produce a maximal inhibition of
PPE in guinea-pig trachea. In the experiments in the present
paper, where formoterol was up to 100 times more potent
than salbutamol in inhibiting PPE, the duration of action
was determined with doses which produced just maximal
inhibition of PPE, a difference which could account for the
shorter duration of action of formoterol in our hands.

Furthermore, in human skin, a 25 fold greater dose of
formoterol was required to inhibit anti-IgE-induced late-
phase cutaneous reactions than the immediate wheal and
flare responses (Gronneberg & Zetterstrom, 1990b).
Similarly, in atopic subjects, inhalation of a high dose of
formoterol (30fLg) was shown to inhibit the late-phase bron-
choconstriction seen following allergen challenge (Palmqvist
et al., 1992). Moreover, in the same study, an equibron-
chodilator dose of salbutamol (500 fLg), 2.5 times the
therapeutic dose, also inhibited late-phase bronchoconstric-
tion, a finding which contrasts with earlier reports showing
that, at therapeutic doses, salbutamol has no effect (Cock-
croft & Murdock, 1987). In the present study, salmeterol
inhibited both PPE and granulocyte accumulation in guinea-
pigs at doses which have been reported to produce broncho-
dilatation (Nials et al., 1990), whereas suprabroncholidator
doses of formoterol were required to produce similar effects,
a finding which is consistent with those described above in
man.

In man, therefore, one might expect the same dose of an
inherently long-acting compound, such as salmeterol, unlike



618 C.J. WHELAN et al.

formoterol and salbutamol, to inhibit both early and late
phase reactions in lung and skin. Indeed, Twentyman et al.
(1990) and Dahl, (1991) have reported that at therapeutic
doses, salmeterol (50 lg) inhibits the acute and late-phase
response to allergen in atopic subjects.

In conclusion, the data presented show that, at equipotent
doses, the duration of action of formoterol as an inhibitor of
PPE in guinea-pig skin and lung is intermediate between that
of salbutamol and salmeterol. Whereas salmeterol inhibits
neutrophil accumulation at doses which inhibit PPE, this

does not apply to formoterol, indicating that a duration of
action in excess of that of formoterol is required to inhibit
this aspect of acute inflammation. In contrast, formoterol,
like salmeterol, inhibits eosinophil accumulation in guinea-
pig lung, but the doses of formoterol are greater than those
required to produce bronchodilatation in this species. We
speculate that the mechanism of inhibition of eosinophil
accumulation by P2-adrenoceptor agonists may therefore be
different from that of inhibition of neutrophil accumulation.
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Salmeterol, a long-acting J2-adrenoceptor agonist mediating
cyclic AMP accumulation in a neuronal cell line
Karen E. McCrea & 'Stephen J. Hill

Department of Physiology & Pharmacology, Medical School, Queen's Medical Centre, Nottingham NG7 2UH

1 The accumulation of cyclic AMP stimulated by salmeterol, a long-acting P2-adrenoceptor agonist and
by isoprenaline, a non-selective P-adrenoceptor agonist have been compared in the B50 neuroblastoma
cell line.
2 Salmeterol produced a concentration-dependent increase in the accumulation of total [3H]-cyclic
AMP in B50 cells yielding an EC50 value of 37 nM which was lower than that obtained with isoprenaline
(294 nM). The maximum response to salmeterol was only 46% of that obtained with isoprenaline.
3 The P2-adrenoceptor antagonist, ICI 118551, inhibited the responses to both salmeterol (apparent KD
2.2 nM) and isoprenaline (apparent KD 1.6 nM). However, the P3-adrenoceptor antagonist, atenolol,
produced no significant effect at concentrations up to 100 LM.
4 Salmeterol (1 SAM) changed the concentration-response curve of isoprenaline in the manner of a
partial agonist interacting with a full agonist. The KD of salmeterol obtained from the interaction was
55.6 nM.
5 Whereas salmeterol has a slow onset of action in airway smooth muscle compared to other
B2-adrenoceptor agonists, in B50 monolayers both salmeterol and isoprenaline produced a rapid increase
in cyclic AMP accumulation (t/2 1.1 min and 0.4 min respectively).
6 Despite the existence of cyclic AMP efflux mechanisms that exist in this cell line it was possible to
investigate the duration of agonist action by measuring intracellular levels of the second messenger.
Replacement of drug-containing medium with fresh buffer led to a rapid reduction in intracellular levels
of cyclic AMP in isoprenaline-stimulated cells whereas cyclic AMP accumulation was sustained for
much longer periods in salmeterol-stimulated cells. However, the persistent action of salmeterol could be
reversed by the addition of a p2-selective antagonist.
7 These results confirm that salmeterol has a high affinity, but low efficacy (relative to isoprenaline) for
P2-adrenoceptors coupled to cyclic AMP accumulation and that the drug persists at its site of action for
long periods in the B50 neuronal cell line.

Keywords: Salmeterol; isoprenaline; P2-adrenoceptor; cyclic AMP accumulation; B50 neuroblastoma cell line

Introduction

P2-Adrenoceptor agonists are currently the most widely used
group of bronchodilator drugs employed to relieve airway
obstruction in asthma (Barnes et al., 1984). These V2-agonists
induce the elevation of adenosine 3:5-cyclic monophosphate
(cyclic AMP) content in tissues in response to adenylate
cyclase activation via a stimulatory G protein (Gs) (Gilman,
1987; Birnbaumer, 1990). In airway smooth muscle, increased
cellular cyclic AMP accumulation leads to the stimulation of
cyclic AMP-dependent protein kinase A (PKA) which in turn
phosphorylates a range of other proteins, including myosin
light chain kinase, associated with the contractile apparatus
of the cell (Barnes, 1986) and ion channels (Kume et al.,
1989), leading ultimately to smooth muscle relaxation.

Recently, a new bronchodilator drug, salmeterol, has been
developed (Bradshaw et al., 1987) which has been shown to
be a potent and highly selective P2-adrenoceptor agonist and
which displays a long duration of action in airway smooth
muscle (Brittain, 1990; Ball et al., 1991). The mechanism
underlying the long duration of action of salmeterol at 2-
adrenoceptors remains to be established but it has been
postulated that it involves two processes: (a) an interaction
between the saligenin head of the molecule and the active site
and (b) the binding of the long non-polar N-substituent
sidechain within a distinct hydrophobic core region of the
receptor protein, which has been termed the 'exo-site' (Jack,
1991). Such an arrangement enables the head group to
associate freely with and dissociate from the active site of the

' Author for correspondence.

132-adrenoceptor whilst the sidechain remains firmly attached
to the receptor protein (Ball et al., 1991). A notable feature
of studies performed in strips of airway smooth muscle,
however, is the slow onset of action of salmeterol (Ball et al.,
1991). This suggests that the duration of action of salmeterol
might be partly determined by slow diffusion of this
lipophilic molecule to its active site within the smooth muscle
segment.
The B50 neuroblastoma cell line (Schubert et al., 1974),

derived from the rat central nervous system, has recently
been shown to express V, but not 3,-adrenoceptors, coupled
to cyclic AMP accumulation (Ruck et al., 1990). The aim of
this study was to evaluate the pharmacological characteristics
of the cyclic AMP response elicited by salmeterol in
monolayer cultures of a neuronal cell line, where the onset
and offset of agonist action should be less sensitive to
diffusional influences than in smooth muscle segments. A
preliminary account of some of this work has been com-
municated to the British Pharmacological Society (McCrea et
al., 1992).

Methods

Cell culture

B50 cells (European Collection of Animal Cell Cultures,
Porton Down, Salisbury, Wilts.), passages 3-17, were cul-
tured at 37°C under an atmosphere of 10% CO2 in humidi-
fied air in 75 cm3 flasks (Costar). The growth medium was
Dulbecco's modified Eagles medium (DMEM) supplemented

Br. J. Pharmacol. (I 993), 110, 619 626 (D Macmillan Press Ltd, 1993
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with 2mM L-glutamine and 10% (v/v) foetal calf serum
(FCS). Cells were passaged every 4 days using a split ratio of
1:6. Experiments were performed in 24 well cluster dishes,
normally 3 days after seeding, on confluent monolayers.

Measurement of [3H]-cyclic AMP accumulation

Cyclic AMP production was assayed by a modification of the
method described previously for brain slices (Donaldson et
al., 1988). Monolayer cultures were incubated with [3H]-
adenine (2 liCi/well) for 2 h at 37°C in 1 ml/well Hanks/
HEPES (20 mM) buffer, pH 7.4. Prelabelled cell monolayers
were then washed 3 times with Hanks/HEPES buffer (1 ml/
well) containing the type IV phosphodiesterase (PDE)
inhibitor, rolipram (0.1 mM) (Ruck et al., 1990). Where ap-
propriate, antagonist drugs were equilibrated with the cells
for 30 min prior to the addition of agonist. Agonists, or the
appropriate vehicle controls were finally added in 10ll of
buffer and the incubation terminated after the appropriate
length of time by the addition of 50 fl of 10 M HCI to each
well which led to cell lysis.

In some experiments it was necessary to analyse intra- and
extracellular cyclic AMP content independently. These assays
were performed as above. However, before the termination
of each agonist-stimulated incubation, supernatant buffer was
carefully removed from each well for the analysis of extracel-
lular [3H]-cyclic AMP content (as described below). An iden-
tical volume of fresh Hanks/HEPES buffer (1 ml) was then
rapidly applied to each well followed immediately by cell
lysis in the normal way, thereby enabling intracellular [3H]-
cyclic AMP content to be determined.

[3H]-cyclic AMP was isolated by sequential Dowex-
alumina chromatography (Donaldson et al., 1988). [3H]-cyclic
AMP, in 0.95 ml aliquots of the supernatant layers, and
['4C]-cyclic AMP (100 l), which was used as a tracer, were
applied to Dowex 50 ion exchange resin (0.6ml) in plastic
Econo columns (Bio-Rad), previously treated with 5 ml 1 M
HCI and 20ml distilled water. Columns were washed with
3 ml distilled water and were than placed above similar plas-
tic columns containing 0.6 g neutral alumina (previously
washed with 20 ml of 0.1 M imidazole before use). [3H]-cyclic
AMP was eluted from Dowex onto the alumina columns
with distilled water (4-5 ml). The alumina columns were
then placed directly above scintillation vials and [3H]-cyclic
AMP was eluted in 5 ml of 0.1 M imidazole. Radioactivity
was determined by liquid scintillation counting. Recovery of
cyclic AMP from the columns was routinely 70-80%. Fur-
thermore, additional 50 il aliquots were removed from the
supernatant and used to determine the total radioactivity
present in each sample; these 'totals' were then used to
correct for variations in the number of cells present in each
well.

In order to confirm the separation of cyclic AMP from
other adenine nucleotides by this procedure, 1 ml aliquots of
15O0jM solutions of ATP, ADP, cyclic AMP, AMP, adeno-
sine and adenine were subjected to Dowex 50 chromato-
graphy. Sequential 1 ml aliquots of water were applied to
each column and the eluate optical density was measured at
260 nm. Triplicate determinations were made for each com-
pound. ATP and ADP were completely eluated within the
first three 1 ml fractions. Cyclic AMP was eluted during
fractions 4 to 6 and AMP (17%) began to elute, after the
normal cyclic AMP collection period, during fractions 8 to
10. Adenine and adenosine were completely retained on the
columns for the full 10 fraction collection period.

Data analysis
Accumulation of [3H]-cyclic AMP was expressed as either
radioactivity in d.p.m. (individual experiments) or as a
percentage of the maximal stimulation by an agonist (max-
imal response minus basal). Agonist concentration-response
curves were fitted to a logistic equation using the non-linear

regression programme GraphPAD. The equation fitted was:
Emax X xn

% of maximal response x
(EC50)n + Xn

where Ema,, is the maximal response (100%), X is the agonist
concentration, EC50 is the concentration of agonist producing
half maximal response and n is the slope parameter.

Antagonist inhibition curves were analysed using the same
programme according to the expression.:

100 x An
% of maximal response = 100- 100 x A(IC50)n + An

where IC50 is the concentration producing half maximal
inhibition of the response to 1 JAM agonist and A is the
antagonist concentration.
Apparent antagonist dissociation constants (KD) were cal-

culated assuming competitive antagonism using a
modification of the null method first described by Lazareno
& Roberts (1987). Briefly, a concentration-response curve to
agonist was generated and a concentration (X'; normally
1 JAM) of agonist was chosen which gave a response greater
than 50% of the maximum agonist response. The concentra-
tion of antagonist (IC50) required to reduce the response to
this concentration of agonist by 50% was then determined.
From the agonist concentration-response curve obtained in
the absence of antagonist, the concentration of agonist (X°)
that yielded a response equivalent to 50% of that produced
by X' (in the absence of antagonist) was also identified. The
apparent KD was then calculated from the expression:

Xi IC50 +

Xo KD
where X1/X0 is equivalent to the agonist dose-ratio that
would be used in the analysis of parallel dose-response curves
obtained in the presence and absence of an IC50 concentra-
tion of antagonist.
The dissociation constant for the partial agonist (Kp)

salmeterol was determined by a method described by
Stephenson (1956). The concentration of isoprenaline (DI)
that produced the same cyclic AMP response as that to 1 JAM
salmeterol was first determined. Concentration-response
curves for isoprenaline were then constructed in the presence
and absence of a fixed concentration of salmeterol (1 JAM)
termed P. The concentrations of isoprenaline that produced
equivalent cyclic AMP responses in the absence (D2;
D2> DI) and presence (D3) of salmeterol were calculated.
The dissociation constant of the partial agonist was deter-
mined from the expression:

D3 1+ P
(D2-DI) Kp

Values were expressed as means ± s.e.mean and n in the
text refers to the number of separate experiments. In individ-
ual experiments, data points were calculated from the mean
(± s.e.mean) of 4 determinations. Statistical analysis was
performed by use of unpaired Student's t tests.

Chemicals

2,8-[3H]-adenine (specific activity 31 Ci mmolh') and 8-['4C]-
cyclic AMP (specific activity 306 mCi mmol-') were pur-
chased from New England Nuclear (Herts.) and Amersham
International (Bucks.), respectively. Dowex 5OW, H+-form
(200-400 mesh), neutral alumina (type WN-3), imadazole,
( ± )-isoprenaline hydrochloride and atenolol were obtained
from Sigma (Dorset). DMEM, FCS and horse serum were
purchased from Northumbria Biologicals (Northumber-
land) and glutamine from Flow Laboratories (Herts.). The
gifts of salmeterol free base (Glaxo, Herts.). ICI 118551
hydrochloride (erythro-DL-1-(7-methylindan-4-yloxy)-3-isopro-
pyl-aminobutane-2-ol; ICI Pharmaceuticals, Cheshire) and
rolipram (Schering, Berlin, Germany) are gratefully ack-
nowledged.
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Stock solutions of drugs were prepared in Hanks/HEPES
buffer except for ICI 118551 (Bilski et al., 1983) which was
dissolved in ethanol and salmeterol which was prepared as
stock solution of 10 mM in Hanks/HEPES buffer with the
addition of one drop of glacial acetic acid per ml.

Results

Comparison of salmeterol- and isoprenaline-stimulated
cyclic AMP accumulation

Previous investigations have shown that the onset of the
action of salmeterol is delayed compared with other P-
adrenoceptor agonists in isolated airway smooth muscle (Ball
et al., 1991; Dougall et al., 1991). This is probably due to the
lipophilic nature of this molecule. However, 1 JAM salmeterol
stimulated a rapid increase in [3H]-cyclic AMP accumulation
in B50 cell monolayers reaching a steady-state level within
5 min; this response appeared to be maintained for at least
20min (Figure 1). The mean t1/2 obtained in three separate
experiments was 1.13 ± 0.09 min. A rapid onset of cyclic
AMP production was also produced by 1 iJM isoprenaline
(t1/2 0.44 ± 0.03 min, n = 4).
B50 cells treated with 10 JAM salmeterol only produced a

1.7 ± 0.1 fold increase in [3H]-cyclic AMP over basal levels
(n = 4). However, in the presence of rolipram (0.1 mM) the
response to salmeterol was enhanced (2.9 ± 0.2 fold over
basal levels, n = 4). Rolipram was therefore included in all
subsequent experiments. Salmeterol stimulated the formation
of [3H]-cyclic AMP in B50 cells in a concentration-dependent
manner (Figure 2a). Concentration-response analysis yielded
an ECm value of 36.7 ± 18.4 nM (n = 4) and a slope para-
meter of 0.64 ± 0.07 (n = 4). Accumulation of cyclic AMP
induced by isoprenaline (10 min incubation period) was much
greater than that stimulated by salmeterol (Figure 3). Treat-
ment with 10 JAM isoprenaline led to a 7.9 ± 0.9 fold rise in
second messenger formation (n =22) compared to basal
levels whereas the same concentration of salmeterol gave
only 46.0 ± 4.2% (n = 6) of this response. The EC50 value
and slope parameter for isoprenaline were 294 ± 84 nM and
0.89 ± 0.04 respectively (n = 22).
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Effect ofP-adrenoceptor antagonists on

salmeterol-stimulated cyclic AMP accumulation

Preincubation of B50 cell monolayers with various concentra-
tions of the p2-selective antagonist, ICI 118551, for 30 min
attenuated cyclic AMP accumulation when cells were

stimulated by 1 JM salmeterol for a further 10 min period
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Figure I Time course showing the accumulation of total [3H]-cyclic
AMP in response to 1 JAM salmeterol in B50 cell monolayers. Data
were obtained in the presence (@) or absence (0) of agonist. Each
data point represents the mean ± s.e.mean of quadruplicate deter-
minations in a single experiment. This experiment was repeated twice
yielding similar results.

Figure 2 (a) Salmeterol-stimulated accumulation of [3H]-cyclic AMP
in the presence of 0.1 mm rolipram. The basal accumulation of total
cyclic AMP is represented by the column labelled C. (b)
Concentration-response curve for the inhibition of salmeterol-
induced [3H]-cyclic AMP accumulation by the p2-selective antagonist,
ICI 118551. The response to 1 jAM salmeterol is shown by the cross-
hatched column marked S. Cell monolayers were preincubated with
ICI 118551 for 30 min before stimulation with 1 JAM salmeterol for a
further 10 min. The results of (a) and (b) were obtained in the same
experiment. Data represent the means ± s.e.mean of results from 4
incubations in a single experiment. Where not shown, s.e.means were
within the size of the symbol. Similar results were obtained in 2 other
experiments.

(Figure 2b). Increasing doses of ICI 118551 also inhibited
cyclic AMP formation in B50 cells treated with isoprenaline
(1 JAM). The mean apparent dissociation constants (KD)
obtained for ICI 118551 were 2.2 ± 0.7 nM (n = 3) and
1.6 ± 0.5 nM (n = 3) in salmeterol- and isoprenaline-stim-
ulated cells respectively.

Inclusion of the PI-selective antagonist, atenolol, in the
assay system did not alter salmeterol- and isoprenaline-stim-
ulated (1 JiM) [3H]-cyclic AMP production at concentrations
up to 1I00 JM atenolol (results not shown; n = 3).

Investigation offuli/partial agonist interactions

In this series of experiments the ability of salmeterol to
antagonize the effects of a more efficacious agonist
(isoprenaline) was investigated. B50 cell monolayers were
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Figure 3 Comparison of concentration-response curves for [3H]-
cyclic AMP accumulation stimulated by isoprenaline (0) and
salmeterol (0) for a O min period. Responses are expressed as a
percentage (after subtraction of basal values) of the maximum res-
ponse to isoprenaline (10 1M) which was measured in each experi-
ment. Data represent the combined mean ± s.e.mean of quadrup-
licate determinations obtained in each of 6 experiments. Where not
shown, s.e.means were within the size of the symbol.

121

Figure 5 shows the time courses for the intracellular
accumulation, excretion and total levels (intra- and extracel-
lular) of cyclic AMP from B50 cells in the presence of
isoprenaline (1 g.M) or salmeterol (1 M). In each case cyclic
AMP accumulated rapidly within the cells, but after a
variable lag period [3H]-cyclic AMP levels in the extracellular
fluid began to increase significantly. The basal accumulation
of [3H]-cyclic AMP was also monitored in all experiments at
t = 0 and t = 120 min. During each 2 h assay period, the
basal accumulation of both intra- and extracellular cyclic
AMP was found to increase (1.3 ± 0.1 fold (n = 3) and
1.6 ± 0.2 fold (n = 3) respectively) due to the presence of
rolipram in the incubation medium.

In B50 cells, after 5 min incubation with 1 1AM isoprenaline,
the total accumulation of cyclic AMP appeared to rise to a
high steady-state level (Figure 5a). However, intracellular
levels of cyclic AMP rose initially (7.0 ± 1.0 fold over basal
levels, n = 3) but thereafter declined. After a 60 min incuba-
tion period for example, intracellular levels of the second
messenger were only 14.7% of maximal levels (Figure 5a)
and within 2 h levels of the second messenger had decreased
to 6.2% of those measured at the peak of the response
(Figure 5a). Profiles of time courses from several other
experiments also showed this decrease in intracellular levels
of cyclic AMP after the initial peak response. After 60 min
and 120 min, intracellular levels of the second messenger
were only 37.4% ± 11.4% and 17.4 ± 6.0% (n = 3) of those
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Figure 4 The effect of salmeterol on the [3H]-cyclic AMP response
to various concentrations of isoprenaline. Both drugs were added
simultaneously to the assay system and the incubation continued for
O min. The concentration-response curve for isoprenaline is shown

in the absence (0) and presence (0) of 1 1AM salmeterol. The basal
accumulation of cyclic AMP and the response to I 4AM salmeterol are
shown by the columns labelled C and S respectively. Each data point
represents the mean ± s.e.mean of quadruplicate determinations.
Where not shown, s.e.means were within the size of the symbol. This
experiment was repeated 3 times with similar results.

simultaneously stimulated with various concentrations of
isoprenaline in the presence or absence of 1 JAM salmeterol
(Figure 4). In the presence of salmeterol (1 AM), the response
to high concentrations of isoprenaline (>0.1 JAM) was
attenuated by salmeterol. Analysis of these data yielded a
value of 55.6 ± 28.2 nM (n = 4) for the dissociation constant
(Kp) of the partial agonist, salmeterol.

Efflux of cyclic AMPfrom B50 cells

Whilst investigating the long term effects of salmeterol on
cyclic AMP accumulation it became apparent that the second
messenger accumulated in the extracellular medium. To
investigate this phenomenon more closely, time courses for
isoprenaline- and salmeterol-stimulated cyclic AMP
accumulation were re-examined by analysing both extra- and
intracellular [3H]-cyclic AMP content obtained from super-
natant layers and lysed cells respectively.
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Figure 5 Time courses for the appearance of intracellular (0),
extracellular (0) and total (intra- and extracellular) (0) [3H]-cyclic
AMP accumulation after stimulation of B50 cells with 1 gM
isoprenaline (a) or 1 jLM salmeterol (b) (drugs were added at t = 0).
Extracellular cyclic AMP represents the [3H]-cyclic AMP present in
1 ml of the incubation medium. The intracellular level of [3H]-cyclic
AMP was monitored by lysing the cells in an equal volume of freshly
applied Hanks/HEPES medium (after removal of the incubation
medium). The basal accumulation of intra- and extracellular [3H]-
cyclic AMP at t = 0 and t = 120 min are represented by the cross-
hatched and open columns respectively. Data in each graph represent
means ± s.e.mean of quadruplicate determinations in a single experi-
ment. Where not shown, s.e.means were within the size of the
symbol. All assays were repeated on at least 2 further occasions and
similar results were obtained within each experiment.
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measured at the peak of the response. Furthermore, the
accumulation of intracellular cyclic AMP had fallen to
1.7 ± 0.4 fold over time-matched basal levels (n = 3) by the
end of this incubation period. In contrast, after this 2 h
incubation period extracellular levels of cyclic AMP were
5.0 ± 0.3 fold higher than time-matched basal values (n = 3)
(Figure 5a).
A simple assay was then performed in order to determine

whether the decrease in intracellular levels of [3H]-cyclic
AMP during these time course experiments was a conse-
quence of uptake of isoprenaline into cells, metabolism of the
drug or receptor desensitization. Cells were preincubated
with 1 JAM isoprenaline for 30 min. Cell monolayers were then
washed twice with fresh prewarmed buffer before the cells
were rechallenged with isoprenaline (1 jAM) at t = 40 min. The
accumulation of intra- and extracellular [3H]-cyclic AMP was
then assessed as before. Figure 6 shows that the removal of
isoprenaline from the incubation medium led to a rapid
decrease in both intra- and extracellular levels of cyclic AMP.
After isoprenaline (1 JAM) was re-introduced, the accumula-
tion of cyclic AMP began to increase again both intra- and
extracellularly. However, intracellular accumulation of cyclic
AMP did not attain the initial peak value observed after the
original application of isoprenaline. Instead, the profile of
cyclic AMP accumulation mirrored that in which
isoprenaline had not been washed out of the incubation
medium (Figures 6 and 5a). These data support the idea that
isoprenaline induces P2-adrenoceptor desensitization in B50
cells.

In cell monolayers treated with salmeterol (1 JAM), the total
accumulation of cyclic AMP appeared to rise rapidly and
increase in a linear manner during the 2 h assay period
(Figure Sb). Intracellular levels of cyclic AMP also rapidly
increased over a 5 min incubation period (3.3 ± 0.6 fold over
basal levels, n = 3) (Figure Sb). However, the decline of
intracellular cyclic AMP was less pronounced than that
observed in isoprenaline-stimulated cells over longer periods
of incubation (Figure Sb). After 60 min and 120 min, intra-
cellular levels of cyclic AMP had decreased to 62.2 ± 4.5%
and 72.6 ± 20.3% (n = 3) of those measured at the peak of
the response. In addition, after this 2 h incubation period,
levels of the second messenger remained 2.1 ± 0.3 fold higher
than time-matched basal values (n = 3) (Figure Sb). Further-
more, the extracellular levels of cyclic AMP increased in a
linear fashion and were 3.6 ± 0.3 fold higher (n = 3) than the
equivalent control values 2 h after the application of
salmeterol to these cells.
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Figure 6 Influence of isoprenaline rechallenge on the time course of
[3H]-cyclic AMP accumulation. B50 cell monolayers were incubated
with I jAm isoprenaline for 30 min, washed twice with Hanks/HEPES
huffer and re-stimulated with I FM isoprenaline at t=40fmin (as
shown by the arrows). Intracellular (@) and extracellular (0) levels
of cyclic AMP were measured throughout the 2 h incubation period.
Basal levels of intra- and extracellular [3H]-cyclic AMP at t = 0 and
t = 120 min are represented by the cross-hatched and open columns
respectively. Each point represents the mean ± s.e.mean of 4 deter-
minations in a single experiment.

The long duration of action of salmeterol

B50 cell monolayers were incubated with either 1 JAM
isoprenaline or salmeterol for S min before the drug-
containing buffer was removed, the cells washed twice and
drug-free buffer was replaced in each well. As before, levels
of intracellular, extracellular and basal cyclic AMP were
determined during the assay period. Isoprenaline-stimulated
cells showed a rapid decrease in total [3HI-cyclic AMP
accumulation after the removal of drug-containing media
with levels of the second messenger returning to basal values
within 5 min. Furthermore, intracellular levels of cyclic AMP
also rapidly decreased over the same period and cyclic AMP
extrusion was not observed during the 60 min assay period
(Figure 7a).
However, in salmeterol-stimulated cells, removal of drug-

containing media did not appear to alter the total accumula-
tion of cyclic AMP (Figure 7b) which remained at a high
level during the 2 h incubation period (Figure 7b). Profiles of
the time courses showing intra- and extracellular [3H]-cyclic
AMP production were similar to those obtained when the
cell monolayers had not been washed with drug-free buffer
(Figures 7b and 5b). Levels of intracellular cyclic AMP
measured after 60 min and 120 min were 48.8 ± 3.7% and
48.1 ± 1.1% respectively of those observed after the initial
peak response (n = 3). At the end of the incubation period,
intracellular levels of the second messenger were still
1.6 ± 0.2 fold higher than time-matched basal levels (n = 3)
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Figure 7 The effect of removing isoprenaline- and salmeterol-
containing medium from the assay system on [3H]-cyclic AMP
accumulation. Isoprenaline (Iso, 1 gLM) (a) or salmeterol (Sal, I ALM)
(b) was removed from the assay medium after a S min incubation (as
shown by the arrow) by replacing the existing buffer with fresh
prewarmed medium that contained rolipram (0.1 mM) but not
salmeterol. Intracellular (M) and extracellular (0) levels of [3H]-
cyclic AMP were measured throughout the appropriate assay period
as described in the Methods section. Basal levels of [3H]-cyclic AMP
measured at t = 0 and at the end of the appropriate assay period are
represented by cross-hatched (intracellular) and open (extracellular)
columns respectively. Data represent the means ± s.e.mean of quad-
ruplicate determinations in a single experiment. Where not shown,
s.e.means were within the size of the symbol. Similar results were
obtained in 2 additional experiments.
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Figure 8 Influence of ICI 118551 challenge on the time course of
[3H]-cyclic AMP accumulation. Salmeterol (Sal, 1 ItM)-containing
buffer was removed from the assay medium after a 5 min incubation
(as shown by the arrow) by washing twice with prewarmed Hanks/
HEPES buffer (which contained 0.1 mM rolipram). ICI 118551
(I jLM) was then applied to each well at (a) t = 15 min or (b)
t = 60 min (see arrows). Both intra- (M) and extracellular (0) levels
of [3H]-cyclic AMP were measured throughout the appropriate assay

period. The basal accumulation of [3HI-cyclic AMP measured at
t =0 and at the end of each assay period is represented by cross-
hatched (intracellular) and open (extracellular) columns respectively.
The results of (a) and (b) were obtained in the same experiment.
Each point represents the mean ± s.e.mean of 4 determinations in a

single experiment. Where not shown, s.e.means were within the size
of the symbol. Similar results were obtained in 2 additional
experiments.

(Figure 7b). A substantial portion of cyclic AMP was

observed in the extracellular fluid. At the end of the 2 h
incubation period cyclic AMP accumulation had risen to
2.9 ± 0.3 fold above equivalent basal levels (n = 3) (Figure
7b).
In a further series of experiments, cells were incubated with

salmeterol (1 ELM) for 5 min before being washed twice with
fresh prewarmed buffer. The P2-selective antagonist ICI
118551 (1 tiM) was then added to each well at either
t = 15 min or t = 60 min (Figure 8). In cells treated with
1 l.M ICI 118551 at t = 15 min, intracellular levels of [3H]-
cyclic AMP rapidly returned to basal values and extracellular
levels of [3H]-cyclic AMP remained low (Figure 8a). Figure
8b shows that the response to salmeterol was well maintained
following washout of drug-containing buffer until the
administration of ICI 118551 at t = 60 min. At this point,
intracellular levels of [3H]-cyclic AMP rapidly fell towards
basal values whereas the extracellular accumulation of cyclic
AMP appeared to plateau, indicating that extracellular cyclic
AMP was not rapidly metabolized by phosphodiesterases.

Discussion

Previous pharmacological studies have shown that salmeterol
is a potent and highly selective P32-adrenoceptor agonist with

a long duration of action in guinea-pig (Ball et al., 1991;
Dougall et al., 1991) and human (Ullman & Svedmyr,
1988a,b) airway smooth muscle. In this investigation we have
examined some general features of salmeterol-stimulated cyclic
AMP accumulation in the rat neuroblastoma B50 cell line
(Schubert et al., 1974). Monolayer cultures of this cell line
provide a simple model system in which to investigate the
effect of this long-acting agonist on P2-adrenoceptor-
stimulated cyclic AMP accumulation (Ruck et al., 1990).

In the presence of rolipram (0.1 mM), an inhibitor of the
cyclic AMP selective (type IV) phosphodiesterase isoenyzme
(Reeves et al., 1987; Donaldson et al., 1988; Nicholson et al.,
1991), salmeterol potently stimulated cyclic AMP accumula-
tion in B50 cell monolayers. The slope of the concentration-
response curve to salmeterol was similar to that obtained
with isoprenaline. However, salmeterol (EC50 37 nM) was
found to be 8 fold more potent than isoprenaline (ECm
294nM). The [3H]-cyclic AMP response to salmeterol was
potently antagonized by the p2-selective antagonist, ICI
118551 (O'Donnell & Wanstall, 1980; Bilski et al., 1983;
Molenaar & Summers, 1987). The apparent KD value for ICI
118551 (2.2 ± 0.7 nM), calculated assuming competitive
antagonism, was similar to the value obtained for
antagonism of the cyclic AMP response elicited by
isoprenaline (KD 1.6 ± 0.5 nM) which suggests that both
drugs activate identical receptor populations. This KD value
agrees well with other P2-adrenoceptor KD values (0.5 nM in
guinea-pig uterus: Bilski et al., 1983; 0.6 nM in bovine
trachea: Hall & Hill, 1988). In the presence of the PI-selective
antagonist, atenolol, the cyclic AMP response to both drugs
was not altered. Taken together these results provide strong
evidence that the cyclic AMP response to salmeterol is
mediated via .2-adrenoceptors.

It has previously been shown that salmeterol has a slower
onset of action on airway smooth muscle than other 1B-
adrenoceptor agonists including isoprenaline, salbutamol,
clenbuterol and formoterol (Ball et al., 1991; Dougall et al.,
1991) which is thought to be due to the lipophilicity of this
large molecule. In B50 cells, however, maximal accumulation
of [3H]-cyclic AMP was rapid in response to both salmeterol
(t1/2 1.13 min) and isoprenaline (t1/2 0.44 min). This rapid
onset of action by salmeterol in B50 cells is likely to be a
consequence of the use of cell monolayers which significantly
reduces the diffusion barriers that exist when a drug is intro-
duced into a tissue environment.
A direct comparison of concentration-response curves to

both drugs indicated that salmeterol was capable of
generating only 46% of the cyclic AMP response elicited by a
maximal concentration of isoprenaline. This suggests that
salmeterol behaves as a partial agonist in this system. This
finding agrees well with a previous investigation that also
showed that salmeterol has a lower efficacy than isoprenaline
for 12-adrenoceptors in guinea-pig tracheal strips (Ball et al.,
1991; Dougall et al., 1991). Since salmeterol is also more
potent than isoprenaline in stimulating cyclic AMP accumul-
ation in B50 cells, salmeterol appears to have a higher affinity
than isoprenaline for the P2-adrenoceptor. In order to deter-
mine the affinity of this partial agonist for the P2-adreno-
ceptor, full/partial agonist interactions were employed. The
pattern obtained was as expected for a partial agonist. Our
estimate from this interaction of the apparent dissociation
constant (Kp) for salmeterol (55.6 nM) was similar to that
estimated by Coleman et al. (1990) and Dougall et al. (1991).

Whilst investigating the duration of action of salmeterol in
B50 cells it was noted that a substantial portion of the cyclic
AMP produced by these monolayers in response to both
salmeterol and isoprenaline accumulated in the extracellular
medium. Cyclic AMP efflux systems have been observed in
some bacteria and a variety of cultured animal cells (Mak-
man & Sutherland, 1965; King & Mayer, 1974; Mawe et al.,
1974; Rindler et al., 1978; Marley et al., 1991). In B50 cells
stimulated by either agonist there was a rapid elevation of
intracellular cyclic AMP but extracellular levels of this
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second messenger appeared only after a short lag period
(5-10min). After the initial increase in intracellular cyclic
AMP in isoprenaline-stimulated cells (10 min incubation
period), levels of the second messenger began to decrease in a
linear fashion over a 2 h interval whereas extracellular levels
of cyclic AMP continued to rise over the same period. In
intact cellular systems, intracellular cyclic AMP would nor-
mally be expected to achieve a plateau level (even in the
presence of a competitive phosphodiesterase inhibitor such as
rolipram) at which a steady state is reached between cyclic
AMP synthesis and cyclic AMP breakdown via phosphodi-
esterase (Donaldson et al., 1988). Consequently, this decrease
in intracellular cyclic AMP levels following P2-adrenoceptor
stimulation may be due to reduced cyclic AMP synthesis as a
consequence of ongoing receptor desensitization (Leftkowitz
et al., 1990), uptake of isoprenaline into B50 cells and
metabolism of the drug during the 2 h assay period or it may
be secondary to the activation of cyclic AMP extrusion
mechanisms. In this latter case, a new steady state level of
cyclic AMP would be established within B50 cells following
the development of an additional cyclic AMP removal
mechanism.
The idea that receptor desensitization is being observed is

supported by data from an experiment in which isoprenaline
was removed from the incubation medium but cells were then
rechallenged with the same dose of P-agonist (1 LM). After
cell monolayers were exposed to a second stimulation by
isoprenaline, intracellular [3H]-cyclic AMP accumulation did
increase but not to the levels observed after the initial
challenge of isoprenaline. Instead, levels of cyclic AMP were
similar to the accumulation of cyclic AMP measured in cells
that had not undergone a washing process and renewed
stimulation with isoprenaline, suggesting that receptor desen-
sitization mechanisms are operating in B50 cells following
isoprenaline stimulation.

P2-Adrenoceptors in B50 monolayers stimulated by
salmeterol did not appear to undergo such rapid desensitiza-
tion since intracellular levels of cyclic AMP were maintained
above basal values throughout the assay period although
some reduction in cyclic AMP accumulation was observed
during the 2 h incubation period. Furthermore, the level of
extracellular cyclic AMP (which does not appear to be
broken down rapidly by phosphodiesterases; cf. Figure 8)
continues to increase almost linearly (indicative of substantial
on-going cyclic AMP synthesis) between 30 and 120 min
following salmeterol administration. This reduced degree of
desensitization (compared to isoprenaline) may be a conse-
quence of the lower efficacy of salmeterol. Alternatively, it is
possible that the lipophilic nature of this p2-agonist might
alter the conformation of the agonist-receptor complex and
thus sterically hinder phosphorylation of particular amino
acid residues on the ,2-adrenoceptor by protein kinase A and
,-adrenoceptor kinase or inhibit the putative functioning of
P-arrestin in uncoupling the receptor from Gs (Lefkowitz et
al., 1990).

It is possible that the extrusion phenomenon serves, along
with phosphodiesterase activity, to maintain low intracellular
concentrations of cyclic AMP. Furthermore, extracellular
cyclic AMP may have an important physiological role.
Receptors for cyclic AMP are thought to be located on the
external surfaces of plasma membranes in Euglena (Carre &
Edmonds, 1992) and four cyclic AMP receptor subtypes
(cARl-4) have been cloned and sequenced in Dictyostelium
(Klein et al., 1988; Saxe et al., 1991a,b). The efflux process
appears to involve an active transport mechanism which
depends on a chemical source of energy such as ATP (Doore
et al., 1975). Rindler et al. (1978) have shown that inhibitors
of mitochondrial function and glycolysis (e.g. oligomycin,
valinomycin and FCCP) reduced ATP concentrations in C6
rat glioma cells and avian erythrocytes and cyclic AMP efflux
was inhibited by a corresponding degree.
Although cyclic AMP efflux exists in B50 cells, it is still

possible to study the long term effects of salmeterol in these
monolayers by measuring intracellular cyclic AMP accumula-
tion. In isoprenaline-treated cells that had been washed with
drug-free medium after a 5 min stimulatory period, intracel-
lular cyclic AMP levels rapidly decreased towards basal
values. Furthermore, cyclic AMP efflux from these cells was
negligible indicating that isoprenaline is easily removed from
its site of action by this simple washing process. When the
same procedure was performed on salmeterol-stimulated
cells, intracellular levels of cyclic AMP were sustained above
basal values and extrusion of cyclic AMP from B50 cells was
observed. Overall the profile of cyclic AMP production and
excretion was similar to that in which salmeterol stimulation
of cells had been maintained. These data are consistent with
the hypothesis (Jack, 1991; Ball et al., 1991) that the
lipophilic nature of this molecule allows it to anchor at the
putative 'exo-site' within the P2-adrenoceptor protein and
from which it cannot be displaced by washing with drug-free
medium, thereby allowing salmeterol to persist at its site of
action. However, as has been observed in guinea-pig trachea
(Ball et al., 1991), the action of salmeterol can nevertheless
be reversed by the administration of a P2-selective antagonist
(ICI 118551).

In conclusion, salmeterol appears to be a potent and selec-
tive P2-adrenoceptor agonist with a long duration of action in
B50 cells in vitro. It behaves as a partial agonist in this
system and since it is more potent than isoprenaline in
stimulating cyclic AMP accumulation in these cells, this sug-
gests that salmeterol has a higher affinity than isoprenaline
for the P2-adrenoceptor. However, it is intriguing that there is
no obvious sign of receptor desensitization over a 120min
period of stimulation despite the continued presence of
salmeterol at its site of action.

We thank Malcolm Johnson for helpful discussions and Glaxo
Group Research Ltd. for financial support.
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The effect of nitric oxide on the efficacy of synaptic
transmission through the chick ciliary ganglion
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1 The effect of nitric oxide on the efficacy of synaptic transmission in the chick ciliary ganglion of
post-hatched birds has been determined by use of the size of the postganglionic compound action
potential resulting from chemical transmission through the ganglion as a measure of synaptic efficacy.
2 Sodium nitroprusside (100 LM) increased the synaptic efficacy by an average 26%. This is likely to be
due to its ability to release nitric oxide, as potassium ferricyanide (100 gLM) did not cause a potentiation.
Sodium azide (100 liM), shown in sympathetic ganglia to stimulate production of cyclic GMP, did not
modulate synaptic efficacy significantly.
3 8-Br-cyclic-GMP (100 I1M) increased synaptic efficacy by an average 61%. The addition of 8-Br-
cyclic-AMP (100°1M) had less effect, increasing transmission by on average 46%.
4 The nitric oxide synthase blocker, NG-nitro-L-arginine methyl ester (L-NAME, 100 tM) was added
prior to the tetanic stimulation of the preganglionic nerves at 30 Hz for 20 s, a procedure known to
produce both post-tetanic potentiation and long-term potentiation of synaptic transmission through the
ganglion. L-NAME reduced the long-term potentiation by an average of 47% but did not significantly
change the post-tetanic potentiation.
5 Following the brief application of 8-Br-cyclic AMP, 8-Br-cyclic GMP and sodium nitroprusside there
was an enhancement of the efficacy of synaptic transmission that persisted after the withdrawal of the
drugs. The maximum increase in synaptic efficacy following the brief addition of 8-Br-cyclic GMP was
116%, sodium nitroprusside was 110% and 8-Br-cyclic AMP was 126%.
6 These results suggest that nitric oxide modulates synaptic transmission through the ganglion by
acting on an endogenous guanylate cyclase that produces cyclic GMP.

Keywords: Nitric oxide; ciliary ganglia; cyclic GMP

Introduction

Nitric oxide has been implicated in the maintenance of long-
term potentiation (LTP) in the hippocampus (see for exam-
ple, Haley et al., 1992). As a form of LTP occurs in the avian
ciliary ganglion (Scott & Bennett, 1993), it is possible that a
component of the maintenance of this LTP is also due to
nitric oxide. In avian ciliary neurones, nitric oxide synthase is
exclusively found in the giant nerve terminal calyx in the
avian ciliary ganglion (Chan, 1992), so that it is unlikely that
nitric oxide acts as a retrograde messenger in the way that
has been suggested in CAl pyramidal neurones in the hippo-
campus (for a review see, Bredt & Snyder, 1992). Never-
theless, nitric oxide is known to decrease calcium-activated
potassium currents in the ganglion by a mechanism that is
independent of any effect on the calcium influx through
calcium channels (Cetiner & Bennett, 1992). This result sup-
ports the hypothesis that nitric oxide might act to increase
transmitter secretion by increasing the duration of the ter-
minal action potential following blockade of the fast calcium-
dependent potassium current, I, Such a mechanism has been
suggested to underly the potentiation of transmitter secretion
from nerve terminals in Aplysia neurones (Kandel & Haw-
kins, 1992). One problem with this idea is that nitric oxide
also decreases the transient and sustained whole-cell calcium
currents in the ganglion (Khurana & Bennett, 1993). Thus on
the one hand calcium influx across the nerve terminal mem-
brane may be increased by nitric oxide to increase the dura-
tion of the action potential and therefore the open time of
voltage-sensitive calcium channels. On the other hand how-
ever, these channels themselves may be depressed, thus de-
creasing the calcium influx. In the present work it is shown
that an endogenous nitric oxide synthase in the nerve ter-
minal of the ganglion does play a role in the maintenance of

'Author for correspondence.

LTP and the
gated.

method by which this might occur is investi-

Methods

One to five day post-hatched white leghorn chicks (Gallus
gallus) were used in all experiments. Animals were
decapitated and a craniectomy performed to expose the right
ciliary ganglion. The ciliary ganglion with the attached right
eye and oculomotor nerves were removed. The right eye was
dissected to free the ciliary nerve from within the eye (see
Pilar & Tuttle, 1982 for a further description of the dissec-
tion). The ciliary ganglion with its attached oculomotor and
ciliary nerves were then placed in a tissue bathing chamber.
The bath was perfused at a rate of approximately 2 ml min-'
with Tyrode solution of the following composition (in mM):
Na+ 140, K+ 5, Mg2+ 1, Ca2+ 3, Cl- 153, glucose 10, HEPES
10, equilibrated by bubbling with 95% 02, 5% CO2 and pH
adjusted to 7.2-7.4 with NaOH. Stimulation was applied to
the oculomotor nerve through a glass suction electrode. The
application of the stimulating pulse (a square wave of 14 V
and duration 0.09 ms) was through a radio-frequency isola-
tion unit. Experiments were conducted at room temperature
(17 to 20°C).

Recordings of compound action potentials from the post-
ganglionic ciliary nerve were made by using a fine suction
electrode. Signals obtained from this nerve were amplified by
an Axoclamp 2A amplifier (Axon Instruments). These signals
were digitized using a Labmaster A-D board and recorded
and analysed on an IBM-compatible computer using the
pCLAMP (Fetchex, Fetchan) software package (Axon In-
struments).
Drugs used here were hexamethonium chloride, 8-
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bromoadenosine 3': 5'-cyclic monophosphate (8-Br-cyclic
AMP), 8-bromoguanosine 3': 5'-cyclic monophosphate (8-Br-
cyclic GMP), sodium azide (NaN3), potassium ferricyanide
(FCN), sodium nitroprusside (SNP) and N0-nitro-L-arginine
methyl ester (L-NAME). These were purchased from Sigma
Chemical Company.
Hexamethonium (300 JM), a nicotinic cholinoceptor

antagonist, was routinely added to the bathing solution in
order to reduce the size of the chemical component of the
biphasic compound action potential. Supramaximal stimula-
tion was applied to the preganglionic oculomotor nerve. The
reduction in the compound action potential by hexa-
methonium permitted measurement of an increase in synaptic
efficacy. An increase in the synaptic efficacy, such as that
which might follow tetanic stimulation during post-tetanic
potentiation (PTP) and LTP, or following the addition of a
potentiating drug, was reflected by a significant increase in
the number of the postsynaptic population reaching action
potential firing threshold. This was indicated by an increase
in the amplitude of the chemical component of the com-
pound action potential.

Protocols for the measurement of LTP and PTP were
followed routinely. Upon the attachment of the suction elec-
trodes to the pre- and postganglionic nerves, the pregang-
lionic oculomotor nerve was stimulated at a frequency of
0.033 Hz. Only preparations with evoked compound action
potentials larger than 1 mV were used. Hexamethonium
(300pM) was then added to the bathing solution. This was
allowed to perfuse the ganglion for at least 60 min so that the
chemical phase of the compound action potential could be
reduced (by at least 60% of its original value) and a control
measurement for its amplitude established. The preparation
was stimulated at 0.033 Hz during this period.

Activity-dependent potentiation was produced by tetanic
stimulation of 30 Hz for 20 s and applied following the estab-
lishment of a control level of synaptic efficacy. It has been
shown that the frequency of this tetanic stimulation occurs
within the normal operating range of ciliary ganglia (Fujii,
1992). Following tetanic stimulation of the ciliary ganglion,
recordings of the PTP and LTP time courses were made by
measuring the amplitude of the chemical phase of the evoked
compound action potential. Addition of drugs to the bathing
solution was carried out at least 60 min after the previous
tetanic stimulation. Any drug was allowed to perfuse the
ganglion for at least 60 min before tetanic stimulation was
reapplied.
For the brief exposure of the ganglia to NO, 8-Br-cyclic

AMP and 8-Br-cyclic GMP (as defined by the horizontal
bars in Figure 3), the drug was applied directly to the bath
and then quickly washed from the bath. A test was made to
ensure that any change in synaptic efficacy in these experi-
ments was due to the drug action, and not to another factor
to do with the exchange and washing. This involved the
addition of normal bath solution directly to the bath for
3 min followed by the same washing procedure as used with
drug application. No change in the synaptic efficacy was
observed over the time course of an hour indicating that the
effects of the brief drug addition were the result of the drugs
action.
The ordinates of the figures are expressed in terms of

percentage of control. A control value (Vtl) was obtained by
averaging the amplitude of the chemical component of the
compound action potential for the 15 min prior to drug
addition or tetanic stimulation (measured by evoking com-
pound action potentials at a frequency of 0.033 Hz). Follow-
ing this, compound action potentials were again evoked at a
frequency of 0.033 Hz. The amplitudes of these post-tetanic
compound action potentials (V) were measured. The percent-
age increase was calculated as:

V
% of control = 100 x-

Vct1
Data are expressd as mean ± standard error of the mean

(s.e.mean) and n gives the number of experiments. The
significance of the difference between n pairs of observations
made before and after application of a drug was calculated
by Student's paired ttest. P values of 0.05 or less were
considered to represent significant differences.

Results

The efficacy of transmission through the ciliary ganglion was
determined as described previously (Scott & Bennett, 1993).
The size of the compound action potential recorded in the
postganglionic ciliary nerve due to chemical transmission
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Figure 1 The effects of 8-Bromo-cyclic GMP (8-Br-cGMP), 8-
bromo-cyclic AMP (8-Br-cAMP) and sodium nitroprusside (SNP) on
transmission through the ciliary ganglion. The ordinate scale gives
the percentage of the amplitude of the chemical component of the
compound action potential with respect to its amplitude during the
control period recorded from the postganglionic ciliary nerve.
Measurement is made by stimulating at 30 s intervals and the control
amplitude is established by averaging these recordings for 15 min
before application of the drug or tetanic stimulation. (a) Shows the
effect of addition of 100 fLM 8-Br-cyclic GMP at time zero; (b) shows
the effect of the addition of 100 g.M 8-Br-cyclic AMP at time zero; (c)
shows the effect of the addition of 100 AM SNP at time zero. The
horizontal bar indicates the time of application of the respective
drugs.
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through the ganglion in the presence of 300 tLM of hexa-
methonium was used as a measure of synaptic efficacy. The
oculomotor nerve was stimulated every 30 s and the size of
the chemical component of the action potential noted. Appli-
cation of 100 ZtM 8-Br-cyclic GMP increased the synaptic
efficacy in all 5 ganglia studied, with an average increase of
61 ± 31% (Figure la). Application of 100 t4M of 8-Br-cyclic
AMP also enhanced transmission through the ganglion, by
an average of 46 ± 20% in 5 experiments (Figure Ib).

In order to determine if an endogenous nitric oxide-
sensitive, soluble guanylate cyclase was likely to be present in
the ganglion for the production of cyclic GMP, sodium
nitroprusside (100 lM) was applied to the preparation. This
increased the size of the compound action potential by an
average of 26 ± 12% in 12 ganglia (Figure 1c). Sodium azide
(100 gtM), an agent shown to stimulate the formation of cyclic
GMP in sympathetic ganglia (Quenzer et al., 1980a,b; Ariano
et al., 1982; Ando et al., 1983; Volle & Quenzer, 1983), was
applied to the ganglion in five experiments. Surprisingly, this
showed no significant effect on the efficacy of synaptic trans-
mission. The action of sodium azide in stimulating cyclic
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GMP formation is known to be much less effective in
autonomic ganglia than is the action of sodium nitroprusside
(Quenzer et al., 1980a). In order to check that the effects of
sodium nitroprusside (Na2Fe(CN)5NO) were due to its pro-
duction of nitric oxide, five ganglia were bathed in 100 LM
potassium ferricyanide (K3Fe(CN)6). There was no change in
the compound action potential.
The existence of a nitric oxide-sensitive system in the gang-

lion, presumably operating through cyclic GMP, raises the
question of whether an endogenous nitric oxide modulates
transmission. In order to test this, the nitric oxide synthase
blocker L-NAME (100 I1M) was added to the preparation,
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Figure 2 The effect of blocking nitric oxide synthase with N0-nitro-
L-arginine methyl ester (L-NAME) on post-tetanic potentiation and
long-term potentiation of chemical transmission in the ganglion. The
ordinate scale gives the percentage of control of the chemical compo-
nent of the compound action potential as in Figure 1. Each point
represents the mean ± s.e.mean for five experiments. (a) Tetanic
stimulation of the ganglion at 30 Hz for 20s produces the usual
post-tetanic and long-term potentiation time courses; (b) the same

ganglia were perfused for at least 60 min with 100 JM L-NAME and
tetanic stimulation was reapplied to the presynaptic oculomotor
nerve.
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Figure 3 The result of a brief application of 8-bromo-cyclic AMP
(8-Br-cAMP), 8-bromo-cyclic GMP (8-Br-cGMP), and sodium nit-
roprusside: (a) exposure of the ganglion to I mm 8-Br-cyclic AMP
for 3 min at time zero increased the efficacy of synaptic transmission
which was maximal at time 40 min and measured as 134% of the
control in this case. (b) Exposure of the ganglion to I mm 8-Br-cyclic
GMP for 3 min at time zero increased the efficacy of synaptic
transmission which was maximal at time 10 min and measured as
125% of the control in this case. (c) Exposure of the ganglion to
I mm sodium nitroprusside (SNP) for 3 min at time zero increased
the efficacy of synaptic transmission which was maximal at time
10 min and measured as 114% of the control in this case.
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Figure 4 The dose-response curve of the maximal increase in the
efficacy of synaptic transmission following drug exposure at the
indicated concentration for 3 min. The maximal responses for cyclic
AMP (0), cyclic GMP (0) and sodium nitroprusside (A) exposure
were taken at time 40 min, 10 min and 10 min respectively after
initial drug exposure.

and the effect of this on transmission and potentiation
monitored. L-NAME did not affect transmission through the
ganglia but it did significantly decrease LTP by an average of
48% ± 13% in 5 preparations (P <0.05; Figure 2). There
was no significant effect on PTP (P >0.25). In one prepara-
tion the LTP doubled in the presence of L-NAME; we have
no explanation for this.

Given that NO, cyclic GMP and cyclic AMP are likely to
be involved in the enhancement of synaptic efficacy, ganglia
were exposed for 3 min to each of these drugs at a concentra-
tion of 1 mM to see whether the resultant potentiation would
be maintained following the drug removal (Figure 3). Appli-
cation of 1 mm 8-Br-cyclic AMP produced a slowly increas-
ing potentiation that reached a maximum of 126 ± 4% of
control (n = 3) at time 40 min (Figure 3a). The exposure of
the ganglion to 8-Br-cyclic GMP produced a potentiation
that was maximal at 10 min after the drug application to a
value of 116 ± 7% of control (n = 3; Figure 3b). The potenti-
ation produced by SNP reached a maximal level 10 min after
stimulation (110 ± 2%; n = 3; Figure 3c). Both the 8-Br-
cyclic AMP and SNP evoked effects returned to control
levels approximately 25 min after drug application. Each of
the potentiations resulting from the actions of these drugs
was proportional to the drug concentra'tion over the range
10 tLM to 1 mm (Figure 4).

Discussion

Nicotinamide adenine dinucleotide phosphate (NADPH)
diaphorase (Dawson et al., 1991; Hope et al., 1991) can be
used as a marker for neurones that contain NO synthase. In
the autonomic nervous system such neurones are found in
the intermedio-lateral cell column of the spinal cord giving
rise to the preganglionic sympathetic nerves (Valtschanoff et
al., 1992; Blottner & Baumgarten, 1992) and in pelvic gang-
lia, as well as in the intramural plexuses of the gastrointes-
tinal tract and lower urinary tract (Grozdanovic et al., 1992).
Antibodies to nitric oxide synthase have confirmed these
findings with NADPH-diaphorase histochemistry (Bredt et
al., 1990) as well as allowing for its ultrastructural localiza-
tion. This has shown that the synthase is not associated with
any subcellular organelle or with the plasma membane

(Llewellyn-Smith et al., 1992), but is patchily distributed in
both the neurone cell bodies as well as in nerve terminals.
NADPH-positive stained neurones are found throughout the
ciliary ganglion of avian embryos but are restricted to the
superficial layers of the ganglion after hatching (Scott et al.,
1992). Ultrastructural localisation of antibodies to the syn-
thase show that it is exclusively found in the giant calyciform
preganglionic terminal on the ciliary neurones, with no anti-
body in the neurone somas (Chan, 1992). Therefore, it
appears very likely that nitric oxide may act as a cotransmit-
ter or modulator of transmission in the ciliary ganglion
rather than a retrograde messenger as has been proposed for
neurones in the hippocampus (see for example, Bohme et al.,
1991).
There is now considerable evidence suggesting that nitric

oxide acts as a transmitter in the peripheral nervous system.
The inhibitory neurones of the gastrointestinal tract that use
neither noradrenaline nor acetylcholine as transmitters (Ben-
nett et al., 1963), the so called NANC neurones, appear in
most cases to use nitric oxide as their transmitter (Gillespie et
al., 1989; Li & Rand, 1989; Hobbs & Gibson, 1990; Bult et
al., 1990; Desai et al., 1991; Boeckxstaens et al., 1991; Chris-
tinck et al., 1991). There is also evidence that nitric oxide can
act as an autoexcitatory agent to potentiate the release of
transmitters. For example, the secretion of noradrenaline in
the regulation of haemodynamics is facilitated by the action
of endogenous nitric oxide (Halbrugge et al., 1991).
Endogenous nitric oxide is generated and released from the

ciliary ganglion during LTP, as this was reduced by about
40% in the presence of L-NAME without any affect on PTP.
Cyclic GMP may be involved in the action of nitric oxide, as
addition of 8-Br-cyclic GMP increased the efficacy of trans-
mission through the ganglion by about 40%, that is to about
the same extent as did sodium nitroprusside, a result similar
to that observed for sympathetic ganglia (Briggs, 1992). The
classical pathway for the action of nitric oxide, namely
through the haeme group of guanylate cyclase capturing
nitric oxide, with a subsequent conformational change in the
enzyme leading to the production of cyclic GMP and phos-
phorylation of a substrate through cyclic GMP-dependent
kinase (Bredt & Snyder, 1992), is one mode of action
observed in sympathetic ganglia (Dun et al., 1978). In these
ganglia the increase in cyclic GMP accompanying nerve
stimulation (Weight et al., 1974) is probably confined to the
nerve terminals as depolarization of the ganglion with high
potassium concentrations does not lead to an increase in
cyclic GMP if the ganglion has been denervated (Quenzer et
al., 1980a,b; Ando et al., 1983). This increase in the terminal
cyclic GMP may be due to the action of secreted acetyl-
choline acting on terminal muscarinic receptors to inhibit
secretion (Morita et al., 1982), as acetylcholine increases the
cyclic GMP content of the ganglion through an atropine-
sensitive mechanism (Kebabian et al., 1975). Whether acetyl-
choline secreted at the ciliary nerve terminals also acts to
stimulate the production of cyclic GMP in these terminals in
order to increase transmitter secretion has not been deter-
mined.

In the present case it has been shown that 8-Br-cyclic AMP
can increase the efficacy of synaptic transmission through the
ganglion by about 40% as is the case for sympathetic ganglia
(Briggs, 1992). As this is about the same increase in efficacy
as that produced by sodium nitroprusside, it is possible that
nitric oxide also acts through the cyclic AMP pathway. In
sympathetic ganglia, analogues of cyclic AMP give a long-
lasting increase in the evoked secretion of acetylcholine
through a mechanism that does not involve extracellular
calcium (Briggs et al., 1985; 1988). The question immediately
arises as to how nitric oxide could increase cyclic AMP and
also elevate transmitter secretion. One way involves the
ability of cyclic GMP to inhibit cyclic AMP phospho-
diesterase (Maurice & Haslam, 1990a,b): this mechanism
ensures that if cyclic GMP levels in the nerve terminal are
elevated by nitric oxide then so will those of cyclic AMP. It

1-I I
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is interesting in this regard that recent biochemical studies
have shown that there is a large increase in the phosphoryla-
tion of a protein kinase A substrate in the ciliary ganglion
after its exposure to sodium nitroprusside (Lengyel et al.,
1993). In the hippocampus cyclic AMP is elevated in an
NMDA-receptor dependent way during LTP indicating an
involvement of cyclic AMP-dependent protein kinase (Chet-
kovitch et al., 1991). The effect of blocking cyclic AMP
production on LTP in the ciliary ganglion has not yet been
investigated.
The effects of cyclic AMP in elevating transmission

through the ciliary ganglion were more sustained than those
due to cyclic GMP (see Figures 1 and 3). One possible
explanation is that cyclic GMP has two actions in the gang-
lion: one already mentioned involves the elevation of cyclic
AMP through the ability of cyclic GMP to inhibit cyclic
AMP phosphodiesterase; the other could involve the eleva-
tion of a protein phosphatase through protein kinase G. It
has recently been shown that calcium-activated potassium
channels in rat pituitary tumour cells are stimulated by cyclic
GMP acting through a protein phosphatase (White et al.,
1993). If cyclic AMP stimulation through cyclic GMP
inhibits these channels in the ciliary ganglion but cyclic
GMP-dependent protein phosphatase stimulates them, then
the action of exogenous cyclic GMP may be transient com-
pared with that of exogenous cyclic AMP. It remains to be
seen whether this hypothesis survives experimental testing.
The present results suggest the following model for the

action of nitric oxide in the maintenance phase of LTP in the
ciliary ganglion. High-frequency stimulation of the
calyciform nerve terminal leads to the influx of sufficient
calcium into the terminal to activate nitric oxide synthase

(Chan, 1992; Garthwaite, 1991); the nitric oxide so produced
acts on guanylate cyclase located in the terminal resulting in
the increase in transmitter secretion in autonomic ganglia but
no change in the sensitivity of postsynaptic receptors (Kuba
& Kumamoto, 1990; Scott & Bennett, 1993). The principal
effect of the cyclic GMP produced is to phosphorylate cyclic
AMP phosphodiesterase, so that this can no longer meta-
bolize cyclic AMP (Maurice & Haslam, 1990a). The subse-
quent increase in cyclic AMP in the terminal leads to the
phosphorylation of a protein kinase A substrate (Lengyel et
al., 1993), which may be identified as the calcium-activated
potassium channels in the terminal. This results in a decrease
in the opening of these channels (Cetiner & Bennett, 1992),
with a consequent increase in the duration of the terminal
action potential and a very large increase in the transient
calcium concentration required during vesicle exocytosis at
the active zones of the terminal. Whether there is an auto-
phosphorylation form of protein kinase A in the terminal
which will allow for a sustained effect of this pathway on
transmitter secretion is not known. Nor is it known whether
the decrease in calcium channel opening produced by nitric
oxide is such as to compensate for the enhancement expected
from the increase in duration of the action potential. The
present work suggests however that the processes described
in the above model may occur: blocking nitric oxide synthase
with L-NAME decreases LTP whereas adding nitric oxide
exogenously increases the efficacy of transmission through
the ganglion as does the addition of either cyclic GMP or
cyclic AMP. Whether there is a pathway from cyclic GMP to
calcium-calmodulin kinase II remains to be investigated, as
blocking this kinase prevents LTP (Scott & Bennett, 1993),
indicating that it is important in the expression of LTP.
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Adenylate cyclase-mediated vascular responses of rabbit aorta,
mesenteric artery and skin microcirculation
A.J. Wilson & 'J.B. Warren

Department of Applied Pharmacology, National Heart & Lung Institute, London SW3 6LY

1 The importance of adenylate cyclase-mediated vascular relaxation in the macro and microcirculation
was assessed in rabbit aortic and coeliac artery bioassay rings in vitro and skin microvessels in vivo.
2 The neuropeptide pituitary adenylate cyclase-activating polypeptide (PACAP38), the P-agonist,
isoprenaline, and the prostaglandins, PGE, and PGE2, were compared with the activity of nitroprusside,
which acts by stimulating guanylate cyclase.
3 In aortic tissue the relative relaxant potencies were (- log M ECm, 100% = response to nitroprusside
10-6 M): nitroprusside 7.0, PACAP38 6.8, isoprenaline 6.3; PGE, and PGE2 were weak constrictors. In
coeliac artery rings relative potencies were (- log M ECm, 100% = response to nitroprusside 10-5 M):
PACAP38 6.6, PGE, 6.6, nitroprusside 6.5, PGE2 4.9, and isoprenaline 4.3.
4 Comparative potencies when injected into anaesthetized rabbit skin in vivo were (- log mol/site
required to increase blood red cell flux by 75%): PACAP38 13.0, PGE2 10.7, isoprenaline 9.7, PGE, 9.1,
nitroprusside < 7.
5 Nitroprusside, the most effective relaxant tested in the aorta, was 107 fold less potent than PACAP in
its effect on skin blood flow. PGE1 and PGE2 were constrictors of the aorta, of intermediate effect in the
coeliac artery, but potent vasodilators of the microcirculation.
6 In this model, the importance of adenylate cyclase-mediated vascular relaxation increases with
decreasing vessel size.

Keywords: Prostaglandins; pituitary adenylate cyclase activating polypeptide; cyclic AMP; cyclic GMP; P-adrenoceptors; nitric
oxide

Introduction

The cyclic nucleotides adenosine and guanosine 3': 5'-cyclic
monophosphates (cyclic AMP and cyclic GMP, respectively)
have both been implicated as intracellular second messengers
which mediate vascular smooth muscle relaxation. Adenylate
cyclase can be stimulated to generate cyclic AMP by several
first messengers, including prostaglandins, P-adrenoceptor
agonists and some of the neuropeptides (Andersson, 1973;
Scheid et al., 1979; Schoeffter et al., 1987; Sata et al., 1988;
Warren et al., 1991; Wood & Owen, 1992). The elevation in
concentration of cyclic AMP activates cyclic AMP-dependent
protein kinases, leading to actin myosin relaxation. The
stimulation of soluble guanylate cyclase to generate cyclic
GMP is by nitric oxide, the endogenous nitrovasodilator
released by several cell types, which is a key component of
endothelium-derived relaxing factor (EDRF) (Moncada &
Higgs, 1991).
Many of the studies of EDRF and nitric oxide have

involved bioassay systems using rabbit aorta or large vessel
endothelial cells in culture. In these systems the inhibition of
nitric oxide synthase abolishes the relaxant activity derived
from endothelial cells (Gryglewski et al., 1986; Moncada &
Higgs, 1991). Agonists such as bradykinin which cause the
release of EDRF also stimulate endothelial cells in culture to
increase substantially their release of prostaglandins (Gryg-
lewski et al., 1986). However, preventing the synthesis of
prostaglandins with cyclo-oxygenase inhibitors does not
affect relaxant activity (Gryglewski et al., 1986). Further-
more, pre-contracted rabbit aortic rings do not relax in res-
ponse to vasodilator prostaglandins (Bunting et al., 1976)
suggesting that the prostaglandin-adenylate cyclase vaso-
dilator pathway is not important in these systems when
compared to the nitric oxide-guanylate cyclase pathway.
The nitric oxide-guanylate cyclase vasodilator pathway

does not predominate to the same extent in smaller blood
vessels. For example, the peptide bradykinin is a potent

stimulus to nitric oxide release from endothelial cells from
large vessels, yet in rabbit coeliac artery bradykinin relaxes
this vessel by a cyclo-oxygenase dependent mechanism
(Aiken, 1974; Cherry et al., 1982; Ritter et al., 1989).
Another stimulus to endothelium-derived nitric oxide in large
arteries, acetylcholine, acts by a nitric oxide independent
mechanism in the rat small mesenteric artery (Garland &
McPherson, 1992) and is only a weak vasodilator in skin
(Williams, 1982).

In the microcirculation, prostaglandins El, E2, and 12, as
well as vasoactive intestinal polypeptide (VIP) and calcitonin
gene-related peptide are potent vasodilators in man and ex-
perimental animals and all stimulate adenylate cyclase (Wil-
liams & Peck, 1977; Joyner et al., 1979; Messina et al., 1975;
1980; Messina & Kaley, 1980; Williams, 1982). Pituitary
adenylate cyclase activating polypeptide (PACAP) is approx-
imately 100 fold more potent than VIP at stimulating
adenylate cyclase in several cell lines and has similar potency
as a vasodilator of large vessels and the microcirculation
(Warren et al., 1991; 1992c).
The aim of the present study was to define the relative

sensitivity of rabbit aorta, coeliac artery and the skin micro-
circulation to four agonists which stimulate adenylate cyclase.
This has been compared with the sensitivity of these tissues
to nitroprusside, given as a nitric oxide donor. Nitroprusside
was chosen as it readily releases nitric oxide in tissue (New-
man et al., 1990). Both aortic and coeliac artery rings were
studied without endothelium and in the presence of indo-
methacin to remove any complicating effects of endogenous
nitric oxide or prostaglandin release.

Methods

Aortic and coeliac arteries

I Author for correspondence.
Aortic and coeliac arteries were dissected from male New
Zealand White rabbits which had been killed with an over-
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dose of sodium pentobarbitone. They were placed in Krebs-
Henseleit solution of the following composition (mM): NaCI
118, KCI 4.7, MgSO4.7H2O 1.2, NaH2PO4 1.2, NaHCO3 25,
CaC12 1.5, which was bubbled with 5% CO2 in air (pH 7.4).
The blood vessels were cleaned of connective tissue and cut
into 3 mm rings. The endothelium was removed by rotating
gently around the closed tips of a pair of fine forceps.

Superfusion bioassay system

Rings of aorta or coeliac artery were mounted on hooks
attached to a force transducer (Dynameter UF1, Pioden
Controls Ltd, Canterbury, Kent) and amplifier (Transbridge
TBM4, World Precision Instruments, Sarasota, Florida,
U.S.A.) and the output recorded on a Maclab analogue to
digital conversion system and Macintosh Apple computer
(Apple Computer Inc, Cupertino, Ca, U.S.A.). They were
maintained at 37°C and perfused continuously at 2 ml min-'
with Krebs-Henseleit buffer bubbled with 5% CO2 in air. The
bioassay rings were adjusted over a minimum period of
100 min to maintain a resting tension of 2-3 g for the aorta
and 1-1.5 g for the coeliac artery rings. Rings were then
perfused with buffer containing potassium 100 mM for 2 min
and allowed a further 45 min to return to baseline. The rings
were contracted by perfusing with buffer containing 1 tAM
phenylephrine and the absence of endothelium confirmed by
the lack of response to 1 tLM acetylcholine given for 1 min.
Albumin (0.3% w/v) was added to the buffer for peptide
dilutions and also to the bioassay perfusate to prevent pep-
tide sticking to plastic tubing.

All doses of the agonists were perfused over the bioassay
tissue for 1 min, the concentration of phenylephrine being
maintained at I1AM and indomethacin 1OjM added to all
solutions. The relaxation response of each bioassay ring was
determined by giving 1 tLM nitroprusside for 1 min and results
are expressed as a percentage of this response. Drugs were
given in the concentration range 10-'1_10-4 M and 6-10
rings were used at each drug concentration.

Measurement of skin bloodflow

The microcirculation vasodilator response to intradermal
injections was assessed by measuring skin blood flow in vivo
with a laser Doppler flow probe (Perimed II, Stockholm,
Sweden; Warren et al., 1992a,b,c; 1993). Male New Zealand
White rabbits, 2.5-3.5 kg, were anaesthetized with sodium
pentobarbitone 30 mg kg-', i.v. The dorsal skin was shaved
with electric clippers and depilated with a commercial
depilating cream (Immac). The dorsal skin was then rinsed
thoroughly with warm water and the animal left for 1 h
before measurements were made. The animal remained
anaesthetized throughout the procedure in an air-conditioned
room at 24 ± 1'C and was not allowed to recover cons-
ciousness.
Up to 10 sites were marked out in each quadrant of dorsal

skin and baseline blood flow was measured in each site with
the laser-Doppler flow probe. The probe was held at right
angles to the skin by a plastic guide. Each reading took 15 s
with a 10 s interval between readings and the mean of three
readings per site were taken. Results were recorded as red
blood cell flux (the number of moving red cells detected by
the laser beam x mean cell velocity) and expressed as a
percentage of a standardized signal. The laser Doppler was
set at 4 Hz, gain 10 and a time constant of 3 s. The output
was recorded on a Maclab and Macintosh Apple Computer
(Apple Computer Inc, Cupertino, Ca, U.S.A.) set at an input
of 1OV and chart speed of 2 mm s-.

Skin bloodflow protocols

Test agents dissolved in phosphate buffered saline or control
buffer were injected intradermally with a 27 wire gauge needle
in 100 IAI volumes and the change in red cell flux measured at

30 min. Experiments were repeated four times in each rabbit
so that each datum point per rabbit is the mean of four sites.
Test compounds were injected in a randomized site pattern.
Results are expressed as the percentage change from basal.

Cell culture

Vascular smooth muscle cells were prepared by non-
enzymatic methods from rabbit aorta (Warren et al., 1990).
The endothelium and adventitia were removed from a length
of lower thoracic aorta resected from a New Zealand White
rabbit that had been killed with an overdose of sodium
pentobarbitone. The medial layer was cut into 1 mm squares
and seeded into a culture flask. Smooth muscle cells grew out
from these explants and, when confluent, were passaged
using a rubber policeman. Contaminating cells were iden-
tified by microscopy and removed by selective scraping when
passaging. Flasks were passaged 1:3 approximately every 6
weeks and cells used between passages 3 and 7. The identity
of the smooth muscle cells was confirmed by their spindle
shaped aligned appearance, by electron microscopy and by
positive immuno-staining for alpha smooth muscle actin.
Smooth muscle cells were cultured in Dulbecco's Modified
Eagles Medium (DMEM) supplemented with 20% foetal calf
serum, glutamine 480 mg 1-', penicillin 60,000 u 1-', strep-
tomycin 60 mg I-', thymidine 2 mg I-', insulin 5 mg I-',
transferrin 5 mg 1- and selenium 5ILgg1; this medium was
changed every 3-4 days.

For the incubation experiments cells were passaged into 24
well plates (Falcon, Becton Dickinson, London UK) and
used when confluent at 4-5 days.

Measurement of cyclic AMP

Aortic smooth muscle cells in multi-well plates were washed
three times with Krebs-Henseleit buffer and left in 270 1Al of
buffer, containing phenylephrine 1 1AM and indomethacin
101 M for 45 min. The plates were kept throughout the
experiment in an incubator at 37'C in an atmosphere of 5%
CO2 in air. Test compounds were added in 30 1Al volumes to
the wells, to give a final volume of 300 1l, and incubated for
a further 15 min. The reaction was then stopped by adding
3001Al tri-chloroacetic acid 1 M at 4'C and the plates left
overnight at 4C. The test agents used (final concentration
ranges) were: PACAP38 10- 13 10-7 M, prostaglandin El
(PGEI) 10-'0-10-6M, PGE2 10-_-10-5 M, isoprenaline
1o-"- 10-6M and nitroprusside 10-6 M. All incubations were
in the presence of the phosphodiesterase inhibitor rolipram
1001AM, other than the control wells.
To extract the cyclic nucleotides, 500 1tl was removed from

each well, centrifuged, and the supernatant added to 50 1Al of
25 mM EDTA and vortexed. Freon: tri-n-octylamine, 1: v/v,
100 1IL was added and vortex mixed. The mixture was cen-
trifuged and 450 1Ll of the upper aqueous phase removed and
neutralized with 50 IAl NaHCO3 (120 mM).
For the radio-immunoassay of cyclic AMP, 100 1Al samples

were taken in duplicate. Goat cyclic AMP antibody, 1001l,
was added together with 50 1Al of adenosine 3': 5'-cyclic phos-
phoric acid 2'-O-succinyl-3 ['251]-iodotyrosine methyl ester,
2,000 Ci mmol-', to give total c.p.m. in the range 10,000-
15,000. The mixture was left overnight at 4°C. Charcoal
suspension in potassium phosphate buffer was added at 4C,
vortex mixed, left for 15 min, centrifuged, and 800 1Al of
supernatant removed and radioactivity measured in a gamma
counter.
For the protein assay, cells were removed from the plate

wells with 0.1 M NaOH and protein measured with a spectro-
photometric dye method using Bradford reagent.

Drugs and chemicals

PACAP38 was obtained from Penninsula Laboratories, St
Helen's, UK. PGE, and PGE2 were from Cascade Biochem
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Ltd, Reading, UK and adenosine 3': 5'-cyclic phosphoric acid
2'-O-succinyl-3 ['25I]-iodotyrosine methyl ester from Amer-
sham International Ltd, Amersham, UK. Rolipram was the
generous gift of Schering AG, Berlin, Germany. Freon:tri-n-
octylamine was from the Aldrich Chemical Co, Gillingham,
UK. [IR-[b4(Z),2p,3p,5oJ]-( + )-7-[5-([1,1 '-biphenyl]-4-ylmeth-
oxy) - 3 - 3 - hydroxy-2 - (I -piperidinyl) cyclopentyl] -4 -heptenoic
acid, hydrochloride (GR32191 B) was the generous gift of
Glaxo Group Research, Greenford, UK.

Foetal calf serum, DMEM, penicillin and streptomycin
were obtained from Gibco (Paisley, UK). Gas mixtures were
obtained from BOC Medical Gases (Middlesex, UK). Other
drugs and chemicals were obtained from Sigma (Poole, UK).

Statistical analysis

Results are expressed as mean ± s.e.mean. In the bioassay
experiments of vascular rings, 6-10 rings were used for each
drug concentration tested. For the measurement of skin
blood flow, all data points are the mean of 4 animals, each
experiment performed 4 times in each rabbit. In experiments
measuring cyclic AMP generation, all data points are the
mean of 6 experiments and each assay was performed in
duplicate. Statistical comparisons were made by analysis of
variance and taken as significantly different if P<0.05.

Results

Vasodilator effects in aorta

The mean resting tension of the aortic rings was 2.44±
0.08 g and this increased to 10.55 ± 0.66 g with phenyl-
ephrine 1 JAM. There was no vasodilatation in response to
acetylcholine, confirming that the endothelium had been
removed. Nitroprusside 1 JAM caused a mean maximal reduc-
tion in contraction of - 64%. The maximal response to
10 JAM nitroprusside was not significantly different from the
response to 1 JAM. The response to nitroprusside 1 JAM was
taken as - 100% and results expressed as a percentage of
this response.

Nitroprusside, PACAP38 and isoprenaline caused dose-
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dependent relaxation of pre-contracted aortic rings (Figure
1). The following potencies (- log M EC;0, 100% = response
to nitroprusside 1 gM) were observed: nitroprusside, 7.0;
PACAP38, 6.8 and isoprenaline, 6.3. Both of the prostaglan-
dins tested had no effect up to 10-' M but caused some
contraction of aortic rings at higher concentrations. The
isoprenaline dose-response was significantly different from
the PACAP38, nitroprusside and prostaglandin responses:
P< 0.05, ANOVA.
To determine if high doses of PGE2 could stimulate con-

strictor thromboxane receptors, the thromboxane receptor
antagonist, GR32191B, was tested on aortic rings without
endothelium. At a concentration of 100JM it reversed the
constrictor effects of thromboxane-mimetic, U46619 at
10 nM, but did not affect the contraction produced by
phenylephrine 1 JAM. Rings contracted with phenylephrine
1 JIM contracted a further 44 ± 3% with PGE2 1OJM in the
absence, and 42 ± 2% in the presence, of 100 JAM GR32191 B
(results are mean ± s.e., n = 4; - 100% = fall in tension in
response to nitroprusside 1 lJM).

Vasodilator effects in coeliac artery

Phenylephrine was a less effective constrictor of coeliac artery
than of aorta and therefore used at a higher concentration of
10 JAM which elevated resting tension from a mean of
1.37 ± 0.05 g to 5.53 ± 0.73 g (with 1 JAM phenylephrine the
corresponding figure was 2.45 ± 0.80 g). A higher dose of
nitroprusside was used (10 JM) and results expressed as a
percentage of this response. Nitroprusside 10 JiM caused a
- 72% relaxation of the phenylephrine-induced contraction
and only a - 20% relaxation at 1 jaM.

Figure 2 shows that PACAP38 was of similar potency to
nitroprusside as a relaxant of pre-contracted coeliac artery.
In contrast to their vasoconstrictor effects in aortic tissue,
both prostaglandins were vasodilators in the coeliac artery
with PGE, being of. equivalent potency to PACAP38. The
vasodilator potency (- logM EC50, - 100% = response to
nitroprusside 10 JM) was PACAP38, 6.6, PGE,, 6.6; nitro-
prusside, 6.5; PGE2, 4.9; isoprenaline, 4.3. PGE2 and
isoprenaline were each significantly different from the other
three, P <0.05 in each case.
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Figure 1 Graph showing the concentration-dependent effect of five
agonists on rabbit aorta. Aortic rings were precontracted with
phenylephrine 1 gLM in the presence of indomethacin 1O uM. Agonists
were given for 1 min in the superfusate of the bioassay: prostaglan-
din El (@- -@); E2 (O- - -0); isoprenaline (O O0) and
PACAP38 (A A). Results are expressed as a percentage of the
relaxation to nitroprusside 1 JAM (@ 0). Results are the
mean ± s.e.mean of 6-1O rings.
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Figure 2 Graph showing the concentration-dependent effect of five
agonists on rabbit coeliac artery rings. Rings were precontracted
with phenylephrine 1O 1M in the presence of indomethacin 1O 1M.
Agonists were given for 1 min in the superfusate of the bioassay:
prostaglandin El (-- -0); E2 (O --); isoprenaline (E O)
and PACAP38 (A A). Results are expressed as a percentage of
the relaxation to nitroprusside 10 JM (0 0). Results are the
mean ± s.e.mean of 6-1O rings.

. . . . *,1OV --j



636 A.J. WILSON & J.B. WARREN

Effects on skin bloodflow

Of the agonists tested on skin blood flow in vivo, PACAP38
was the most potent and nitroprusside the least potent, there
being a 107 fold shift in the dose response between them
(Figure 3). Both PACAP38 and nitroprusside were signifi-
cantly different from the other three agonists and from each
other (P< 0.05 in each case, ANOVA). Comparative potencies
(- log mol/site of the dose required to increase basal flow by
75%) were: PACAP38 13.0, PGE2 10.7, isoprenaline 9.7,
PGE, 9.1, nitroprusside <7. Sodium nitroprusside was not

given in doses higher than 10- mol per site, as a preliminary
experiment measuring blood pressure in rabbits with an
intra-arterial cannula suggested that at 10-6 mol per site, or
above, nitroprusside injected intradermally can affect sys-
temic blood pressure.

Stimulation of adenylate cyclase
Nitroprusside had no effect on cyclic AMP generation in
cultured aortic vascular smooth muscle cells whereas all four
of the remaining agonists caused dose-dependent increases
(Figure 4). The order of potency was PACAP38>PGE,>
isoprenaline > PGE2 and the agonists were significantly
different from each other (P <0.05 in each case).

I I I I l

14 13 12 11 10

-log mol per site

Figure 3 A comparison of the vasodilator effect
skin blood flow in the shaved dorsal skin of the
Each agonist was injected in 100 jld aliquoi
measured at 30 min with a laser Doppler flow 1
El (0- -- ); E2 (0- - -0); isoprenaline (C
(A A) and nitroprusside (0 *). Each
mean ± s.e.mean of 4 rabbits and each experime
times in each rabbit. Results are expressed as th4
in basal blood flow.
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Figure 4 Graph showing the concentration-der
agonists on cyclic AMP production by cultured
muscle cells. Intracellular cyclic AMP was ml
munoassay after a 15 min incubation with eacl
the presence of a phosphodiesterase inhibitor. N
no effect whereas the other four agonists tested i
concentrations significantly and were significantl
other: prostaglandin El (-- -0); E2 (0-
(0 O) and PACAP38 (A A). Results
concentration of cyclic AMP per mg of proteil
mean ± s.e.mean of six experiments.

Discussion

The present study shows that within a single species, the
adenylate cyclase-mediated responses to the four agonists
tested were more prominent in the microcirculation than the

'4
macrocirculation. PGE, and PGE2 were constrictors of the
aorta, of intermediate effect in the coeliac artery, but potent
vasodilators in skin, consistent with the concept that prosta-
glandins are important vasodilators of the microcirculation
(Messina et al., 1975; 1980; Messina & Kaley, 1980).
The results confirm PACAP38 as a vasorelaxant (Warren

et al., 1991; 1992c) and in addition show it to be particularly
9 8 7 effective at increasing blood flow in the skin microcirculation.

PACAP is a powerful stimulus to adenylate cyclase in many
tissues and it is likely that PACAP causes vasorelaxation via

ts of five agonists on the generation of cyclic AMP in vascular smooth muscle
anaesthetized rabbit. (Warren et al., 1991). It stimulated adenylate cyclase in aortic

ts and blood flow smooth muscle cells in culture in the present experiments at

probe: prostaglandin much lower concentrations than the other three agonists
O); PACAP38 tested.

point represents the The prostaglandins did not relax precontracted aortic rings
nt was repeated four and this is well described (Bunting et al., 1976). The sen-
e percentage increase sitivity of the aortic rings to PACAP suggests intracellular

adenylate cyclase is coupled to the vasodilator mechanism
in this tissue and that the insensitivity to prostaglandins may
be at the receptor level. The contraction observed with higher
concentrations of prostaglandins could be caused by cross

reactivity with vasoconstrictor receptors. These are unlikely
to be thromboxane receptors as the constrictor effects of
higher concentrations of PGE2 were not inhibited by
GR32191, a compound known to be a specific thromboxane
receptor antagonist (Humphrey et al., 1990).
The radio-immunoassay data show both prostaglandins

stimulated cyclic AMP generation in aortic smooth muscle
cells in culture indicating that the receptors are linked to
adenylate cyclase but that any vasodilator effect may have
been negated by the stimulation of constrictor receptors.

;*,1V Isoprenaline, PACAP, PGE1 and PGE2 all caused a dose-
J/,,dependent elevation in intracellular cyclic AMP in rabbit

cultured vascular smooth muscle cells. This supports the
hypothesis, although does not prove it, that they act via this

mechanism. It is possible to measure cyclic AMP in snap-

frozen vascular bioassay rings which allows the elevation in
cyclic AMP to be correlated with biological effect, but the

7 6 maximal elevation in cyclic AMP observed with this method
is too small to generate dose-response curves (Vuorinen et
al., 1992). For this reason, we chose to measure cyclic AMP

pendent effect of five generation in cultured cells in the presence of a phos-
rabbit aortic smooth phodiesterase inhibitor as the magnitude of the response
easured by radioim- allows agonist dose-response curves to be compared. Rabbit
h dose of agonist in aorta was chosen as the source of vascular smooth muscle
litroprusside (U) had cells as they grow readily from explants and their identity can
ncreased cyclic AMP be confirmed by their morphology and staining characteris-
y different from each tics. Repeating these studies with cultured microvascular

are expressed as the smooth muscle cells would be of interest but it is not tech-
n. Each point is the nically possible to grow these cells in sufficient numbers for

such an experiment.
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It is important not to over interpret the cyclic AMP
radioimmunoassay data. The correlation between an eleva-
tion of intracellular cyclic AMP concentration and biological
activity for different agonists can vary because of the
phenomenon of compartmentalization (Buxton & Bruton,
1979). For example, some agonists cause a highly localized
but effective elevation in cyclic AMP concentration with little
change in total intracellular cyclic AMP content. Others,
such as forskolin, affect many compartments causing an in-
crease in total intracellular cyclic AMP which appears dis-
proportionate to the biological effect. One group has used
cell fixation by microwave irradiation to study cyclic
nucleotide accumulation and shown that intracellular accum-
ulation patterns are agonist-specific and dose-dependent
(Barsony & Marx, 1990). For example, the effect of forskolin
was maximal in the nucleus whereas isoprenaline and PGE2
caused accumulation of cyclic AMP along the plasma mem-
brane (Barsony & Marx, 1990).

Nitroprusside was the most potent relaxant tested in rabbit
aorta but was the weakest when tested in the microcircula-
tion. Similarly, the nitric oxide donor, isosorbide dinitrate,
in a dose which causes a fall in systemic blood pressure
through its action on large arteries, has little effect on flow in
most microvascular beds (Wanless et al., 1987). However, the
microcirculation of rabbit skeletal muscle does dilate in res-
ponse to endogenous nitric oxide released in response to
acetylcholine (Persson et al., 1990). The microvessels of rat
and rabbit skin are capable of synthesizing and responding to
nitric oxide, for instance after challenge with endotoxin or

ultraviolet light (Pons et al., 1992; Warren et al., 1992b;
1993). The response to these inflammatory stimuli is
mediated by the inducible form of nitric oxide synthase. This
enzyme generates greater quantities of nitric oxide than the
constitutive nitric oxide synthase, which may explain the
effectiveness of inflammatory stimuli in causing vasodilata-
tion. All of the present experiments were carried out in rabbit
tissue but it seems likely that similar findings occur in man.
PACAP38 is a powerful vasodilator of the human microcir-
culation as well as forearm resistance vessels (Warren et al.,
1992a). Prostaglandins and P2-adrenoceptor agonists have
similar vasodilator potency in man and rabbit. Nitroprusside
causes arterial relaxation at low concentrations in man but is
a weak vasodilator in the skin microcirculation (Warren et
al., unpublished observations).

In conclusion, aorta, coeliac artery and skin microvessels
of the rabbit were all responsive to stimulators of adenylate
cyclase. Tissue receptor differences appear to account for the
variations seen with the agonists used, but in general the
importance of adenylate cyclase-mediated vasodilatation in-
creased with decreasing vessel size. The role of adenylate
cyclase within the microcirculation has implications for our
understanding of the mechanism of action of anti-inflam-
matory drugs, such as cyclo-oxygenase inhibitors, which sup-
press increased blood flow in inflamed tissue yet have little
effect on systemic blood pressure.

Supported by the British Heart Foundation.
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Enhancement by calcitonin gene-related peptide of nicotinic
receptor-operated noncontractile Ca2+ mobilization at the
mouse neuromuscular junction
'Ikuko Kimura, Hiroshi Tsuneki, Katsuya Dezaki & Masayasu Kimura

Department of Chemical Pharmacology, Faculty of Pharmaceutical Sciences, Toyama Medical and Pharmaceutical University,
2630 Sugitani, Toyama 930-01, Japan

1 The involvement of calcitonin gene-related peptide (CGRP) in the mechanism of nicotinic acetyl-
choline receptor-operated noncontractile Ca2" mobilization (not accompanied by twitch tension) was
investigated by measuring Ca2+-aequorin luminescence at the neuromuscular junction of mouse dia-
phragm muscle treated with neostigmine.
2 Noncontractile Ca2+ transients were enhanced by 4-aminopyridine (100IM), a K+ channel blocker,
and inhibited by botulinum toxin (1-100 yg, i.p.) and hexamethonium (10-100 JM), a neuronal
nicotinic receptor antagonist.
3 Noncontractile Ca2+ transients were diminished by CGRP8 37 (10-20pM), a CGRP antagonist.
CGRP (0.3-10 nM) prolonged the duration of noncontractile Ca2" transients. The effect of CGRP was
suppressed by CGRP8 37 (0.1 PM).
4 Noncontractile Ca2+ transients were inhibited by H-89 (0.1-1 jAM), a protein kinase-A inhibitor. The
catalytic subunit of protein kinase-A and AA373 (300 jiM), a protein kinase-A activator, prolonged the
duration of noncontractile transients. The prolongations either by CGRP or by AA373 were not
observed in the presence of H-89 (0.1 jM).
5 Contractile (accompanied by twitch tension) but not noncontractile Ca2+ transients were decreased
by 12-0-tetradecanoyl phorbol 13-acetate (TPA, 0.3-1 jAM), a protein kinase-C activator. Phospholipase
A2 increased only contractile Ca2+ transients. Calmodulin-related agents affected neither type of Ca2+
transients.
6 These results provide the first evidence that nicotinic acetylcholine receptor-operated noncontractile
Ca2+ mobilization is promoted by nerve-released CGRP activating protein kinase-A, and is dependent
on the accumulated amounts of acetylcholine at the neurotnuscular junction where desensitization might
readily develop.

Keywords: Calcitonin gene-related peptide; protein kinase-A; nicotinic acetylcholine receptor; intracellular calcium; protein
kinase-C; phospholipase A2

Introduction

Noncontractile and contractile Ca2+ transients are simul-
taneously generated at the endplate region by nerve stimula-
tion in the presence of a cholinesterase inhibitor in mouse
diaphragm muscles (Kimura et al., 1991a). The noncontrac-
tile transients are triggered by the prolonged action of acetyl-
choline (ACh) on the postsynaptic nicotinic ACh receptor
(AChR). Competitive nicotinic AChR antagonists are 10 fold
more potent on noncontractile Ca2+ transients than on con-
tractile Ca2+ transients (Kimura et al., 1989).

Noncontractile Ca2+ mobilization occurs neither by Ca2+
release from sarcoplasmic reticulum, nor by simple Ca2+
influx through the nicotinic AChR-channel as a component
of endplate current (Kimura et al., 1991a,b). Contractile
Ca2+ transients are related partly to Ca2+ release from the
sarcoplasmic reticulum (Kimura et al., 1990). The duration
of noncontractile Ca2+ transients was much longer than that
of contractile transients. We considered the possibility that
the long-lasting, noncontractile Ca2+ may be mobilized via
some pathway of signal transduction.
The neuropeptide calcitonin gene-related peptide (CGRP)

coexists with ACh in the nerve terminals of the rodent
neuromuscular junction (Takami et al., 1985). CGRP
enhances the nicotinic AChR desensitization through the
phosphorylation of the nicotinic AChR by protein kinase-A
(Mulle et al., 1988). Hence, the properties of noncontractile
Ca2+ mobilization which is triggered by the accumulated
ACh in the synaptic cleft were studied to test whether they

I Author for correspondence.

are also affected by CGRP and protein kinase A-related
agents.
The present study was designed to elucidate which path-

way of signal transduction is involved in postsynaptic
nicotinic AChR-operated noncontractile Ca2" mobilization at
the neuromuscular junction. Two characteristic properties are
described here concerning noncontractile Ca2" transients:
These are: (1) their dependence on the amount of ACh
released from nerve terminal, and (2) whether they are pro-
moted by released CGRP.

Methods

Muscle preparations

Male ddY mice (7-9 weeks old, 28-42 g) were killed by
decapitation. A segment of the phrenic nerve-diaphragm
muscle was isolated and fixed in a chamber. Modified Krebs
solution (mM: NaCl 122, KCI 5.9, CaC12 2.5, MgCl2 1.2,
NaHCO3 15.5 and glucose 11.5) was equilibrated with 95%
02 and 5% C02, maintained at 36'C and perfused through
the chamber.

Measurement of Ca'+ transients

We adopted the procedures used in a previous study for
measuring Ca2+-aequorin luminescence (Ca2+ transients) and
twitch tension (Kimura et al., 1990). In brief, the aequorin
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solution (1 mg ml ') was pressure-injected into 40-50 fibres
near the ends of the fine branches where miniature endplate
potentials were obtained. The phrenic nerve was then
stimulated at 0.1 Hz with supramaximal square pulses
(0.4-0.8 V) of 0.1 ms duration. Aequorin luminescence was
led to a photomultiplier tube (Hamamatsu Photonics,
Shizuoka, Japan) and measured by a photon counter
(Hamamatsu Photonics). The signals were averaged 6 or 30
times by a signal processor (San-ei, Tokyo, Japan).

Drugs and solutions

Type A botulinum toxin (Wako Pure Chemical, Osaka,
Japan) was injected into mice by a bolus i.p. injection 40 min
prior to dissection.
Adenosine 3': 5'-cyclic monophosphate (cyclic AMP; Sigma

Chemical, MO, U.S.A.), calmodulin (Calbiochem, Tokyo),
catalytic subunit of protein kinase-A (Sigma) and phos-
pholipase A2 (Sigma) were dissolved in SlM EDTA, and
then passed through a column of Chelex 100 (50-100 mesh;
Bio-Rad Laboratories, CA, U.S.A.). A similar amount of the
above solutions was injected by nitrogen gas at 5 to 6 atm
for 2 s through a micropipette into the muscle fibres with
aequorin (Wako). Injection pipettes were filled with the
above drugs at 100 fold higher concentrations than those
reported as effective concentrations in other tissues, because
the volume of muscle fibre within which aequorin is thought
to diffuse was estimated as about 100 fold larger than that of
aequorin droplets expelled by pressure at 5 atm for 2 s in the
air.
AA373 (3-(2'-hydroxy-4',5'-diethoxybenzoyl)propionic acid)

(Takeda Chemical, Osaka), 4a-phorbol 12, 13-didecanoate
(0.1% N,N-dimethylformamide solution; Funakoshi, Tokyo),
4-aminopyridine (Nacalai Tesque, Kyoto, Japan), 8-bromo
cyclic AMP (Sigma), a-CGRP (human; Asahi-Kasei Industrial,
Shizuoka), CGRP8-37 (human; Peninsula Laboratories, CA),
H-7 (1-(5-isoquinolinesulphonyl)-2-methylpiperazine dihydro-
choloride; MBL, Tokyo), H-85 (N-[2-(N-formyl-p-chlorocinn-
amylamino)ethyl]-5-isoquinolinesulphonamide), H-89 (N-[2-(p-
bromocinnamylamino)ethyl]-5-isoquinolinesulphonamide) and
KN-62 (1 -[N,O-bis(5-isoquinolinesulphonyl)-N-methyl-L-tyro-
syl]-4-phenylpiperazine) (0.001-0.05% dimethyl sulphoxide
solution; provided by Prof. H. Hidaka, Department of Phar-
macology, Nagoya University School of Medicine), indo-
methacin (0.1% N, N-dimethylformamide solution; Sigma),
isoprenaline (Kaken Pharmaceutical, Tokyo), neostigmine
methylsulphate (Sigma), 12-0-tetradecanoyl phorbol 13-ace-
tate (TPA, 0.03-0.1% N, N-dimethylformamide solution;
Sigma), staurosporine (0.01% N, N-dimethylformamide solu-
tion; Kyowa Medix, Tokyo), theophylline (Nacalai), W-5
(N-(6-aminohexyl)- 1-naphthalenesulphonamide hydrochloride;
MBL) and W-7 (N-(6-aminohexyl)-5-chloro-1-naphthalene-
sulphonamide hydrochloride; Nacalai) were bath-applied.

Experimental protocol

After intracellular injection by pressure or preincubation with
the above drugs, neostigmine was added for 15 min. The
records for 30 signals of Ca2" transients obtained during the
last 5 min were analyzed. The duration of noncontractile
Ca2" transients consists of time to peak (TI) and decay time
(T2). Decay time was expressed as the period from peak to
e'I amplitude of the signal.

Statistical analysis

Data are expressed as mean ± s.e. One-way analysis of
variance (ANOVA), multiple-range test and Student's t test
were used to evaluate statistical differences between the
means. The levels of significance were taken as P = 0.05 or
0.01. The 50% inhibitory concentrations (ICs) on peak
amplitude of noncontractile Ca2+ transients were calculated
by direct assay on log concentration-response curves, where

each response was presented as a percentage of the noncon-
tractile response in the presence of neostigmine alone.

Results

Involvement ofACh in noncontractile Ca2+ mobilization

4-Aminopyridine (100 PiM), a K+ channel blocker that
enhances the release of ACh (Somogyi et al., 1987), increased
the peak amplitude of both noncontractile and contractile
Ca2" transients, but did not affect the duration of noncon-
tractile transients (data not shown). Botulinum toxin pro-
duces a highly effective blockade of quantal ACh release
(Stanley & Drachman, 1983). Type A botulinum toxin (1 to
100 fig, bolus i.p.) completely suppressed the generation of
both types of Ca2" transient but did not affect mechanical or
luminescence responses following direct stimulation of muscle
segments (data not shown). Hexamethonium (10 to 100 pM),
an antagonist of presynaptic nicotinic AChRs mediating a
positive feed-back mechanism (Wessler et al., 1986), inhibited
the peak amplitude of noncontractile Ca2` transients but not
their duration (Figure 1). The ICSO for hexamethonium was
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Figure 1 Involvement of a presynaptic nicotinic AChR in the
mobilization of noncontractile Ca2l in diaphragm muscles treated
with 0.3 fiM neostigmine. (a) Typical traces of Ca2+ transients in the
presence of hexamethonium at the concentrations indicated (PM).
The large, rapid increase in Ca2+ represents the contractile tran-
sients, and the slower prolonged increase represents the noncontrac-
tile transients. Ordinate calibration bar represents 50% amplitude.
(b) Log concentration-response curves of hexamethonium on the
peak amplitude and the duration, of noncontractile Ca2+ transients,
respectively. Increasing concentrations of hexamethonium were
added to the neostigmine solution every 5 min after a 15 min app-
lication of neostigmine, and the records for 6 signals during the last
1 min were analysed. Peak amplitude of either type of Ca2' tran-
sients was expressed as a percentage of contractile Ca2+ transients
obtained before the application of neostigmine. n = 4 to 8. *P< 0.05
and **P<0.01; significantly different from the control response to
neostigmine alone, by multiple-range test.
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30AM (23.3-38.7, 95% confidence limits). Contractile Ca2+
transients were not affected by hexamethonium (data not
shown).

Enhancing effect of CGRP on noncontractile Ca2+
transients

CGRP8-37 (10 to 20 pM), a competitive CGRP antagonist
(Poyner et al., 1992), shortened the duration of noncontrac-
tile Ca2` transients, whereas it did not affect the peak ampli-
tude (Figure 2a). CGRP (0.3 to 10 nM) prolonged the dura-
tion of noncontractile Ca2+ transients without affecting their
peak amplitude (Figure 2b). When the duration was divided
into two time phases, T, and T2 (see methods), the lengthen-
ing of the duration by CGRP could be attributed to an
increase in T2 (Table 1), suggesting a delay of the inactivation
process. A low concentration (0.1 JAM) of CGRP8-37, which
had no effect on noncontractile Ca2+ transients, suppressed
the enhancing effect of 1O nM CGRP on the duration of

a b

Table 1 Influence of protein kinase-A system on duration
of noncontractile Ca2l transients

Drug

Controlb
CGRP
PKA
AA373
H-89
H-85

T(
(ms)

(10 nM)
(10 JLM)c
(300 JAM)
(0.3 pM)
(0.3 JAM)

154±8
193 ± 23
162 ± 13
161 ± 8
171 ± 12
199 ± 17

Total
T2 durationa

(ms) (ms)

429 ± 40
550 ± 29*
519± 28
559 ± 20*
343 ± 17t
434 ± 32

583 ± 40
743 ± 27**
681 ± 27t
719 ± 18*
514 ± 23#
634 ± 29

aTotal duration consists of time to peak (TI) and decay time
(T2). bDuration of noncontractile Ca2+ transients in the
presence of 0.3 JAM neostigmine alone. cCatalytic subunit of
protein kinase-A (PKA) was intracellularly injected with
aequorin.
Statistical differences were evaluated by Student's t test.
*P<0.05 and **P<0.01; significantly different from
control responses to neostigmine alone, determined by
two-tail test.
tP<0.05 represents one-tail significance.
tP<0.05 and #P<0.01; significantly different from the
effect of H-85, determined by two-tail test.
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Figure 2 Involvement of calcitonin gene-related peptide (CGRP) in
the mobilization of noncontractile Ca2" in diaphragm muscles
treated with 0.3 1AM neostigmine. CGRP8-37 was preincubated for
90 min before neostigmine was added. Responses to CGRP8-37 and
their control responses to neostigmine alone were examined in
nonperfused solution to minimize losses. CGRP was preincubated
for 15 min before neostigmine was added. CGRP8 37 (0.1 1M) or

H-89 were added 10 min before addition of CGRP. (a) Upper:
typical traces of Ca2+ transients in the presence of CGRP8-37 at the
concentrations indicated (jAM). Ordinate calibration bars represent
50% amplitude. Middle and lower: log concentration-response curves
of CGRP8-37 (0) on the peak amplitude and the duration of non-

contractile Ca2+ transients, respectively. (b) Upper: typical traces in
the presence of CGRP (0.3-10 nM). Middle and lower: log
concentration-response curves of CGRP without any blockers (M),
with 0.1 1AM CGRP8-37 (A) and with 0.1 1AM H-89 (0) on the peak
amplitude and the duration, of noncontractile transients, respec-

tively. Peak amplitude of either type of Ca2+ transients was express-

ed as a percentage of contractile Ca2 transients obtained before the
application of neostigmine. n= 5 to 10. **P<0.01; significantly
different from the control response to neostigmine alone, by one-way

ANOVA. tP<0.05 and ttP<0.01; significantly different from the
effects of CGRP without CGRP8-37 and H-89, by Student's t test.

noncontractile transients (Figure 2b). H-89 (0.1 gM), a selec-
tive inhibitor of protein kinase-A (Chijiwa et al., 1990), also
suppressed the lengthening effect of 10 nM CGRP. Contrac-
tile Ca2" transients were affected neither by CGRP8-37 nor by
CGRP (data not shown).

Promoting effect ofprotein kinase-A activator and
suppressing effect ofa kinase inhibitor on noncontractile
Ca2" transients

H-89 (0.1 to 1 JAM) decreased both the peak amplitude and
the duration of noncontractile Ca2+ transients, whereas H-85
(0.1 to 1 JM), a noneffective analogue of H-89, had no effect
(Figure 3a). The IC50 for H-89 on the peak amplitude was
0.14 ILM (0.07-0.50). The shortening of the duration by H-89
(0.3 gAM) was due to a decrease in T2 (Table 1). These results
demonstrate that H-89 decreased noncontractile transients
both by suppressing the activation process and by promoting
the inactivation process for Ca2+ mobilization. AA373
(300 JM), a protein kinase-A activator (Kimura et al., 1977),
prolonged the duration of noncontractile transients 1.2 fold,
especially T2, without affecting the peak amplitude of both
noncontractile and contractile Ca2+ transients (Figure 3b,
Table 1). AA373 failed to prolong the duration in the
presence of H-89 (0.1 JM). The catalytic subunit of protein
kinase-A (10JM in an injection pipette) also prolonged the
duration 1.2 fold (Table 1). These results indicate that the
influence of protein kinase-A activation is similar to that of
the CGRP application.

Enhancing effect of cyclic AMP on contractile Ca2+
transients

The increase in contractile Ca2+ transients after
cholinesterase inhibition was enhanced by 10 gM isoprenaline
(30min treatment) (Table 2). Cyclic AMP (0.3mM in the
pipette) and 100 iM 8-bromo cyclic AMP (30min), a cyclic
AMP analogue able to enter the cell membrane, also
enhanced the contractile responses 2.3 and 1.4 fold, respec-
tively. The duration of noncontractile transients, however,
was not prolonged under such conditions. The prolonging
effects of cyclic AMP and isoprenaline were observed only at
3-30 fold higher concentrations. Theophylline (100 JM for
30 min) significantly increased only the duration of noncon-
tractile transients.

n

9
8
7
7
7
7
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Table 2 Influence of cyclic AMP on contractile and non-
contractile Ca2' transients

H-89 AA373 Contractile
amplitude

(%)Drug

00.13001

0.3 s

60

20E

0 __I _ _I___1
800 r

7001-

600

500

4001 ~~**

<t2tt

Controla
8-Br cyclic AMP (100 yM)
Isoprenaline (10 f4M)

(30 gM)
Theophylline (100 yM)

228 ± 25
317±36t
417 ± 35**
308 ± 33t
279 ± 42

Noncontractile
amplitude duration

(%) (ms)
42± 8
44±8
48 ± 8
46± 8
41 ± 5

560 ± 43
609 ± 16
583 ± 36
720 ± 19**
691 ± 22**

(kcps)b (kcps) (ms)
Cyclic AMP (0 mM)c 12.0 ± 2.4 2.2 ± 0.3

(0.3 mM)c 27.0±6.0* 3.7±0.7
(10 mM)c 32.5 ± 4.8** 3.8 ± 0.7

574 ± 25
588 ± 25
719±29**

aContractile Ca2l transients before pretreatment with cyclic
AMP-related agents were regarded as 100% amplitude only
in this table, since contractile transients were increased by
these agents alone. bKilocounts per second. Ca2l signals
before injection of cyclic AMP could not be obtained. Then
data are expressed as absolute luminescence values. cDrug
concentrations in an injection pipette.
Statistical differences were evaluated by Student's t test.
*P<0.05 and **P<0.01; determined by two-tail test.
tP<0.05 represents one-tail significance.

Table 3 Involvement of signal transduction systems in con-
tractile and noncontractile Ca2l mobilization

00 -7 -6 -00 -4 -3

log conc. of PKA-related agents (M)

Figure 3 Involvement of protein kinase A (PKA)-activation in the
mobilization of noncontractile Ca2l in diaphragm muscles treated
with 0.31jM neostigmine. H-89, H-85 and AA373 were present for
30 min before neostigmine was added. H-89 (0.1 jIM) was added
10 min before addition of AA373. (a) Upper: typical traces of Ca2"
transients in the presence of H-89 at the concentrations indicated
(gM). Ordinate calibration bar represents 50%. Middle and lower:
log concentration-response curves of H-89 (0) and H-85 (A) on the
peak amplitude and the duration, of noncontractile Ca2+ transients,
respectively. (b) Upper: typical traces in the presence of 300 IM

AA373. Middle and lower: log concentration-response curves of
AA373 without (U) and with 0.1 gM H-89 (0) on the peak amp-
litude and the duration, of noncontractile transients, respectively.
Peak amplitude of either type of Ca2+ transients was expressed as a
percentage of contractile Ca2+ transients obtained before the applica-
tion of neostigmine. n =4 to 9. *P<0.05 and **P<0.01;
significantly different from the control response to neostigmine alone,
by one-way ANOVA. ttP<0.01, significantly different from the
effects of AA373 without H-89, by Student's t test.

Suppressing effect of a protein kinase-C activator on

contractile Ca2+ transients

TPA (0.3 to 1 JAM, 30 min treatment), a specific activator of
protein kinase-C (Nishizuka, 1984), reduced the increase in
contractile Ca2` transients to 0.5 fold but not the noncon-
tractile component, whereas the noneffective analogue 40x-
phorbol 12, 13-didecanoate (1 ;M, 30 min) affected neither
type of Ca2+ transient (Table 3). Staurosporine (10 nM,
30 min) and H-7 (10 AM, 30 min), nonselective protein
kinase-C inhibitors (Riiegg & Burgess, 1989), did not alter
either component of the Ca2+ signal.

No involvement of calmodulin in Ca2' mobilization

Intracellular injection of calmodulin (10000 unit ml' in the
pipette) changed neither contractile nor noncontractile Ca2+
transients (Table 3). Both W-7 (1O AM, 30 min treatment), a

calmodulin inhibitor (Hidaka et al., 1980), and W-5 (10JM,
30 min), a noneffective analogue of W-7, suppressed contrac-

Drug

Controla
Protein kinase-C
TPA

Contractile
amplitude

(%)

Noncontractile
amplitude duration

/n/ X _

250± 13 50± 10

(0.3 pM)
(hIM)

4a-PDDb (1 AM)
Staurosporine (10 nM)
H-7 (10 jIM)
Calmodulin
Calmodulin(10000 u ml-')'
W-7 (IOOM)
W-5 (10 iM)
KN-62 (5 pM)
Phospholipase A2
PLA2C (1000 lum-l )d

(10000 u ml- I)d
Indomethacin (10 jIM)

148± 16**
126 ± 15**
227 ± 14
238 ± 21
244 ± 17

233± 16
179 ± 18**
187 ± 20*
231 ± 43

330 ± 31
457 ± 76*
240 ± 22

50±28
49±9
46± 3
45 ± 8
47 ± 6

50 ± 11
16 ± 3*
15 ± 2*
50 ± 9

51 ± 6
52± 10
51 ± 8

(Ms) n

583 ± 40 9

550 ± 27 4
541 ± 18 9
626 ± 36 7
573 ± 27 7
597 ± 39 8

629±29 9
154 ± 25** 7
387±61* 7
546 ± 29 8

605± 16 9
580±21 9
642 ± 37 9

'Responses of each type of Ca2" transients to 0.3 gM
neostigmine alone. b4ax-Phorbol 12, 13-didecanoate. cPhos-
pholipase A2 (1000 unit ml-'). dDrug concentrations in an
injection pipette.
*P<0.05 and **P<0.01; determined by one-way ANOVA.

tile and noncontractile Ca2" transients by the same extent,
demonstrating that the calmodulin inhibitor affected Ca2"
transients by a mechanism unrelated to the inhibition of
calmodulin; the effect may be due to nicotinic AChR-channel
blockade. KN-62 (5 JAM, 30 min), a calmodulin kinase II
inhibitor (Tokumitsu et al., 1990), affected neither type of
Ca2" transient.

Enhancing effect ofphospholipase A2 on contractile Ca2+
transients

Phospholipase A2 (1000 to 10000 unit ml-' in the injection
pipette) promoted only the increase in contractile transients,
but not noncontractile transients (Table 3). Indomethacin
(10 JAM, 30 min treatment), a cyclo-oxygenase inhibitor, had
no effect on either type of Ca2+ mobilization.

a b

n

9
8
8
8
16

9
10
8

to;
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0CU

a
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Discussion

Noncontractile Ca2" mobilization is induced by the
accumulation of ACh after cholinesterase inhibition, at the
neuromuscular junction. However, the mechanism of non-
contractile Ca2" mobilization has not been clarified. The
duration of endplate potentials is prolonged by the continued
action of ACh in anticholinesterase-treated muscle (Katz &
Miledi, 1975; Burd & Ferry, 1987), then desensitization of
the nicotinic AChR can readily occur to nerve stimulation
(Magleby & Pallotta, 1981). Noncontractile Ca2" which is
mobilized under such a desensitizable condition may prevent
the nicotinic AChR from responding to excessive stimuli.
The peak amplitude of noncontractile Ca2" transients was

enhanced by 4-aminopyridine and inhibited either by
botulinum toxin or by hexamethonium. These results demon-
strate that the peak amplitude of noncontractile transients
depends on evoked ACh release from presynapse. In partic-
ular, the inhibitory effect of hexamethonium suggests that the
autofacilitation of ACh release is an essential process in
noncontractile Ca2" mobilization, since hexamethonium
reduces the ACh release by blocking a presynaptic nicotinic
AChR which mediates the positive feed-back mechanism
(Wessler et al., 1986). Hexamethonium has little effect on the
postsynaptic nicotinic AChR at the low concentrations used
in this study (Milne & Byrne, 1981). We cannot, however,
rule out the possibility that another type of nicotinic AChR,
such as a neuronal nicotinic AChR, might exist on the
postsynaptic side to mobilize noncontractile Ca2". The direct
activation of the postsynaptic nicotinic AChR by neostigmine
can be excluded from the mechanism of Ca2" mobilization,
because it did not generate noncontractile Ca2" transients
after the blockade of quantal ACh release by botulinum
toxin.

Noncontractile Ca2+ transients were shortened by the
CGRP antagonist CGRP837, and prolonged by CGRP. It
has been reported that the CGRP is released in part from the
motor nerve by prolonged terminal depolarization, although
the major source of CGRP release is from sensory terminals
of skeletal muscle (Sakaguchi et al., 1991). The CGRP binds
to CGRP receptors located at the neuromuscular junction
(Poyner et al., 1992; Popper & Micevych, 1989). Our results
suggest that the mobilization of noncontractile Ca2+ may be
promoted by endogenous CGRP of the neuromuscular
synapse. The release of CGRP may be initiated through the
positive feed-back mechanism of ACh release during the
accumulation of ACh.
CGRP induces a localized increase in the cyclic AMP level

in endplate-rich region, indirectly leading to the activation of
protein kinase-A (Matsumoto et al., 1992). The protein
kinase-A inhibitor H-89 suppressed noncontractile Ca2+ tran-
sients. The duration of noncontractile transients was pro-
longed either by the protein kinase-A activator, AA373 or by
the catalytic subunit of the kinase. The prolongations by
CGRP were completely suppressed by H-89. These results
indicate that CGRP may activate protein kinase-A to
mobilize noncontractile Ca2+. The prolonging effects of
isoprenaline and cyclic AMP were observed only at higher
concentrations than those increasing contractile transients,
whereas CGRP prolonged the noncontractile transients with-
out affecting the contractile responses. Although the low
sensitivity to added cyclic AMP appears to reflect problems
of access of cyclic AMP to the relevant compartment of
muscle fibre, cyclic AMP-independent activation of protein
kinase-A by CGRP may be one of pathways in noncontrac-
tile Ca2+ mobilization. A presynaptic role of protein kinase-
A (Van der Kloot & Branisteanu, 1992) contributes less to

the prolongation of noncontractile Ca2" transients, because
the prolongation was observed by intracellular injection of
the catalytic subunit of protein kinase-A or a high concentra-
tion of cyclic AMP into muscle fibres. Nicotinic AChR phos-
phorylation by protein kinase-A causes agonist-independent
activation of the nicotinic AChR in the single-channel
recording (Ferrer-Montiel et al., 1991). Hence, CGRP-
induced prolongation of noncontractile Ca2" transicents,
especially T2 (decay time in the Ca2+ signal reflecting an
inactivation process), may be related to the receptor-channel
opening via phosphorylation by protein kinase-A.

It has been shown that a protein kinase-C activator TPA
alters the conductance and the gating behaviour of the
nicotinic AChR-channel (Eusebi et al., 1987). The decrease in
contractile Ca2+ transients by TPA is probably correlated
with phosphorylation of the nicotinic AChR by protein
kinase-C. The presynaptic effect of TPA may not relate to
this decrease, since phorbol ester enhances the ACh release in
mouse phrenic nerve-diaphragm preparations (Murphy &
Smith, 1987). In contrast to contractile transients, the non-
contractile transients were not inhibited by TPA. The protein
kinase-C inhibitors, staurosporine and H-7, did not affect
noncontractile transients, demonstrating that the mechanism
of noncontractile Ca2+ mobilization is not related to the
enzyme activity of protein kinase-C. On the other hand,
phospholipase A2 increased only contractile transients. This
increase may be in part due to arachidonic acid-induced Ca2+
release from the sarcoplasmic reticulum (Cheah, 1981).
Calmodulin-related agents affected neither type of Ca2+ tran-
sients. Thus, the postsynaptic signalling pathways examined
in this study, other than the protein kinase-A system, were
not involved in the processes of noncontractile Ca2+
mobilization.
CGRP promotes nicotinic AChR desensitization through

phosphorylation by protein kinase-A (Miles et al., 1989). In
addition, intracellular Ca2+ influx through the nicotinic
AChR enhances the desensitization via phosphorylation of
the receptor by protein kinase-C (Huganir & Greengard,
1990). However, the interaction between the cyclic AMP
(protein kinase-A) system and Ca2+ system with respect to
desensitization remains unclear. We suggest the possibility
that CGRP may mobilize noncontractile Ca2' during desen-
sitization. Noncontractile Ca2+ may translocate protein
kinase-C to the plasma membrane and promote the kinase
activation by co-factors such as diacylglycerol, because pro-
tein kinase-C binds to the membrane in a Ca2+-dependent
manner (Bazzi & Nelsestuen, 1988). Protein kinase-C phos-
phorylates the nicotinic AChR, inducing desensitization of
the receptor (Eusebi et al., 1987). Thus, the protein kinase-A
system may cooperate with the Ca2+ system to promote
nicotinic AChR desensitization.

In conclusion, noncontractile Ca2+ mobilization was pro-
moted by nerve-released CGRP activating protein kinase-A,
and was dependent on the accumulated amounts of ACh at
the neuromuscular junction, whereas contractile Ca2+
mobilization was inhibited by protein kinase-C and enhanced
by phospholipase A2-
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Partial agonist effect of the platelet-activating factor receptor
antagonists, WEB 2086 and WEB 2170, in the rat perfused
heart
Weimin Hu, Ila K. McNicholl, Patrick C. Choy & 'Ricky Y.K. Man

Department of Pharmacology and Therapeutics, and Department of Biochemistry and Molecular Biology, Faculty of Medicine,
University of Manitoba, Winnipeg, Manitoba, Canada R3E OW3

1 WEB 2086 and WEB 2170 are potent platelet-activating factor (PAF) receptor antagonists and have
been used widely as pharmacological tools to investigate the actions of PAF in a variety of biological
systems.
2 Low concentrations of WEB 2086 and WEB 2170 blocked the vasoconstrictor action of PAF in the
rat perfused heart. In this study, we observed that moderate concentrations of WEB 2086 and WEB
2170 increased the perfusion pressure in rat isolated hearts under constant flow perfusion. The vasocons-

trictor actions of WEB 2086 and WEB 2170 were not observed with a structurally different PAF
receptor antagonist, FR-900452.
3 To determine whether this vasoconstrictor action of WEB 2086 involved non-specific effects or was

via the activation of PAF receptors, hearts were pretreated with 1000 pmol PAF or 50 AM FR-900452.
These pretreatments attenuated the vasoconstrictor action of 1 JiM WEB 2086, suggesting that the action
of WEB 2086 may be mediated via PAF receptors. Pretreatment with the leukotriene receptor antagonist
(L-649,923, 5 p4M) and the leukotriene synthesis inhibitor (MK-886, 10 fLM) that are known to block the
vasoconstrictor action of PAF receptor activation also attenuated the vasoconstrictor action of WEB
2086. Pretreatment with PAF or MK-886 attenuated the vasoconstrictor action of 0.5 gM WEB 2170.
4 When PAF receptors were activated by PAF in the perfused heart, significant amounts of leukotriene
C4 and leukotriene C4/D4/E4 were detected in the coronary effluent. However, no significant amount of
these leukotrienes was detected in the coronary effluent when hearts were perfused with 1 0tM WEB 2086
or 0.5 gM WEB 2170.

5 In summary, our results indicate that WEB 2086 and WEB 2170 possess partial agonist effects in the
rat perfused heart where they produced vasoconstriction via the activation of PAF receptor. This action
could be attenuated by PAF pretreatment or a PAF receptor antagonist. The vasoconstrictor action of
WEB 2086 and WEB 2170 involved the production of leukotrienes. But unlike the vasoconstrictor
action of PAF, no significant amount of leukotrienes was detected in the effluent suggesting that the
vasoconstrictor action of WEB 2086 and WEB 2170 may be explained on the basis of intracellularly or

locally produced leukotrienes.
Keywords: Platelet-activating factor receptor antagonists; WEB 2086; WEB 2170; FR-900452; partial agonist; rat perfused

heart

Introduction

Platelet-activating factor (PAF) is a lipid mediator that has a

variety of biological actions (Braquet et al., 1987) it has been
demonstrated to bind to the cell membrane with high affinity
suggesting that its action is mediated by the activation of
specific receptors located on the cell membrane (Valone et
al., 1982; Hwang et al., 1983). The PAF receptor has now

been cloned and sequenced (Honda et al., 1991) thus
confirming the existence of a specific receptor for PAF. To
examine the biological effects of PAF, a number of PAF
receptor antagonists have been developed. These antagonists
have been useful in demonstrating many pathophysiological
roles of PAF including platelet activation and thrombosis,
shock, allergy and immune responses (Braquet et al., 1987).
Using receptor binding assays, several studies show that PAF
receptor antagonists compete with PAF for the same high
affinity site and prevent the activation of the receptor by
PAF (Braquet et al., 1987; Saunders & Handley, 1987). In
the rat perfused heart, PAF produces a vasodilatation fol-
lowed by a vasoconstriction (Man et al., 1990). Leukotriene
B4 (LTB4) may be involved in the vasodilator effect while
LTC4 and/or LTD4 may be involved in the vasoconstrictor

effect in the perfused heart (Hu et al., 199 ib). We have
recently examined the selectivity of a number of PAF recep-
tor antagonists for their ability to block the vasodilator and
vasoconstrictor actions of PAF in the rat perfused heart (Hu
& Man, 1991a). During the course of this study, we observed
that WEB 2086 showed a small vasoconstrictor action during
the 10 min pretreatment period. This effect may be due to a
non-specific effect of WEB 2086 on the coronary blood
vessels. Alternatively, WEB 2086 may produce vasoconstric-
tion if it possesses a partial agonist action on the PAF
receptor. Although there is no report on commonly used
PAF receptor antagonists with a partial agonist effect, there
is a recent paper indicating that a PAF structural analogue
(hexanolamine PAF, a putative PAF receptor antagonist)
showed partial agonist activity (Grigoriadis & Stewart, 1991).
The present study was designed to investigate if WEB 2086
and its structural analogue WEB 2170 possess partial agonist
action.

Methods

Rat heart perfusion

Following cervical dislocation, hearts from Sprague-Dawley
rats (250-350 g) were rapidly excised and placed in cool

' Author for correspondence at: Ricky Y.K. Man, Department of
Pharmacology, University of Manitoba, 770 Bannatyne Avenue,
Winnipeg, Manitoba, Canada R3E OW3.
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Krebs-Henseleit solution (4°C) oxygenated with 95% 02: 5%
CO2. The solution had the following composition (in mM):
NaCl 120, NaH2PO4 1.18, MgSO4 1.18, KC1 4.76, CaCl2 1.25,
NaHCO3 25.0, and glucose 5.5. The aorta was cannulated for
coronary perfusion. The heart was allowed to beat spon-
taneously. The temperature of the perfusate was maintained
at 37 ± 0.5°C and the coronary flow was controlled by a
roller pump. The perfusion pressure was measured by a
pressure transducer attached to a side arm of the aortic
cannula. The perfusion pressure was recorded on a Gould
chart recorder and monitored with a digital display of the
perfusion pressure. The detailed methodology of the isolated
heart perfusion system has been described previously (Man et
al., 1990). All stock solutions to be used in subsequent
sections were made fresh daily and kept at 4°C between
experiments. In these experiments, only one concentration of
the drug was used in each heart.

Vasoactive effect ofPAF receptor antagonists

Hearts were equilibrated with Krebs-Henseleit solution for
20 min. During the equilibration period, the flow rate was
adjusted to obtain a control perfusion pressure of
65-75 mmHg. The vasoactive actions of PAF receptor
antagonists were determined by the perfusion of the heart
with Krebs-Henseleit solution containing the appropriate
amount of the PAF receptor antagonist for 10 min under
constant flow perfusion. The vasoactive effect was measured
as changes in the perfusion pressure (Man et al., 1990). WEB
2086 (3-[4-(2-chlorophenyl)-9-methyl-6H-thieno[3,2-f][1,2,4]-
triazolo-[4,3-a][1,4]-diazepine-2-yl]-1-(4-morpholinyl)-1-propa-
none, Boehringer Ingelheim, KG) and WEB 2170 (5-(2-chloro-
phenyl)-3,4-dihydro- 10-methyl-3-((4-morpholinyl)carbonyl)-
2H, 7H-cyclopenta(4,5)thieno[3,2-fl[1,2,4]triazolo-[4,3-a] [1,4]
diazepine, Boehringer Ingelbeim, KG) were dissolved in
Krebs-Henseleit solution. FR-900452 (1-methyl-3-(1-(5-
methylthiomethyl-6-oxo-3-(2-oxo-3-cyclopenten-1 -ylidene)-2-
piperazinyl)ethyl)-2-indolinone, Fujisawa Pharmacological Co.,
Japan) was dissolved in ethanol then diluted in Krebs-Hen-
seleit solution to a final concentration of 50 ILM in 0.1%
ethanol. This amount of ethanol has been shown not to
affect the coronary vascular effects of PAF (Hu et al., 1991b).

Effect of WEB 2170 on the vasodilator and
vasoconstrictor effects ofPAF

Following a 20 min equilibration period, hearts were
pretreated with a solution containing the appropriate amount
of WEB 2170 for 10 min. PAF (1-O-alkyl-2-acetyl-sn-glycero-
3-phosphocholine, prepared from bovine heart, Sigma
Chemical Co.) was prepared in saline (0.9% NaCI) contain-
ing 0.25% bovine serum albumin (Sigma Chemical Co.). A
bolus injection of PAF (100 pmol) was given in a volume of
0.1 ml and over a 1 s period, into the perfusion line 5-6 cm
proximal to the aortic cannula. Changes in perfusion pres-
sure were recorded. To serve as controls, the effect of PAF
was determined in hearts with no WEB 2170 pretreatment.

Mechanism of vasoconstrictor action of WEB 2086 and
WEB 2170

To determine the involvement of PAF receptors in the action
of WEB 2086 and WEB 2170, PAF receptors were blocked
by PAF pretreatment or FR-900452. For pretreatment with
PAF, a bolus injection of 1000 pmol of PAF was given in a
volume of 0.1 ml. The perfusion pressure returned to baseline
level with 5 min and pretreatment with PAF has been shown
to abolish any subsequent response to PAF in the perfused
heart (Piper & Stewart, 1986; Hu et al., 1991a). Changes in
perfusion pressure induced by 1 jAM WEB 2086 were deter-
mined after the PAF pretreatment. In separate experiments,
the effect of 0.5 ;4M WEB 2170 on the perfusion pressure was
examined after the same PAF pretreatment. The effect of

WEB 2086 was also determined after a 10 min pretreatment
with 50 iM FR-900452.
The leukotriene receptor antagonist, L-649,923 (sodium

(PS*, R*)-4-(3-4(-acetyl-4-hydroxy-2-propylphenoxy)-propyl-
thio)--y-hydroxy-p-methylbenzenebutanoate, Merck Frosst
Canada Inc., Jones et al., 1986) was dissolved in distilled
water and the leukotriene synthesis inhibitor, MK-886 (3-[1-
(4-chlorobenzyl)-3-t-butyl-thio-5-isopropylindol-2-yl]-2,2-dim-
ethylpropanoic acid, Merck Frost Canada Inc., Gillard et al.,
1989) was dissolved in ethanol, and then diluted in Krebs-
Henseleit solution to a concentration of 5 IM and 10 1M
respectively. The effects of WEB 2086 and WEB 2170 were
examined in separate experiments after the heart had been
pretreated for 10 min with either L-649,923 or MK-886. The
cyclo-oxygenase inhibitor, indomethacin, was added to the
perfusion solution at the start of the stabilization period and
the vasoactive action of the PAF receptor antagonist was
tested after 45min of perfusion in the presence of
indomethacin.

Radioimmunoassay for leukotrienes

Leukotrienes were determined by a competitive binding
radioummunoassay using a commercially available kit from
Amersham International (U.K.). Samples of effluent from rat
perfused isolated heart were collected into test tubes for
periods of 0-2, 2-5 and 5-10min after various protocols.
Samples were capped and stored at - 20°C. The concentra-
tion of leukotrienes in the effluent from rat perfused heart
was determined without prior extraction or purification.

LTC4: effluent (100 gl) from perfused rat heart was mixed
with 100 tl of [5, 6, 8, 9, 11, 12, 14, 15 (n)-3H]-LTC4,
followed by 100 ,lA of specific antiserum to LTC4 and 100yl
of assay buffer. The mixture was incubated overnight at 4°C.
Then 500 pl of dextran-coated charcoal was added to the
mixture in an ice-bath for 10 min to remove unbound leukot-
rienes. After centrifugation at 2,000 g for 10 min at 4°C, the
supernatant was decanted into 10 ml of aqueous scintillation
fluid and the radioactivity measured in a P-scintillation
counter (Beckmann). The concentration of LTC4 in each
sample was determined from the standard curve. The sen-
sitivity of the LTC4 assay was 8 pg/tube.
LTC4/D4/E4: effluent (100 jd) from perfused rat heart was

mixed with 100 gl of [14, 15 (n)-3H]-LTC4, followed by
100 tlA of antiserum to the leukotrienes and 100 il of assay
buffer. The mixture was incubated overnight at 4°C. Then
250 tlI of dextran-coated charcoal was added to the mixture
in an ice-bath for 15 min to remove unbound leukotrienes.
After centrifugation at 2,000 g for 15 min at 4°C, the super-
natant was decanted into 10 ml of aqueous scintillation fluid
and the radioactivity measured in a ,-scintillation counter.
The concentration of leukotrienes in each sample was deter-
mined from a standard curve. The sensitivity for LTC4 in this
assay was 12.5 pg/tube. Compared to LTC4 (100%), the
cross-reactivity for LTD4 was 181.8% and the cross-reactivity
for LTE4 was 92.7%.

Statistical analyses

Data were analysed by the Student's t test and analysis of
variance (ANOVA) followed by Duncan's test where appro-
priate. Values are expressed as means ± standard deviations
(s.d.) and P<0.05 was considered statistically significant.

Results

Effects of WEB 2086 and WEB 2170 on the perfusion
pressure of rat perfused hearts

In our previous study, we demonstrated that pretreatment
with a low concentration of WEB 2086 (0.5 gAM) blocked the
vasoconstrictor action of 100 pmol PAF in the rat perfused



PARTIAL AGONIST EFFECTS OF PAF RECEPTOR ANTAGONISTS 647

heart while a higher concentration of WEB 2086 (100IM)
blocked both the vasodilator and vasoconstrictor actions of
PAF (Hu & Man, 1991a). However a gradual increase in the
perfusion pressure with some concentrations of WEB 2086
was observed during the pretreatment period with this PAF
receptor antagonist. This time course of perfusion pressure
change was much slower than that observed with PAF
(Figure 1). Since a 10 min pretreatment period was used in
our previous study, the same time period was used to deter-
mine changes in perfusion pressure after 10 min of perfusion
in the presence of WEB 2086. Statistically significant inc-
reases in perfusion pressure were observed with 1 JiM of WEB
2086, a moderate concentration ofWEB 2086 (65.5 ± 0.7 and
80.9 ± 5.7 mmHg before and after 10 min of perfusion,
n = 10, P<0.001). This concentration of WEB 2086 was
chosen for subsequent experiments. For comparison, WEB
2170, a structurally similar PAF receptor antagonist was also
studied. A gradual increase in perfusion pressure in the
presence of WEB 2170 was also observed (Figure 1). This is
in contrast to the much faster time course for the coronary
vascular effect of PAF (Figure 1). The increase in perfusion
pressure by various concentrations of WEB 2170 is shown in
Figure 2. Concentrations of 0.02-1.0tiM WEB 2170 pro-
duces consistent vasoconstriction in the rat perfused heart. In
order to determine the ability of WEB 2170 to block the
vasodilator and vasoconstrictor effects of PAF, experiments

a
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Figure 1 Time course of typical perfusion pressure changes by 1 JiM
WEB 2086 (a), 0.511M WEB 2170 (b) and 100 pmol PAF (c). The
time scale is 2 min for (a) and (b) and 1 min for (c). Vertical scale
represents the perfusion pressure in mmHg. Arrows indicate the time
of application of the various treatments. Values in each panel repre-
sent the baseline perfusion pressure and are highlighted by the dotted
lines.
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were conducted with a 10 min perfusion period with various
concentrations of WEB 2170 prior to testing the coronary
vascular effect of 100pmol PAF. A low concentration of
WEB 2170 (0.02 pM) did not affect the vasodilator nor
vasoconstrictor effects of 100pmol PAF while 0.05, 0.1 and
0.5 JAM WEB 2170 blocked the vasoconstrictor effect of PAF
but had no effect on the vasodilator effect of PAF (Table 1).
WEB 2170 (1 AM) appeared to block both the vasodilator
and vasoconstrictor effects of PAF. Since an equivalent con-
centration of WEB 2170 to WEB 2086 (1 pM) would be more
potent than WEB 2086 in blocking the vasodilator effect of
PAF in the perfused heart, 0.5 JAM of WEB 2170 was used for
further studies.

Unlike WEB 2086 and WEB 2170, FR-900452, a PAF
receptor antagonist with a different chemical structure
(Okamoto et al., 1986), did not affect the perfusion pressure
at a concentration that blocked both the vasodilatation and
vasoconstriction produced by 100 pmol PAF (66.0 ± 0.9 and
68.3 ± 4.6 mmHg before and after 10 min of perfusion with a
solution containing 50 JAM FR-900452, n = 8, P> 0.05).

The mechanism for the vasoconstrictor action of WEB
2086 and WEB 2170

Pretreatment with PAF or FR-900452 had been shown to be
effective in blocking the coronary vascular effect of PAF in
the rat heart (Piper & Stewart, 1986; Hu et al., 1991a). These
pretreatments attenuated the vasonconstrictor action of 1 jaM
WEB 2086 (Figure 3). These results suggested that the action
of WEB 2086 may be mediated via PAF receptors. Pretreat-
ment with the leukotriene receptor antagonist L-649,923
(5 AM) or the leukotriene synthesis inhibitor MK-886 (10 JAM)
has been shown to block the vasoactive actions of PAF (Hu
et al., 1991b). These pretreatments also significantly
attenuated the vasoconstrictor action of WEB 2086 (Figure
4). Pretreatment with 2.8 JAM indomethacin had no significant
effect on the vasoconstrictor action of WEB 2086 (14.8 +
7.3 mmHg, n = 4). Pretreatment with 1000 pmol PAF or
MK-886 significantly attenuated the vasoconstrictor action of
0.5 JAM WEB 2170 (Figure 5).

Determination of leukotrienes in the coronary effluent
The vasoconstrictor action of PAF in the rat perfused heart
has been shown to be due to the release of leukotrienes
(Piper & Stewart, 1986; Hu et al., 1991b; Hu & Man, 1991b).

Table 1 Effect of WEB 2170 on the vasodilator and
vasoconstrictor effects of 100 pmol PAF in the rat perfused
hearta

Concentration Peak vasodilator Peak vasoconstrictor
of WEB 2170 (pLM) effect (mmHg)b effect (mmHg)b n

0
0.02
0.05
0.1
0.5
1.0

04

1.0

Figure 2 Effect of various concentrations of WEB 2170 on the
perfusion pressure of rat perfused hearts. Changes in perfusion pres-
sure were recorded at the end of a 10 min perfusion period in the
absence or presence of various concentrations of WEB 2170. Values
represent mean + s.d., n = number of hearts used in each group.

- 8.6 ± 5.5
- 14.6 ± 5.0
- 14.2 ± 3.7
- 10.6 ± 1.1
- 9.5 ± 4.6
-3.4+2.3*

27.8 ± 4.8
21.3 ± 9.7
NC
NC
NC
NC

8
5
5
5
5
5

Values represent mean ± s.d., n = number of experiments.
NC denotes no detectable change (increase) in perfusion
pressure. Statistical analysis were performed by ANOVA
followed by Duncan's test.
*P< 0.05 when compared to the appropriate data in the
absence of WEB 2170.
aHearts were perfused for 10 min with various
concentrations of WEB 2170; 100 pmol PAF was
administered as a single bolus injection. Each heart received
only one concentration of WEB 2170 and one injection of
PAF.
bWith constant flow perfusion, decrease in perfusion
pressure represents vasodilatation (negative value) and
increase in perfusion pressure represents vasoconstriction.

I _i
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Table 2 The concentration of leukotrienes in the coronary
effluent after a bolus injection of PAF, and perfusion with
1 .tM WEB 2086 and 0.5 tLM WEB 2170 in the rat perfused
hearta

PAF WEB 2086 WEB 2170
(1000 pmol) (1 LM) (0.5 AM)

LTC4 (pgmlh'
0-2 min
2-5 min
5- 10 min

PAF FR-900452
n = 10 n = 8

Figure 3 Effect of pretreatment with 1000 pmol PAF bolus injection
and 50 JAM FR-900452 on perfusion pressure changes by 1 JM WEB
2086 in rat perfused hearts. Values represent mean ± s.d.,
n = number of hearts used in each group. Control indicates no
pretreatment. *P<0.05 and **P<0.01 when compared to the cor-
responding control value.

Control MK 886 L 649,923
n=7 n=9 n=8

Figure 4 Effect of pretreatment with 10 JAM MK-886 and 5 JAM
L-649,923 on perfusion pressure changes by 1 JAM WEB 2086 in rat
perfused hearts. Values represent mean + s.d., n = number of hearts
used in each group. Control indicates no pretreatment. *P<0.05
when compared to the corresponding control value.

Control PAF MK-886
n=9 n=7 n=7

Figure 5 Effect of pretreatment with 1000 pmol PAF bolus injection
and 10 JAM MK-886 on perfusion pressure changes by 0.5 JAM WEB
2170 in rat perfused hearts. Values represent mean ± s.d.,
n = number of hearts used in each group. Control indicates no
pretreatment. **P<0.01 when compared to the corresponding con-
*trol value.

The amount of LTC4 and the combined amount of LTC4/D4/
E4 in the effluent were measured by radioimmunoassay.
Significant amounts of leukotrienes were detected in the cor-

onary effluent during the initial 2 min after 1000 pmol PAF
was administered (Table 2). This time interval corresponded
to the maximal effect of PAF after a bolus injection. Since
the effects of WEB 2086 and WEB 2170 on perfusion pres-
sure were gradual, effluents were collected at 0-2, 2-5 and
5-O min intervals. No detectable or very small amounts of

effluent)
1183 ± 293 (3)

LTC4/D4/E4 (pg ml-' effluent)
0-2 min 1700 ± 360 (3)
2-S min
5- 10min

10 ± 20 (4)
- (4)
- (4)

66± 31 (4)
70 ± 50 (4)
53±41 (4)

Values represent mean ± s.d. Number in parentheses
indicated the number of experiments.
- denotes no detectable amount.
aLeukotrienes were measured by radioimmunoassay and
each sample was determined in duplicate. Background
amounts of LTC4 and LTC4/D4/E4 (perfusion with normal
buffer only) were 45 ± 17 and 78 ± 73 pg ml1 effluent
respectively (n = 4).

leukotrienes were found in the effluent from hearts perfused
with 1 tAM WEB 2086 or 0.5 JLM WEB 2170 at all intervals
examined (Table 2).

Discussion

The major finding of this study was the moderate coronary
vasoconstrictor actions of the PAF receptor antagonist, WEB
2086 and its structural analogue, WEB 2170. We propose
that this action is mediated by the partial agonist effect of
WEB 2086 and WEB 2170. The evidence in support of a
partial agonist action of WEB 2086 and WEB 2170 is as
follows: pretreatment with a bolus injection of PAF that
would abolish subsequent response to PAF in the perfused
heart, significantly attenuated the vasoconstriction produced
by WEB 2086 and WEB 2170; FR-900452, a PAF receptor
antagonist (Okamoto et al., 1986) that we showed to be
devoid of any significant coronary vascular effect in the
heart, also attenuated the vasoconstriction produced by WEB
2086; the activation of PAF receptors by PAF in the heart
led to the production of vasoactive leukotrienes and the
vasoconstriction could be blocked by leukotriene receptor
antagonists and a leukotriene synthesis inhibitor (Piper &
Stewart, 1986; Hu et al., 1991b). Our results also demon-
strated that MK-886 and L-649,923 decreased the vasocon-
strictor action of WEB 2086 and WEB 2170.

It should be noted that the vasoconstrictor action of WEB
2086 was not completely abolished by pretreatment with
PAF, FR-900452, MK-886 or L-649,923 at concentrations
that had been shown to block completely the coronary vas-
cular effects of PAF in our previous studies (Hu et al., 1991b;
Hu & Man, 1991a). Previous studies showed that PAF may
block subsequent responses to PAF in the heart by receptor
desensitization or depletion of vasoactive leukotrienes release
(Piper & Stewart, 1986; Man et al., 1990; Hu et al., 1991a).
Since the coronary vascular effects of PAF involve the release
of leukotrienes (Hu et al., 1991b), the leukotriene synthesis
inhibitor MK-886 and the leukotriene receptor antagonist
L-649,923 should be effective in blocking the effect of PAF.
It has been suggested that cyclo-oxygenase products are
involved in mediating the vasoconstrictor action of PAF in
the heart (Piper & Stewart, 1986; 1987). However, our results
indicated that the partial angonist action of WEB 2086 did
not involve vasoactive cyclo-oxygenase products since
indomethacin had no effect on the vasoconstrictor action of
WEB 2086 under our experimental conditions. This is com-
patible with our previous data showing that the coronary

0) 20
n

20

X. 15
c
0-

0)X
t E 10

C

G) 5
Cu

C

I *
Control
n = 8

25 r

30 ± 52 (3)
17± 21 (3)
30 ± 52 (3)

43 ± 49 (4)
- (4)

23 ± 45 (4)

20 F

G1)

n
Co

a)
C
0-._ m

tE
0 E
a)Co

a)
co
0
C

15 -

10 1

5

0

5'

25 r

20p

G)
3
Cou)
0.CL
cn

0-

t E
Co E
C

0)

am
0
C

15 1

10o

**

5

0

I I\ r x x Z Z_ A

IY _Y
f



PARTIAL AGONIST EFFECTS OF PAF RECEPTOR ANTAGONISTS 649

vascular effects of PAF via the activation of PAF receptors
in the heart did not involve vasoactive cyclo-oxygenase prod-
ucts directly although cyclo-oxygenase products were present
in the coronary effluent (Hu & Man, 1991b). Our results
therefore suggest that a component of the vasoconstrictor
action ofWEB 2086 may be due to non specific action on the
coronary blood vessels.

It is intriguing that activation of PAF receptors by PAF
was accompanied by the release of leukotrienes into the
coronary effluent while the partial agonist action of WEB
2086 and WEB 2170, though involving leukotrienes and
attenuated by a leukotriene synthesis inhibitor or a leukot-
riene receptor antagonist, does not result in significant
amounts of leukotrienes in the coronary effluent. This sug-
gests that the vasoconstrictor action of WEB 2086 and WEB
2170 may be mediated by intracellularly or locally produced
leukotrienes. Hence no significant amount of leukotrienes can
be found in the coronary effluent in the presence of WEB
2086 and WEB 2170.
An alternate hypothesis to explain the present results may

be that WEB 2086 and WEB 2170 release PAF. Pretreatment
with PAF and FR-900452 would therefore be effective in
attenuating the vasoconstrictor effect. Since the coronary
vascular effect of PAF is mediated by leukotrienes, pretreat-
ment with L-649,923 and MK-886 would also be expected to
have an effect. One difficulty with this hypothesis is that if
PAF is released by WEB 2086 and WEB 2170, then detec-
table amounts of leukotrienes in the coronary effluent should
be observed as a result of PAF released. Moreover, PAF
produces an initial vasodilatation. However, vasodilatation
was not observed with WEB 2086 and WEB 2170 in the
present study.

In our previous study (Hu & Man, 1991a) and this study,
low concentrations of WEB 2086 and WEB 2170 blocked the
vasoconstrictor effect of PAF and at higher concentrations
blocked the vasodilator effect of PAF in the rat perfused
heart. Thus WEB 2086 and WEB 2170 should be considered
to possess antagonist action under these experimental condi-
tions. Since a partial agonist can occupy the PAF receptors
and prevent further activation of PAF receptors by a full
agonist, WEB 2086 and WEB 2170 with partial agonists
actions would be capable of blocking the actions of PAF.
However, we were not able to define the partial agonist
action of WEB 2086 and WEB 2170 as a percentage of a full
agonist such as PAF since the time course of pressure
changes initiated by WEB 2086 and WEB 2170 were very
different from that of the agonist PAF. In contrast to the
slow time course of WEB 2086 and WEB 2170 on perfusion
pressure changes (peak effect not observed even after 5 min,
Figure 1), the effect of PAF was much faster. Peak effect was
observed within 1 to 2 min with PAF and the perfusion
pressure gradually returned to baseline level by 5 min even
with a continuous infusion of PAF (Man et al., 1990).

Currently, there has been no report of a partial agonist
action of most commonly used PAF receptor antagonists.
WEB 2086 is considered to be a PAF receptor antagonist
devoid of agonist action in most systems tested (Meade &
Heuer, 1990). However, the results from the present study
suggest a partial agonist effect of WEB 2086 in the rat heart.
If there are PAF receptor subtypes as suggested by recent
reports (Lambrecht & Parnham, 1986; Hwang, 1988; Stewart
& Dusting, 1988; Kroegel et al., 1989; Hu & Man, 1991a),
then it is possible that WEB 2086 only has partial agonist
action on one receptor subtype and is a full antagonist on the
other receptor subtype. If the PAF receptor subtype where
WEB 2086 is a full antagonist is predominant in most
systems, then it will be difficult to notice the partial agonist
action of WEB 2086 on the other PAF receptor subtype that
is not dominant. Since our previous data suggested that the
rat heart contained both PAF receptor subtypes, we would
expect to observe both the full antagonist and the partial
agonist actions of WEB 2086. However, the presence of PAF
receptor subtypes remains to be fully elucidated.

Recently hexanolamine PAF, a structural analogue of PAF
with putative PAF receptor antagonist action, had been
shown to exhibit partial agonist action (Grigoriadis &
Stewart, 1991). Although the 1-O-hexadecyl form of hex-
anolamine PAF showed partial agonist activity, the 1-0-
octadecyl form (U66985) was devoid of agonist activity
(Tokumura et al., 1985). It is also of interest that U66983,
with 3 methylene residues between the phosphate and choline
nitrogen, showed agonist activity while U66982, with 10
methylene residues, had weak antagonist activity (Tokumura
et al., 1985). The possible sites for the partial agonist and
antagonist actions of WEB 2086 and WEB 2170 are currently
not known.
WEB 2170, a structural analogue of WEB 2086, has been

shown to be slightly more potent that WEB 2086 and has
similar properties (Meade & Heuer, 1990). Our results also
suggested that WEB 2170, like WEB 2086, has partial
agonist action and produced coronary vasoconstriction. In
contrast, FR-900452, a structurally different PAF receptor
antagonist, does not share this property with WEB 2086 and
WEB 2170. It remains to be determined if other commonly
used PAF receptor antagonists behave as full receptor
antagonists or under certain circumstances act as partial
agonists as in the case of WEB 2086 and WEB 2170.

We wish to thank Boehringer Ingelheim KG and Boehringer
Ingelheim (Canada) Ltd. for the supply of WEB 2086 and WEB
2170. We also wish to thank Dr Okamoto of Fujisawa Pharma-
ceutical Co. Ltd. for the supply of FR-900452 and Dr Ford-
Hutchinson of Merck Frosst Canada Inc. for the supply of
L-649,923 and MK-886. This study was supported by the MRC of
Canada.
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Differential effects of acetylcholine, nitric oxide and
levcromakalim on smooth muscle membrane potential and tone
in the rabbit basilar artery

'Frances Plane & Christopher J. Garland

Department of Physiology and Pharmacology, University of Southampton, Bassett Crescent East, Southampton, S09 3TU

1 Endothelium-dependent hyperpolarization of smooth muscle cells in isolated, pre-contracted
segments of rabbit basilar artery in response to acetycholine (100 JAM) was abolished in the presence of
glibenclamide (10 JAM).
2 Acetylcholine-evoked relaxation was unaffected by either glibenclamide or 65 mM potassium
chloride, indicating that the change in membrane potential did not form an essential component of
relaxation and that high concentrations of potassium did not inhibit the release or action of
endothelium-derived relaxing factor in this vessel.
3 Saturated solutions of nitric oxide (NO) gas in solution (150 JM), which evoked maximal relaxation
of arterial segments pre-contracted and depolarized by noradrenaline (1O-1I00 JM), did not alter the
membrane potential of either unstimulated or depolarized smooth muscle cells.
4 The potassium channel opener levcromakalim, evoked concentration-dependent relaxation and
hyperpolarization in pre-constricted smooth muscle cells. The threshold concentrations for hyper-
polarization and relaxation, the EC50 values and the maximally effective concentration of levcromakalim
(around 30 nM, 150 nM and 10 JAM, respectively) were not significantly different, and both components of
the response were inhibited by glibenclamide (10 JM), indicating a close coupling between the two
responses.

5 In the presence of 65 mM potassium chloride, the hyperpolarization to levcromakalim was abolished,
while a small relaxation (25 ± 4%) persisted, indicating an additional mechanism for relaxation to this agent.
6 These results show that different mechanisms underlie the relaxant action of potassium channel
openers, NO and endothelium-derived factors in cerebral arteries and provide further evidence that in
the basilar artery, in contrast to some other vessels, endothelium-dependent hyperpolarization to
acetylcholine is not important for smooth muscle relaxation.

Keywords: Glibenclamide; hyperpolarization; levcromakalim; membrane potential; nitric oxide; potassium channels; vascular
smooth muscle

Introduction

The relaxation of blood vessels evoked by muscarinic
agonists is usually accompanied by hyperpolarization of the
smooth muscle cell membrane, both events being mediated
by the release of a diffusible factor from the endothelium
(Chen et at., 1988; 1991; Feletou & Vanhoutte, 1988).
Endothelium-derived relaxing factor (EDRF) has now been
identified as nitric oxide (NO; Palmer et al., 1987), or a
closely related compound, but the possibility that NO may
contribute to endothelium-dependent hyperpolarization and
the mechanism underlying this response is the subject of
some controversy.

Inhibitors of NO synthase did not reduce acetylcholine-
evoked hyperpolarization in the guinea-pig coronary and rat
small mesenteric artery, indicating the involvement of an
endothelium-derived hyperpolarizing factor (EDHF) distinct
from NO (Chen et al., 1991; Garland & McPherson, 1992).
However, in the guinea-pig uterine artery both the relaxation
and hyperpolarization evoked by acetylcholine were
depressed by the NO synthase inhibitor L-N0-monomethyl
arginine (L-NMMA), indicating that NO may contribute to
both smooth muscle hyperpolarization and relaxation in this
particular vessel (Tare et al., 1990). Additionally, in both the
guinea-pig uterine artery and the rat small mesenteric artery,
exogenous NO can stimulate both smooth muscle relaxation
and membrane hyperpolarization under certain conditions
(Tare et al., 1990; Garland & McPherson, 1992).
The role of glibenclamide-sensitive potassium channels in

Author for correspondence at: Department of Pharmacology,
University Walk, Bristol BS8 ITD.

the endothelium-dependent hyperpolarization evoked by
acetylcholine is also controversial and may vary between
different vessels. For example, in the rabbit middle cerebral
artery, acetylcholine-evoked hyperpolarization was reduced
by the sulphonylurea compound glibenclamide, whereas in the
guinea-pig isolated coronary artery and rat small mesenteric
arteries this agent did not block responses to acetylcholine
(Standen et al., 1989; Brayden, 1990; Eckman et al., 1992;
Garland & McPherson, 1992). Furthermore, in the rat small
mesenteric artery, although acetylcholine-induced hyper-
polarization was not abolished by glibenclamide, hyper-
polarization to NO was inhibited (Garland & McPherson,
1992), providing further indirect evidence that NO may con-
tribute to endothelium-dependent hyperpolarization in some
vessels.

Glibenclamide also inhibits the smooth muscle relaxation
which is evoked by potassium channel opening drugs (KCOs)
such as levcromakalim, suggesting that membrane hyper-
polarization, mediated by the opening of glibenclamide-
sensitive potassium channels, is the major mechanism under-
lying the decrease in vascular tone (Buckingham et al., 1989;
Winquist et al., 1989; McHarg et al., 1990). This hypothesis
is based largely on separate experiments showing that KCOs
can increase the resting membrane potential of unstimulated
vascular smooth muscle cells, and can also relax isolated,
pre-contracted vessels. There is relatively little information on
the membrane effects of KCOs under conditions of smooth
muscle depolarization. Minoxidil sulphate and cromakalim
have both been shown to reduce the subsequent depolarizing
action of noradrenaline in the rabbit portal vein and

Br. J. Pharmacol. (1993), 110, 651-656 '." Macmillan Press Ltd, 1993



652 F. PLANE & C.J. GARLAND

mesenteric artery, respectively (Leblanc et al., 1989; McHarg
et al., 1990). However, although smooth muscle relaxation
elicited by KCO's is reduced in isolated arteries pre-
contracted with high concentration of extracellular potas-
sium, consistent with a role for potassium channels in relaxa-
tion (Parsons et al., 1991a), in only one study have the
membrane events underlying this response been reported
(Nakashima et al., 1990).
The fact glibenclamide can inhibit the membrane hyper-

polarization evoked by NO, and in some vessels that to
endothelium derived factor(s), suggests an important role for
the potassium channels which are activated by agents like
levcromakalim, which are also glibenclamide-sensitive. The
reported variation in the ability of NO to elicit smooth
muscle hyperpolarization, and in the sensitivity of
endothelium-dependent hyperpolarization to glibenclamide,
could then be explained in a number of ways, including a
variation in either the endothelium-derived mediator of
hyperpolarization or in the distribution of potassium chan-
nels. Regional differences in the distribution of potassium
channels have been suggested within the cerebral circulation
of the rat, as not all of the arteries arising from the circle of
Willis are hyperpolarized by KCOs (McCarron et al., 1991;
McPherson & Stork, 1992).

In the rabbit isolated basilar artery, acetylcholine-evoked
hyperpolarization is both small in amplitude and transient.
In addition, it is diminished on repeated application of the
agonist. In contrast, the relaxation to acetylcholine is both
sustained and reproducible with repeated exposures (Rand &
Garland, 1992). However, both responses are attenuated by
inhibitors of NO synthase indicating that, as in the guinea-
pig uterine artery, NO may contribute to both components
of the response to acetylcholine (Rand & Garland, 1992).
Surprisingly, exogenous NO failed to evoke any significant
hyperpolarization in smooth muscle cells of the rabbit basilar
artery, even at concentrations which caused a maximal rever-
sal of induced tone (15 tLM; Rand & Garland, 1992). How-
ever, this concentration was close to the threshold for mem-
brane hyperpolarization to NO in the rat mesenteric artery,
so that higher concentrations might be required to demon-
strate hyperpolarization if the potassium channels which
mediate this response are sparse in this particular vessel
(Garland & McPherson, 1992).
The aims of the present study were to investigate the

glibenclamide-sensitivity of acetylcholine-evoked hyper-
polarization and relaxation in the rabbit basilar artery, and
to examine the possibility that very high concentrations of
NO may be required for smooth muscle hyperpolarization.
Furthermore, the effects of the KCO, levcromakalim, on
both smooth muscle tone and membrane potential, under
both resting and depolarized conditions, were also examined.
The aim was to determine if the small size of the membrane
responses evoked by acetylcholine, and the apparent lack of
hyperpolarization to NO, could reflect an absence of KCO
and glibenclamide-sensitive potassium channels in this artery.

Methods

White rabbits of either sex (2-3 kg) were anaesthetized with
sodium pentobarbitone (60 mg kg-', i.v.) and killed by rapid
exsanguination. The brain was removed and placed in Krebs
buffer at room temperature. The basilar artery was carefully
removed, cleaned and cut into cylindrical segments 2 mm in
length. Segments were then mounted in a tissue chamber for
simultaneous recording of changes in smooth muscle mem-
brane potential and tension, as previously described (Gar-
land, 1987). Briefly, two tungsten wires (40 ILm diameter)
were passed through the lumen of the segment and each wire
attached to a metal foot in a myograph (model 400 A, J.P.
Trading, Denmark). The tissue segment was stretched
between the wires under a previously determined optimal
preload of 500mg and superfused at 5-6mlmin-' with

Krebs buffer which had been bubbled with 95% 02/5% CO2.
All experiments were carried out on tissues with a func-
tionally intact endothelium unless otherwise stated.
Drugs were equilibrated with the perfusate before it

entered the tissue chamber. Nitric oxide solutions were
injected close to the artery segment, from a gas-tight syringe
in volumes not greater than 200ytL.
Electrophysiology

Measurement of smooth muscle membrane potential was
made with a glass microelectrode advanced through the
adventitial surface of the artery segment. The electodes were
filled with 2 M KC1 and had resistances of 60-120 MO.
Membrane electrical events were recorded through a high-
input impedance d.c. preamplifier (Neurolog 102G) and,
together with data from the isometric force transducer,
stored on disc (CVMS, McPherson Scientific).

Solutions and drugs

Tissues were maintained in Krebs buffer of the following
composition (mM): NaCl 122, NaHCO3 25.5, KC1 5.2,
MgSO4 1.2, CaCl2 1.6, disodium EDTA 0.027, ascorbate
0.114 and glucose 9.4. All K+-rich Krebs solutions were
prepared by direct replacement of NaCl with KCI. At the
end of each experiment, tissues were maximally contracted
with 100 mM K+-Krebs solution.

Drugs used were acetylcholine chloride (BDH), noradren-
aline bitartrate (arterenol, Sigma), levcromakalim (gift from
Smith Kline Beecham) and glibenclamide (gift from Hoechst).

Preparation of nitric oxide solutions

Nitric oxide gas (research grade, BDH) was injected into
Krebs solution which had been bubbled with helium (BOC)
for 45-60 min. Nitric oxide solution was injected into the
tissue chamber in volumes of 200 ,ul with a gas tight syringe.
Control injections of helium-gassed Krebs solution were
made to assess the extent of any potential injection artifacts.

Analysis of data

Relaxations are expressed as a percentage decrease in the
tone induced by either noradrenaline or potassium chloride.
Data are expressed as mean ± s.e.mean. The significance
between mean values was calculated by Student's t test, with
rejection of the null hypothesis at the 5% level (P<0.05).

Results

Membrane and tension responses to acetylcholine

Smooth muscle cells in the basilar artery were electrically
quiescent, and the mean resting membrane potential was
- 63.7 ± 7.1 mV (80 cells from 28 preparations). When first
applied to noradenaline precontracted tissues (mean back-
ground contraction and depolarization of 4.5 ± 0.9 mN and
10.5 + 2.2 mV, n = 4), acetylcholine (100 tM) evoked
95 ± 3.5% relaxation of the induced tone and hyperpolarized
the smooth muscle cell membrane by 8.1 ± 1.0 mV (n =4
paired observations). Subsequent exposures to acetylcholine
were followed by a relaxation of similar magnitude
(93.9 ± 4.6% on fifth exposure). However, as previously de-
scribed (Rand & Garland, 1992), the amplitude of the
accompanying hyperpolarization decreased with each appli-
cation of acetylcholine, although in contrast to the previous
study, a small but significant change in membrane potential
was still observed even on a fifth exposure (4.1 ± 1.5 mV;
n = 4). The threshold concentrations for acetylcholine-evoked
hyperpolarization and relaxation were 1 tLM and 0.1 LM,
respectively (Figure la).
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Figure 1 Mean concentration-response curves for acetylcholine in
the rabbit basilar artery precontracted with noradrenaline
(1O-I00 IM). Points show relaxation (@) and hyperpolarization (0)
and are the mean ± s.e.mean from 4 separate experiments. (a) Cont-
rol concentration-response curves for the second application of
acetylcholine. (b) Concentration-response curves in the presence of
glibenclamide. *P<0.05 compared to control responses.
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Figure 2 Representative traces showing simultaneous records of

membrane potential and changes in tension elicited by NO in the

absence and presence of noradrenaline to induce contraction and

depolarization. (a) NO (150 !M) had no effect on resting membrane

potential or tension in the unstimulated rabbit basilar artery. The

resting membrane potential of the cell shown in this trace was

- 67 mV. (b) Noradrenaline (102M) elicited contraction of approx-

imately 5 mN and depolarized the smooth muscle by approximately
10 mV (resting membrane potentiala- 65 mV). NO (150bM) initiated
a transient relaxation of the induced tone but had no effect on the
membrane potential of the smooth muscle cell.

When glibenclamide (10 gM) was added after the first
exposure to acetylcholine, the subsequent membrane hyper-
polarization was abolished, although at this time relaxations
were not significantly altered (Figures lb). Furthermore, the
acetylcholine-evoked relaxations were also unaltered when
potassium chloride (65 mM) was used to induce tone instead
of noradrenaline. The EC,4 values for acetylcholine-evoked
relaxation in the presence of either noradrenaline or potas-
sium were 1.5 ± 0.2 gLM and 1.65 ± 0.4 g1M, respectively
(n = 4; P> 0.05), and the maximal relaxations obtained were

94.8 ± 3.8% and 94.5 ± 4.5%, respectively n = 4; P>0.05).

Membrane and tension responses to nitric oxide

In tissues contracted and depolarized with noradrenaline
(10-100I1AM), NO (0.5-15I1M) initiated transient relaxations
which reversed within 20-25 s. Maximal relaxation of
induced tone (85.4 ± 6.7%; n = 4) was achieved at a concent-
ration of 15 1AM NO and the EC50 value was 2.0 ± 0.9 1AM

(n = 4).
Over the concentration-range which produced relaxation of

induced tone, NO (0.5-15 1AM) had no significant effect on
the membrane potential of unstimulated smooth muscle cells,
in contrast to the small hyperpolarization (around 2 mV)
reported by Rand & Garland (1992). Furthermore, at a
concentration 10 times higher than that required to evoke
maximal relaxation, 150 gM, NO did not elicit any smooth
muscle hyperpolarization, either in the absence (Figure 2a) or

presence (Figure 2b) of prior membrane depolarization to
noradrenaline.

Membrane and tension responses to levcromakalim

Levcromakalim (1-100 M) evoked concentration-dependent
hyperpolarization in unstimulated smooth muscle cells (mean
resting membrane potential - 63.3 ± 6.8 mV; 39 cells from
14 preparations), which was maintained for over 20min in
the continued presence of the drug. In these experiments,
levcromakalim had no significant effect on the resting level of
tone. The maximal hyperpolarization to levcromakalim
(100 j.M) was 14 ± 3.2 mV (n = 6). Glibenclamide (10 1AM),
had no significant effect on either the tone or membrane
potential of unstimulated smooth muscle cells during
exposures of up to 20min, but abolished levcromakalim-
evoked hyperpolarization.

In tissues depolarized and contracted with noradrenaline
(mean background contraction and depolarization
4.98 ± 0.7 mN and 12.7 ± 2.5 mV, respectively; n = 4), lev-
cromakalim (0.01-10 1iM) evoked concentration-dependent
relaxation of the induced tone, which was accompanied by
smooth muscle hyperpolarization. The threshold concentra-
tion (30 nM), EC50 values (140 ± 25 nM and 175 ± 15 nM;
n = 4) and the concentration of levcromakalim required for a

maximal response (10 jLM; n = 4) with both hyperpolarization
and relaxation were not significantly different (Figure 3a).
Following prior exposure to glibenclamide (10 1AM) for
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Table 1 Comparison of relaxation and smooth muscle hyperpolarization evoked by levcromakalim in the rabbit basilar artery
pre-contracted with noradrenaline or potassium chloride

Noradrenaline
(10-100 pM) 25 mM KCI 35mM KCI 65mM KCI

Mean level of contraction (mN)
Mean level of depolarization (mV)
% maximal relaxation to
levcromakalim (100IM)

Maximal membrane potential change
to levcromakalim (100 iM; mV)

Each value is the mean of 4 observations ± s.e.mean.

4.98 ± 0.7
12.7 ± 2.5
95.0 ± 5.1

3.1 ± 0.6
22.1 ± 2.9
97.0 ± 4.1

14.5 ± 2.1
29.4 ± 2.0
74.0 ± 6.9

25.0 ± 2.3 26.0 ± 2.1 15.0 ± 4.9

a

c
0

x

c)L-
0-

*b*\1

20 -

0

co
x 60

8 80

100

120

0

-10

-20

tion evoked by levcromakalim were depressed. Table 1 shows
the maximal relaxation and change in membrane potential
evoked by levcromakalim (100,lM) in tissues precontracted
with either noradrenaline or potassium chloride. In the
presence of 35 mM potassium chloride, the maximal relaxa-
tion and change in membrane potential evoked by levc-
romakalim were reduced by approximately 24% and 42%,
respectively. In arterial segments contracted with 65 mM
potassium, levcromakalim-evoked hyperpolarization was

abolished although a small relaxation (25 ± 4%) still per-
sisted.
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Figure 3 Mean concentration-response curves for levcromakalim in
the rabbit basilar artery contracted with noradrenaline (10-1I100 M).
Points show relaxation (0) and hyperpolarization (0) and are the
mean ± s.e.mean from 4 separate experiments. (a) Control concen-

tration-response curves to levcromakalim. (b) Concentration-
response curves in the presence of glibenclamide (10 ILM). *P<0.05
compared to controls.

20min, the maximal levcromakalim-evoked relaxation was

reduced to 19.4 ± 5.0% (n = 4) and the accompanying
smooth muscle hyperpolarization was abolished (Figure 3b).
Levcromakalim-evoked responses were also reduced in the
presence of elevated external potassium concentrations. In
arterial segments preconstricted with 25 mM potassium
chloride, levcromakalim evoked concentration-dependent
relaxation and hyperpolarization which was not significantly
different from the responses observed in noradrenaline
precontracted tissues. The maximal changes in tension and
smooth muscle membrane potential evoked by levc-
romakalim in the presence of 25 mM potassium chloride were

97 ± 4.1% and 26 ± 2.1 mV respectively (n = 4; P>0.05). In
contrast, when 35 mm and 65 mM potassium chloride were

used, both the smooth muscle relaxation and hyperpolariza-

These data confirm and extend our previous study, which
indicated that membrane hyperpolarization did not make an

important contribution to the smooth muscle relaxation
evoked by either acetylcholine or exogenous NO in the rabbit
basilar artery (Rand & Garland, 1992). The present study
demonstrated that the small hyperpolarization evoked by
acetylcholine was inhibited by glibenclamide, whereas smooth
muscle relaxation was unaffected. The ability of glibenc-
lamide to block acetylcholine-induced hyperpolarization is
similar to its action in the rabbit middle cerebral artery
(Standen et al., 1989; Brayden, 1990). The maximal hyper-
polarization in response to acetylcholine, at 8 mV, was not
marked, but by comparison to the action of levcromakalim
might be predicted to stimulate a relaxation of around
30-40% (see Figure 3). This relaxation would, however, be
masked by the relaxation induced by other mechanisms
initiated by lower concentrations of acetycholine. As the
activation of glibenclamide-sensitive potassium channels also
mediates smooth muscle hyperpolarization to the KCO levc-
romakalim and, in some vessels, NO and endothelium-
derived factors, these agents may all share an ability to
activate the same type of potassium channel under certain
conditions.
Smooth muscle relaxation in the basilar artery was also

unaffected by precontraction with a high concentration of
potassium (65 mM), a concentration which is known to
inhibit smooth muscle hyperpolarization to acetylcholine
(Chen et al., 1989; Waldron et al., 1993), demonstrating that
this concentration of potassium does not inhibit either the
action or the release of EDRF in this vessel.

Glibenclamide did not modify either the resting membrane
potential or tension in the basilar artery, indicating a low
open probability for glibenclamide-sensitive channels at this
potential. This observation was not complicated by an action
exerted via the endothelium, as glibenclamide was without
effect in both endothelium-intact and denuded tissues.
Glibenclamide also had no effect on resting tension and
membrane potential in the rabbit middle cerebral artery
(Brayden, 1990), whereas in the rat small mesenteric and
guinea-pig coronary artery, glibenclamide caused membrane
depolarization and smooth muscle contraction in unstimul-
ated tissues (McPherson & Angus, 1990; 1991; Eckman et al.,
1992). These contrasting results suggest a variation in the
characteristics of the glibenclamide-sensitive potassium chan-
nels present in these different vessels and in their contribution

23.0 ± 3.9
44.1 ± 4.0
25.0 ± 4.0

0
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to smooth muscle tone. Variation has also been observed in
the sensitivity of acetycholine-evoked hyperpolarization to
glibenclamide. The mesenteric artery smooth muscle cells,
although depolarized by glibenclamide, developed a hyper-
polarization which was not reduced in overall size by glibenc-
lamide (Garland & McPherson, 1992), while in the basilar
artery the relatively small hyperpolarization was abolished.
These differences could be explained by different populations
of potassium channels in the two arteries.
The majority of evidence, from a range of isolated blood

vessels, suggests that the endothelium-dependent hyper-
polarization which is evoked by cholinomimetics is not
mediated by NO. For example, in the guinea-pig coronary

artery, endothelium-dependent relaxation can be reduced
independently of hyperpolarization by the NO synthase
inhibitor nitroarginine. In contrast, a number of studies in-
cluding the present one, have failed to demonstrate
significant membrane hyperpolarization in response to con-

centrations of exogenous NO which are capable of
stimulating maximal smooth muscle relaxation (Komori et
al., 1988; Brayden, 1990; Chen et al., 1991; Rand & Garland,
1992). However, NO-evoked hyperpolarization has been
demonstrated in smooth muscle cells in rat small mesenteric
arteries and in the guinea-pig uterine artery, indicating that
in some vessels NO may at least contribute to acetylcholine-
induced hyperpolarization (Tare et al., 1990; Garland &
McPherson, 1992). In the rabbit isolated basilar artery,
although NO did not alter the membrane potential, both the
hyperpolarization and relaxation stimulated by acetylcholine
were reduced by the NO synthase inhibitors L-NMMA and
N0-nitro-L-arginine methyl ester (L-NAME), indicating that
NO contributes in some way to the hyperpolarization in this
artery (Rand & Garland, 1992). Why NO failed to alter the
membrane potential in the basilar artery when glibenclamide-
sensitive potassium channels are present, and NO can

activate such channels in other arteries, is not clear. One
possibility is that glibenclamide can block more than one

type of potassium channel, fitting in with its variable action
on the resting membrane potential in different arteries. In
this case, the NO-sensitive channels present in the mesenteric
artery may not be present in the basilar artery. In the basilar
artery, even saturated solutions of NO failed to change the
smooth muscle membrane potential although they caused a

total reversal of contraction. These concentrations of NO
were 10 fold greater than in our previous study, when we did
observe a slight hyperpolarization of 2 mV, which was not
large enough to contribute significantly to relaxation. The
reason for our failure to record similar effects in the present
study is not clear, particularly as the sensitivity of the tissues
to NO and the maximal relaxation attained were similar in
both studies, and the degree of preconstriction and
depolarization to noradrenaline were comparable.

In contrast to NO, levcromakalim evoked both concen-

tration-dependent smooth muscle relaxation and hyper-
polarization in the rabbit basilar artery, indicating that the
lack of hyperpolarization to NO did not reflect an absence of
levcromakalim-sensitive potassium channels. The different
responses to levcromakalim and NO in the basilar artery are

in contrast to studies in the rat mesenteric artery (McPherson
& Angus, 1991; Garland & McPherson, 1992), where both
cromakalim and NO hyperpolarized the resting membrane
potential, both via a glibenclamide-sensitive pathway. Taken
together, these observations again suggest a variation in the
type of potassium channels which are present in each of these
arteries.

Although membrane hyperpolarization to NO has yet to
be investigated at the single channel level, the picture is much
clearer in the case of KCOs, based on extensive patch-clamp
studies with levcromakalim (Noack et al., 1992a,b). These
data have provided evidence that levcromakalim can activate
small conductance potassium channels, which are ATP-
sensitive and appear to be identical to the channels which are

opened by depletion of the cellular substrates required for

oxidative metabolism. These experiments also showed that
levcromakalim could influence the open probability of other
potassium channels, such as those which carry the delayed
rectifier current. Levcromakalim and cromakalim have very
similar actions on the mesenteric and basilar arteries, so may
very well act by similar mechanisms in these vessels. In
contrast, the hyperpolarization to NO, but not cromakalim
was blocked by prior depolarization in the mesenteric artery,
consistent with the idea of separate potassium channels
mediating the responses to KCOs and NO, with both sen-
sitive to glibenclamide.

Unlike NO, levcromakalim does not stimulate guanylyl
cyclase in vascular smooth muscle cells, rather the relaxation
appears to follow the opening of membrane potassium chan-
nels, subsequent hyperpolarization and a reduction in the
open probability of voltage-dependent calcium channels
(Hamilton et al., 1986; Weir & Weston, 1986; Coldwell &
Howlett, 1987; Taylor et al., 1988; Noack et al., 1992a,b).
Most data on KCO's have been derived from separate
measurements of smooth muscle tension and membrane
potential, giving a circumstantial link between relaxation and
hyperpolarization (Cavero et al., 1989; Winquist et al., 1989).
Additionally, in vessels such as the guinea-pig coronary
artery, relaxation of noradrenaline-contracted arterial
segments by levcromakalim, was depressed by the presence of
glibenclamide, indicating that the two events are causally
linked (Eckman et al., 1992). To date, there have been only a
limited number of studies on the membrane events which
accompany smooth muscle relaxation in response to KCOs
in depolarized tissues. In the present study, simultaneous
recordings showed that levcromakalim stimulated concen-
tration-dependent hyperpolarization in unstimulated
segments of the rabbit basilar artery and reversed the
depolarization and contraction in the presence of noradren-
aline. Both components of the response were inhibited by
pre-incubation with glibenclamide (10 !M). Also, in the
presence of 65 mM potassium, levcromakalim-evoked relaxa-
tions were reduced to a similar level to those obtained in
noradrenaline-contracted tissues in the presence of gliben-
clamide, whereas membrane hyperpolarization was abolished
at this time. This finding directly demonstrates that the
attenuation of KCO-evoked relaxation observed in the
presence of high concentrations of potassium is due to a
reduced hyperpolarization (Masuzawa et al., 1990; Parsons
et al., 1991a,b), and also supports the contention that a
change in smooth muscle membrane potential represents the
driving force for relaxation to this agent. This is an import-
ant observation, because the reduced relaxation in tissues
preconstricted with high concentrations of potassium had
been suggested to reflect functional antagonism, i.e. the high
level of tone induced by potassium directly reducing the
efficacy of the relaxing agent (Cook & Small, 1991). This is
clearly not the case in the basilar artery. However, the find-
ing that higher concentrations of levcromakalim can evoke
changes in tone which are independent of an increase in
membrane potential also indicates another, as yet undefined
mechanism may also be involved, possibly an alteration in
intracellular smooth muscle calcium handling (Bray et al.,
1988; 1991).

In summary, smooth muscle hyperpolarization to both
acetylcholine and levcromakalim is abolished by glibenc-
lamide. However, although the relaxation to levcromakalim
is also almost totally blocked, relaxation to acetylcholine is
not altered. This supports other evidence that endothelium-
dependent hyperpolarization to cholinomimetics is not an
important mechanism for relaxation in the basilar artery. In
addition, NO per se provides no stimulus for hyperpolariza-
tion, as even saturated solutions of this agent failed to
modify the membrane potential in this vessel.

This work was made possible by financial support from the Well-
come Trust, Levcromakalim and glibenclamide were generously sup-
plied by SmithKline Beecham and Hoechst, respectively.
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Bradykinin-induced airflow obstruction and airway plasma
exudation: effects of drugs that inhibit acetylcholine,
thromboxane A2 or leukotrienes
Ivana Kawikova, Hirokazu Arakawa, Claes-Goran Lofdahl, Bengt-Eric Skoogh & 'Jan Lotvall

Lung Pharmacology Group, Department of Clinical Pharmacology and Division of Respiratory Medicine, (Department of
Medicine), University of G6teborg, G6teborg, Sweden

1 The mechanisms behind bradykinin-induced effects in the airways are considered to be largely
indirect. The role of cholinergic nerves and eicosanoids, and their relationship in these mechanisms were
investigated in guinea-pigs.
2 The role of cholinergic nerves was studied in animals given atropine (1 mg kg-', i.v.), hexa-
methonium (2 mg kg-', i.v.), or vagotomized. To study the role of eicosanoids, animals were pretreated
with a thromboxane A2 (TxA2) receptor antagonist (ICI 192,605; 106 mol kg-', i.v.) or with a
leukotriene (LT) receptor C4/D4/E4 antagonist (ICI 198,615; 106 mol kg-', i.v.).
3 After pretreatment with a drug, bradykinin (150 nmol) was instilled into the tracheal lumen. We
measured both airway insufflation pressure (Pi), to assess airway narrowing, and the content of Evans
blue dye in airway tissue, to assess plasma exudation.
4 Bradykinin instillation into the trachea caused an increase in Pi and extravasation of Evans blue dye.
The increase in Pi was significantly attenuated by atropine or the TxA2 receptor antagonist, but not by
hexamethonium, vagotomy or the LT receptor antagonist.
5 The bradykinin-induced exudation of Evans blue dye was significantly attenuated in the intrapul-
monary airways by the TxA2 receptor antagonist, but not by atropine, hexamethonium, cervical
vagotomy or the LT receptor antagonist.
6 A thromboxane-mimetic, U-46619 (20 nmol kg-', i.v. or 10 nmol intratracheally), caused both an
increase in Pi and extravasation of Evans blue dye at all airway levels. Atropine pretreatment slightly
attenuated the peak Pi after the intratracheal administration of U-46619, but not after i.v. administra-
tion.
7 We conclude that peripheral cholinergic nerves are involved in bradykinin-induced airflow obstruc-
tion but not plasma exudation, and that TxA2 is involved in both airflow obstruction and airway plasma
exudation induced by bradykinin given via the airway route. TxA2-induced airflow obstruction is
mediated only to a minor degree, via the release of acetylcholine in the airways.

Keywords: Asthma; bronchoconstriction; airway oedema; inflammation; plasma exudation; cholinergic nerves; bradykinin;
thromboxane; leukotrienes

Introduction

Bradykinin, a plasma-derived inflammatory peptide, has been
implicated in asthma (Regoli & Barabe, 1980; Barnes et al.,
1988). Bradykinin produces bronchoconstriction in asthma-
tics, but to a lesser extent in normal subjects (Simonsson et
al., 1973; Fuller et al., 1987). It has also been shown that
asthmatics have elevated concentrations of bradykinin in
plasma during active disease and of the bradykinin precursor
kininogen in broncho-alveolar lavage fluid after allergen
challenge (Abe et al., 1967; Christiansen et al., 1987).

In experimental animals, bradykinin causes airway narrow-
ing in vivo (Collier et al., 1960; Ichinose et al., 1990; L6tvall
et al., 1991), exudation of plasma from the airway microcir-
culation (Saria et al., 1983; Erjefalt & Persson, 1989; Lotvall
et al., 1991) and airway smooth muscle contraction in vitro
(Bhoola et al., 1962; Dusser et al., 1988).
The mechanisms of bradykinin-induced effects in the air-

ways have been the subject of many studies. It has been
suggested that cholinergic nerves (Ichinose et al, 1990), sen-
sory neuropeptides (Kaufman et al., 1980; Saria et al., 1988;
Ichinose et al., 1990), metabolites of arachidonic acid (Collier
et al., 1960; Ichinose et al., 1990) and platelet activating
factor (Rogers et al., 1990) are involved in these responses.

'Author for correspondence at: Department of Clinical Pharma-
cology, Fack 2, Sahlgrenska Sjukhuset, S-413 45 Goteborg, Sweden.

Moreover, peptide-degrading enzymes, such as neutral endo-
peptidase 24.11 and angiotensin-converting enzyme, modu-
late the responses to bradykinin (Dusser et al., 1988; L6tvall
et al., 1991). The relationships between the different medi-
ators which are involved in bradykinin responses and the
exact metabolites of arachidonic acid that are involved, have
not yet been elucidated. Furthermore, the results of different
studies are sometimes contradictory. For example, Collier et
al. (1960) found that neither anticholinoceptor drugs nor
section of the cervical vagi had any effect on the bron-
choconstrictor response to bradykinin, whereas Ichinose et
al. (1990) found that atropine had a significant inhibitory
effect.

In this study we wanted to investigate the role of choliner-
gic nerves and of metabolites of arachidonic acid, as well as
their relationship in the mechanism of bradykinin-induced
effects in the airways of guinea-pigs given bradykinin directly
into the tracheal lumen. To evaluate the role of cholinergic
nerves, we used atropine or hexamethonium pretreatment, or
cervical vagotomy before bradykinin instillation. To elucidate
the importance of arachidonic acid metabolites in brady-
kinin-nduced airway responses, a thromboxane A2 receptor
antagonist (ICI 192,605) or a leukotriene C4/D4/E4 receptor
antagonist (ICI 198,615) was given before bradykinin instilla-
tion. Finally, we studied the relationship between cholinergic
nerves and thromboxane A2 by administering U-46619, a
stable thromboxane A2-mimetic, to animals pretreated with

'PI Macmillan Press Ltd, 1993Br. J. Pharmacol. (1993), 110, 657-664
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atropine. In all these experiments, we monitored airway
insufflation pressure as a measurement of airway narrowing
and quantified the amount of Evans blue dye in the airways
as a measurement of plasma exudation.

Methods

Preparation

This study was approved by the Animal Ethics Committee in
Goteborg. We used male Dunkin-Hartley guinea-pigs weigh-
ing 350-550g for the study involving bradykinin and 450-
700 g for the study involving U-46619 (total n = 118). The
animals were anaesthetized with ketamine (100 mg kg-', i.p.)
and xylazine (10-12mgkg-', i.m.). Additional doses were
given as required to maintain adequate anaesthesia. The
animals were placed on a heated blanket (Harvard model
507061, Harvard Apparatus Ltd., Edenbridge, Kent), which
maintained body temperature at approximately 37°C. The left
carotid artery was cannulated and the catheter was connected
to a pressure transducer (Spectramed, Viggo, Helsingborg,
Sweden). Another polyethylene catheter was inserted into the
right external jugular vein for the i.v. administration of drugs
and fluids. A tracheal cannula (1Omm length and 2.7 mm
internal diameter) was inserted into the upper cervical
trachea through a tracheostomy, secured with a suture and
connected to a constant volume mechanical ventilator (Har-
vard model 50-1718, Harvard Apparatus Ltd., Edenbridge,
Kent). Animals were placed in a supine position at an angle
of 200, with the head at a higher level to allow the instilled
material to reach the lower airway levels. A tidal volume of
10 ml kg- ' and a frequency of 60 breaths per min was used.
The ventilatory circuit had a total volume of 18 ml.
Insufflation pressure (Pi) was measured with a differential
pressure transducer (Model FCO40; ± 1,000 mmH2O, Fur-
ness Controls Ltd., Bexhill, Sussex) which was attached to a
catheter connected to a side port of the intratracheal can-
nula. The signals from the blood pressure transducer were
amplified with an analogue preamplifier (Kungsbacka mat &
registerteknik AB, Sweden). All the signals were digitised
using a 12-bit analog-digital board (National Instruments,
Austin, TX, U.S.A.) connected to a Macintosh II computer
(Apple Computer Inc., Cupertino, CA, U.S.A.) and moni-
tored with software (LabView, National Instruments, Austin,
TX, U.S.A.).

Protocol

After preparation, all the animals were treated with suxa-
methonium (5mg, i.v.) to avoid artefacts of spontaneous
breathing and with propranolol (I mg kg', i.v.) to inhibit
the sympathomimetic effects of bradykinin administration
(Piper et al., 1967). The animals were divided into twelve
groups, to study the effect of atropine, hexamethonium, cer-
vical vagotomy, ICI 192,605 or ICI 198,615 on bradykinin-
induced effects in the airways. Each group had a separate
control group, which was given the vehicle for each drug or
which was not vagotomized before the airway instillation of
bradykinin (150 nmol). The eleventh group was a control
which was not treated and which was given a tracheal instil-
lation of the vehicle for bradykinin (0.9% saline). The twelfth
group was a control pretreated with the vehicle for ICI
198,615 before the instillation of the vehicle for bradykinin
(0.9% saline) into the tracheal lumen. Ten minutes after the
administration of suxamethonium and propranolol, the
animals were pretreated with the relevant drugs or vehicles:
atropine (1 mg kg', i.v.); hexamethonium (2mg kg-', i.v.);
ICI 192,605 (10-6 mol kg-', i.v.); ICI 198,615 (10-6 mol kg-',
i.v.), or the vehicle for each drug; 0.9% saline, NaHCO3 in
0.9% saline, 0.9% saline and [I M NaOH, PEG 400 and
10 nM NaH2PO4] in 0.9% saline respectively. In a separate
group, both cervical vagi were sectioned by surgical proce-

dures. The control group for vagotomy was dissected around
the vagi, but the nerves were not cut. Eight minutes later,
Evans blue dye (20 mg kg-') was administered i.v. for 1 min.
Two minutes later, the lungs were hyperinflated with twice
the tidal volume, by manually blocking the outflow of the
ventilator, and bradykinin or saline was instilled into the
airways. Instillation into the tracheal lumen was performed
by flushing 50,ul of 3 mM bradykinin with 1 ml of air
through a needle, directly into the tracheal lumen via the
tracheal cannula, with the point of the needle inside the
lower part of the tracheal cannula. The distribution of in-
stilled liquid into the airway tree has been studied by use of
pen ink and Evans blue dye. We found that most of the
ink/dye was macroscopically located at the level of the
trachea and main bronchi immediately after intratracheal
instillation, but we also found staining around the intrapul-
monary airways, suggesting that the dye had also reached
this airway level (unpublished observation).
Airway insufflation pressure (Pi) and mean systemic blood

pressure were monitored every 15 s over 1 min and subse-
quently every 30 s for another 5 min after bradykinin instilla-
tion. The animals were disconnected from the ventilator and
the thoracic cavity was opened. A catheter was inserted into
the aorta through the left ventricle and the systemic circula-
tion was perfused with 50 ml of 0.9% NaCl to remove the
Evans blue dye from the bronchial circulation. Another
catheter was inserted via the right ventricle into the pul-
monary artery and the pulmonary circulation was perfused
with 20 ml of 0.9% NaCl.
Another four groups of animals were used to evaluate the

role of cholinergic nerves in airway responses induced by
U-46619, a thromboxane mimetic. These groups were anaes-
thetized, tracheostomized and given propranolol, suxa-
methonium and Evans blue dye in the same way as all the
other animals. U-46619 was administered intravenously
(20 nmol kg-') or intratracheally (10 nmol in 50 LIl of 0.9%
NaCl) after the animals were pretreated with atropine
(1 mg kg-', i.v.) or saline (0.9%). Airway insufflation pres-
sure (Pi) and mean systemic blood pressure were monitored
and the amount of Evans blue dye in the airway tissue was
quantified.

Measurement ofplasma exudation

After perfusion, the trachea and lungs were dissected out en
bloc, the parenchyma was carefully scraped off and the extra-
neous tissue was removed. The trachea, main bronchi and
intrapulmonary airways were then separated from one
another and the intrapulmonary airways were divided into
two portions of approximately equal length, arbitrarily called
proximal and distal. We did not attempt to remove any
plasma from the intraluminal portion of the airways. All the
tissues were dried in a freeze-drier for 24 h (MicroModulyo,
Edwards High Vacuum International, West Sussex), weighed
when dry and Evans blue dye was extracted by keeping the
tissues in 2 ml of formamide in a 40C water bath for
another 16 h. Absorption at 620 nm was measured in a spec-
trophotometer (Beckman DB, Ingeni6rsfirman Hugo Till-
quist, Stockholm, Sweden). Extravasated Evans blue dye was
quantified by interpolation on a standard curve of dye con-
centrations in the range of 0- 15 jig ml-' and expressed as ng
dye mg-' dry tissue. The Evans blue dye measurement has
previously been shown to correlate with the extravasation of
radiolabelled albumin into guinea-pig airways (Rogers et al.,
1989).

Drugs

The following drugs were used: ketamine (Parke-Davis, S.A.
Barcelona, Spain), xylazine (Bayer Leverkusen, Bayer Sverige
AB, Molndal, Sweden), Evans blue dye (Aldrich Chemical
Co., Inc., Milwaukee, U.S.A.), propranolol (ICI Phar-
maceuticals, Macclesfield, Cheshire), suxamethonium (Kabi-
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Vitrum AB, Stockholm, Sweden), atropine, hexamethonium
and bradykinin (Sigma Chemical Co. Ltd., Poole, Dorset).
U-46619 (9a, 1loa-dideoxymethanoepoxy-prostaglandin F2,)

(Cayman Chemical Co Inc., Ann Arbor, MI, U.S.A.), ICI
192,605 (4(z)-6-(2-o-chlorophenyl-4-o-hydroxyphenyl- 1,3-
dioxan-cis-5-yl)hexenoic acid), a thromboxane A2 receptor
antagonist (Jessup et al., 1988), and ICI 198,615 ([1-[[2-
methoxy - 4[ [(phenylsulphonyl)amin]carbonyl] phenyl]methyl] -
lH-indazol-6-yl]carbamic acid cyclopentylester) a leukotriene
C4/D4/E4 receptor antagonist (Shirley & Cheng, 1991), were
kindly donated by ICI Pharmaceuticals.

Data analysis

Data are reported as the mean ± s.e.mean. The peak Pi,
immediate area under the curve (i-AUC = from 0 min to
1.5 min), more sustained AUC (s-AUC = from 1.5 min to
6 min), total AUC (t-AUC = from 0 min to 6 min) were
calculated to evaluate the differences in airway narrowing.
The amounts of Evans blue dye at the four airway levels
were compared to determine any differences in plasma exuda-
tion. The mean baseline blood pressure and the lowest mean
blood pressure after bradykinin instillation were calculated to
estimate the effect of bradykinin on the systemic circulation.
Non-parametric analysis (Mann-Whitney U-test) was used to
determine significance of differences between groups. A value
of P< 0.05 was considered significant. Data were analysed
with a Macintosh computer using StatView II.

Results

Role of cholinergic nerves in bradykinin-induced airway
effects
Airway insufflation pressure There was no significant differ-
ence in baseline pulmonary insufflation pressure (Pi) between
atropinized or untreated animals (Figure la). The instillation
of 50 pl of 0.9% saline into the tracheal lumen induced a
small increase in Pi (from 8.9 ± 0.6 cmH20 to 16.5 ± 1.2
cmH20). Bradykinin instilled into the trachea (50 ,LI of 3 mM;
150 nmol) produced a biphasic response in Pi. The immediate
sharp peak reached a maximum between 30-45 s after instil-
lation (Figure la; peak Pi 35 ± 4 cmH20). A more slowly
progressing sustained response was observed between 3.5 and
4 min (Figure la; Pi 28 + 3 cmH20). Atropine pretreatment
significantly inhibited both the immediate and the more sus-
tained response to bradykinin (P<0.05; Figure la and Table
1). Peak Pi and the area under the curves were not signi-
ficantly different in the group pretreated with atropine before
bradykinin instillation compared with sham stimulation
(50 1l of 0.9% saline; Table 1).

In animals pretreated with hexamethonium, the baseline Pi
was not significantly affected (10.4 ± 0.2 mmHg) compared
with untreated animals (11.2 ± 0.3 mmHg). The bradykinin-
induced increase in Pi (peak Pi: 37 ± 2.7 mmHg) was not
significantly affected by hexamethonium (peak Pi: 47 ± 5.8
mmHg, P = 0.2; Figure 2a and Table 1).

There was no significant difference in baseline Pi between
vagotomized animals compared with control animals (8 ± 0.3
and 8 ± 0.4 cmH20 respectively). Cervical vagotomy did not
significantly affect the changes in Pi induced by bradykinin
instillation (Figure 3a and Table 1; Peak Pi 41 ± 5 and
35 ± 4 cmH20 in vagotomized and control animals respec-
tively).

Evans blue dye Bradykinin (150 nmol) instilled into the
lumen of the trachea produced a significant extravasation of
Evans blue dye into the trachea, main bronchi and intrapul-
monary airways, as compared with instilled 0.9% saline
(P<0.005). Atropine (Figure lb) or hexamethonium (Figure
2b) did not influence this effect. In vagotomized animals,
however, we found a slight but significant enhancement of
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Figure 1 (a) Time course of the increase in airway insufflation
pressure (Pi) induced by a tracheal instillation of 0.9% saline (sham,
0, n = 8), bradykinin in untreated animals (0, n = 13) and brady-
kinin after pretreatment with atropine (0, n = 11). There was a
significant difference in the response to bradykinin between the un-
treated and atropinized group (P< 0.05). (b) The amount of Evans
blue dye at different airway levels after an intratracheal instillation of
0.9% saline (sham, n = 8), bradykinin (BK) in untreated animals
(n = 13), and bradykinin after pretreatment with atropine (n = 11).
IPA = intrapulmonary airways. Data are shown as mean ± s.e.mean,
* P<0.05; NS P>0.05.

the extravasation of Evans blue dye in the proximal intrapul-
monary airways (Figure 3b; P <0.05), but no significant
effect was found at any other airway level.

Mean blood pressure There was no significant difference in
baseline mean systemic blood pressure between the group
pretreated with atropine and its control group (37 ± 3 and
37 ± 2 mmHg respectively) or with hexamethonium (36 ± 2
mmHg in the group pretreated with hexamethonium and
38 ± 2 mmHg in controls), whereas the vagotomized group
had a higher mean blood pressure compared with its control
group (52 ± 3 mmHg in the vagotomized group and 39 ± 2
mmHg in controls, P <0.05). Instilled bradykinin produced
a significant fall in systemic blood pressure, reaching the
lowest values approximately 2 min after bradykinin (lowest
mean blood pressure 20 ± 2 mmHg after bradykinin instilla-
tion compared with 29 3 mmHg after the instillation of

I
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Table 1 The role of cholinergic nerves in bradykinin (BK)-induced airway effects

Sham BK Atropine + BK BK Hexamethoniwn + BK BK Vagotomy + BK

i-AUC
s-AUC
t-AUC

21±2 37±3*
60±5 112± 12*
82±6 148±15*

26 ± 3t
75 ± 8t
100± lot

46 ± 2*
128 ± 12*
174± 14*

53 ± 5*
175 ± 27*
228 ± 31*

35±4*
111 ± 17*
147 ± 21*

53 ± 5*
119± 10*
160± 13*

The effect of atropine, vagotomy and hexomethonium on i-AUC (immediate area under the curve= 0-1.5 min), s-AUC (sustained
area under the curve = 1.5-6 min) and t-AUC (total area under the curve = 0-6 min) in guinea-pigs given bradykinin into the tracheal
lumen.
*P<0.05 compared with sham exposed animals.
tP <0.05 compared with untreated animals exposed to bradykinin.
Values are shown as mean ± s.e.mean.
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Flgure 2 (a) Time course of increase in airway insufflation pressure
(Pi) induced by a tracheal instillation of 0.9% saline (sham, 0,
n = 8), bradykinin in untreated animals (0, n = 6) and bradykinin
after pretreatment with hexamethonium (@, n = 6). (b) The amount
of Evans blue dye at different airway levels after an intratracheal
instillation of 0.9% saline (sham, n = 8), or after an intratracheal
instillation of bradykinin (BK) in untreated animals (n = 6) and in
animals pretreated with hexamethonium (C6, n = 6). IPA = intrapul-
monary airways. Data are shown as mean ± s.e.mean, *P<0.05; NS
P> 0.05.
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Figure 3 (a) Time course of the increase in airway insufflation
pressure (Pi) induced by a tracheal instillation of 0.9% saline (sham;
0; n = 8), bradykinin in untreated animals (0, n = 11) and brady-
kinin after cervical vagotomy (0, n = 9). (b) The amount of Evans
blue dye at different airway levels after an intratracheal instillation of
0.9% saline (sham, n = 8), bradykinin (BK) in untreated animals
(n = 11) and bradykinin after cervical vagotomy (n = 9). IPA = intra-
pulmonary airways. Data are shown as mean ± s.e.mean, *P <0.05;
NS P>0.05.
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0.9% saline; P <0.05). Atropine or hexamethonium pretreat-
ment, or vagotomy, had no significant effect on the lowest
mean blood pressure measured after bradykinin instillation
(20 ± 2 mmHg in the group pretreated with atropine com-
pared with 20 ± 2 mmHg in its control group, 22 ± 2 mmHg
in the group pretreated with hexamethonium compared with
19 ± 2 mmHg in its control group and 21 ± 1 mmHg in the
vagotomized group compared with 20 ± 2 mmHg in its con-
trol group).

Role of arachidonic acid metabolites in bradykinin-
induced airway effects
Thromboxane A2 The thromboxane A2 receptor antagonist,
ICI 192,605 (10-6 mol kg-', i.v.), did not influence baseline
Pi compared with the vehicle (Figure 4a). Pretreatment with
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ICI 192,605 significantly suppressed both the immediate and
the more sustained response in Pi to bradykinin (Figure 4a;
P<0.005). Peak Pi, i-AUC, s-AUC and t-AUC were signific-
antly higher in the group pretreated with ICI 192,605 before
bradykinin instillation compared with sham stimulation
(P<0,05; Table 2).
The bradykinin-induced extravasation of Evans blue dye

was significantly attenuated in both the proximal and distal
intrapulmonary airways after pretreatment with ICI 192,605,
but it was not significantly affected in the trachea and main
bronchi (Figure 4b; P <0.05).
Animals pretreated with ICI 192,605 had a significantly

lower mean baseline blood pressure (27 ± 2 mmHg) than the
group pretreated with the vehicle and given bradykinin
(46 ± 4 mmHg, P <0.05). However, the lowest mean blood
pressure measured after bradykinin instillation was not signi-
ficantly different in animals pretreated with ICI 192,605
compared with their controls (21 ± 2 and 21 ± 1 mmHg
respectively).

Leukotrienes The leukotriene C4/D4/E4 receptor antagonist,
ICI 198,615 (10-6 mol kg-', i.v.), did not affect baseline Pi
compared with the vehicle (Figure 5a). Neither the brady-
kinin-induced increase in Pi (Table 2) nor the effect on Evans
blue dye extravasation were significantly affected by ICI
198,615 (Figure Sb). ICI 198,615 had no significant effect on
baseline mean blood pressure (32 ± 3 and 39 ± 5 mmHg in
animals pretreated with ICI 198,615 and vehicle respectively)
or lowest mean blood pressure after bradykinin instillation
(15 ± 1 and 19 ± 2 mmHg respectively).

Thromboxane-mimetic, U-46619
I I 5 * Y= Y I

b-0-O Intravenous U-46619 There was no difference in baseline Pi
between atropinized and untreated animals (10 ± 1 and
10± 1 cmH2O respectively). The administration of U-46619
(20 nmol kg-', i.v.) caused an increase in airway insufflation

0 2 4 6 8 pressure, which was not significantly influenced by atropine
pretreatment (Table 3). Furthermore, the time course of the

Time (min) Pi response to U-46619, measured as the areas under the
curves, was not significantly different in the group pretreated

bTrachea Mainbronchi with atropine before U-46619 administration compared with
.* NSthe animals pretreated with the vehicle (Table 3). The intra-

NS venous administration of U-46619 produced an extravasation
of Evans blue dye in the trachea, main bronchi and both the
proximal and distal intrapulmonary airways. Atropine
appeared to have a small potentiating effect on the U-46619-
induced plasma exudation in the intrapulmonary airways

Sham BK Tx
There was no difference in baseline mean systemic blood

Sham BK Tx antag Sham BK Tx antag pressure between animals pretreated with atropine and the
+ BK + BK control group (42 ± 4 and 44 ± 5 mmHg, respectively). Intra-

venous U-46619 caused an increase in mean blood pressure,
which reached its maximum level after approximately 60 s,
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Figure 4 (a) Time course of the increase in airway insufflation
pressure (Pi) induced by a tracheal instillation of 0.9% saline (sham,
0, n = 8), bradykinin in untreated animals (150 nmol, 0, n = 6) and
bradykinin after pretreatment with ICI 192,605 (10-6 mol kg-', i.v.,
*, n = 7), (P<0.005). (b) The amount of Evans blue dye at differ-
ent airway levels after an intratracheal instillation of 0.9% saline
(sham, n = 8), bradykinin (BK) and bradykinin after pretreatment
with ICI 192,605. IPA = intrapulmonary airways. Data are shown as

mean ± s.e.mean, *P<0.05; NS P>0.05.

U-46619 administered into the trachea U-46619 (10 nmol in
50 1I of 0.9% NaCl) administered directly into the tracheal
lumen produced an immediate increase in Pi, which reached
a peak within 1 min (Table 3). When the thromboxane-
mimetic was administered via this route, there was a slight
but significant attenuation of the peak Pi, but the immediate,
sustained or total areas under the curve were not significantly
affected (Table 3). The tracheal administration of U-46619
produced an extravasation of Evans blue dye in the trachea,
main bronchi and both the proximal and distal intrapul-
monary airways (Table 4). Atropine appeared to have a
slight attenuating effect on the U-46619-induced plasma
exudation in the distal intrapulmonary airways.
The administration of U-46619 into the trachea caused an

increase in mean systemic blood pressure, which reached its
maximum level at approximately 60 s. Atropine did not
influence this effect of U-46619 (data not shown).
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Table 2 The role of eicosanoids in bradykinin (BK)-induced airway effects

Sham BK TxA2 antagonist + BK Vehicle+ sham BK LT antagonist + BK

28 ± 1*t
74± 4*t
103 ±4*t

20 ± 2
46±4
66 ± 7

42 ± 2*
143 ± 7*
185 ± 8*

44± 5*
145 ± 20*
189 ± 24*

The effects of ICI 192,605, a TxA2 receptor antagonist and ICI 198,615, a LT receptor antagonist on i-AUC (immediate are under the
curve = 0-1.5 min), s-AUC (sustained area under the curve = 1.5-6 min) and t-AUC (total area under the curve = 0-6 min) in
guinea-pigs given bradykinin into the tracheal lumen.
*P<0.05 compared with sham exposed animals.
tP<0.05 compared with untreated animals exposed to bradykinin.
Values are shown as mean ± s.e.mean.

Discussion

I6@i

In the present study, we have investigated the role of
cholinergic nerves and arachidonic acid metabolites in brady-
kinin-induced airflow obstruction and airway plasma exuda-
tion in the guinea-pig. We found that atropine, but not
hexamethonium or cervical vagotomy, attenuated the airflow
obstruction induced by bradykinin, but not the induced
plasma exudation. By contrast, in animals pretreated with the
thromboxane A2 receptor antagonist, both bradykinin-
induced airflow obstruction and plasma exudation in the
intrapulmonary airways were attenuated, suggesting that
thromboxane A2 plays an important role in bradykinin-
induced airway responses. The release of leukotrienes did not
appear to be involved, because a leukotriene C4/D4/E4 recep-
tor antagonist produced no effect.

Cholinergic nerves

Our finding that atropine, but not cervical vagotomy, atten-
uated bradykinin-induced airflow obstruction suggests that
bradykinin activates peripheral cholinergic fibres, which

Time (min) cause the release of acetylcholine, without any activation of
central reflexes. It is likely that anaesthetized guinea-pigs

Trachea Main bronchi have an intact central nervous cholinergic innervation to the
NS NS airways, because Hay et al. (1990) showed that cholinergic

T airflow obstruction can be induced in this species by electrical
* T * stimulation of specific areas in the dorsal medulla. Ichinose et

al. (1990) used different anaesthetics from the present study
77 T(urethane versus ketamine and xylazine) and still demon-

strated that atropine had an inhibitory effect on bradykinin-
induced airflow obstruction. Furthermore, hexamethonium

I7 l l Idid not influence the responses, implying that activation of
Vehicle BK LT antag Vehicle BK LT antag cholinergic nerves via cholinergic ganglia was unimportant in
+ sham + BK + sham + BK the responses to bradykinin. Our data thus suggest that, in

this model, the bradykinin-induced activation of cholinergic
nerves is located at the level of postganglionic fibres within

Proximal IPA Distal IPA NS the airway wall, and excludes central cholinergic reflexes.

NS- The amount of Evans blue dye exudation in airway tissue
* - * T after bradykinin was not inhibited by atropine, hexa-

_T_ methonium or cervical vagotomy, thus implying that plasma
T exudation is independent of the release of acetylcholine. This

is not surprising, since the cholinergic agent, methacholine,
does not produce airway microvascular leakage in guinea-

- -l pigs (Lotvall et al., 1990). By contrast, there was a trend
Vehicle BK LTantag Vehicle BK LT antag towards a potentiation of bradykinin-induced Evans blue dye
+ sham + BK + sham + BK extravasation in the peripheral airways after atropine, cer-

vical vagotomy and hexamethonium. These findings are not
Time course of the increase in airway insufflation completely explained by the present study. Possibly a relative
nduced by a tracheal instillation of 0.9% saline in increase in the tone of sympathetic nerves after inhibition of
Lted with the vehicle for ICI 198,615 (sham, 0; n = 5), cholinergic nerves may influence the bronchial blood flow,
tillation in untreated animals (0, n = 6) and brady- and subsequently the plasma exudation induced by brady-
on after pretreatment with ICI 198,615 (0, n = 6). (b) anin
.C 1M.- M1...........A. , fA.Z-vefr- La;,wova,e aftar an kin in.nhe amount o[ Evans blue aye at ainerent aLrway[ evels ai4er an

intratracheal instillation of 0.9% saline in animals pretreated with
the vehicle for ICI 198,615 (sham, n = 5), bradykinin (BK) in un-
treated animals and bradykinin after pretreatment with ICI 198,615.
IPA = intrapulmonary airways. Data are shown as mean ± s.e.mean,
P<0.05; NS P>0.05.

Arachidonic acid metabolites

To evaluate the role of metabolites of arachidonic acid, we
pretreated animals with either a TxA2 receptor antagonist
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t-AUC

21 ±2 53±4*
60±5 187±19*
82±6 241 ±22*

a
601

50~

40-

30*

6
I
E
C.a
dQ

20-

10

oJ

b
a 800-

)

V- 600-
(D >.

9 0 400-

'01 200-
01
c 0-

a) 800-

>- n 600-
0) >
9 n 400-
cn

' 0 200-
W 01

c 0-

Figure 5 (a)
pressure (Pi) it
animals pretrea
bradykinin inst
kinin instillatio



BRADYKININ-INDUCED AIRWAY EFFECTS 663

Table 3 The effect of atropine on U46619-induced airflow obstruction

Intravenous
U-46619 Atropine + U-46619
(n = 6) (n = 6)

58 ± 2
68 + 3
179 ± 35
280 ± 30

60± 1
70+2
193 ± 9
263 ± 10

Intratracheal
U-46619 Atropine + U-46619
(n = 6) (n = 6)

66±3 55±2*
66±5 59±2

241 ±21 217±9
307 ± 26 276 ± 11

The effect of atropine on peak Pi, i-AUC (immediate area under the curve = 0- 1.5 min), s-AUC (sustained area under the
curve = 1.5-6 min) and t-AUC (total area under the curve = 0-6 min) in guinea-pigs given U-46619, intravenously or into the tracheal
lumen.
Values are shown as mean ± s.e.mean, *P<0.05.

Table 4 The effect of atropine on U46619-induced airway plasma exudation

Intravenous
U-46619 Atropine + U-46619
(n = 6) (n = 6)

244±41
350 ± 38
391 ± 40
390 ± 21

255 ± 37
352 ± 47
501 ± 66*
529 ± 61*

Intratracheal
U-46619 . Atropine + U-46619
(n = 6) (n = 6)

158±34 129±15
279 ± 60 223 ± 60
452 ± 50 389 ± 53
452 ± 50 309 ± 30*

The effect of atropine on exudation of Evans blue dye into airway tissue (ng mg-' dry tissue) in guinea-pigs given U-46619
intravenously or into the tracheal lumen.
IPA = intrapulmonary airways.
Values are shown as mean + s.e.mean, *P<0.05.

(ICI 192,605) or a LT C4/D4/E4 receptor antagonist (ICI
198,615) at doses that are known strongly to inhibit res-

ponses to the thromboxane-mimetic (Jessup et al., 1988;
Lotvall et al., 1992) or leukotrienes (Shirley & Cheng, 1991).
We found that the TxA2 receptor antagonist incompletely
suppressed the increase in airway insufflation pressure caused
by bradykinin instilled into the tracheal lumen. The TxA2
receptor antagonist significantly decreased, but did not
abolish, the extravasation of Evans blue dye in the intrapul-
monary airways, thereby suggesting that TxA2 plays a partial
role in bradykinin-induced airway microvascular leakage at
this airway level. These two findings imply that TxA2 is one
of the important mediators of bradykinin-induced airway
responses in the guinea-pig, but that other mechanisms are

also involved. The involvement of prostanoids in bradykinin-
induced plasma exudation has recently been implied by
Rogers et al. (1990), who found that indomethacin had an

inhibitory effect in intrapulmonary airways after i.v.
bradykinin. This finding is further supported by another
study in our laboratory, where we found that the thrombox-
ane synthase inhibitor, OKY-046, significantly suppressed
airway narrowing and plasma exudation in the intrapul-
monary airways after bradykinin (Arakawa et al., 1992). In
addition, a TxA2-mimetic (U-46619) alone produces airway
microvascular leakage in guinea-pigs when administered by
the i.v. route (L6tvall et al., 1992) or via the airway route as

shown in the present study.
Ichinose and co-workers (1990) found no effect of indo-

methacin on airflow obstruction induced by bradykinin
administered via tracheal instillation. This discrepancy could
be explained by small differences in the experimental pro-
tocol. Both we and Rogers et al. (1990) gave each animal a

single dose of bradykinin, whereas Ichinose et al. (1990) gave
increasing doses of bradykinin.
The specific leukotriene receptor antagonist, ICI 198,615,

did not significantly affect the observed bradykinin-induced
airflow obstruction or airway microvascular leakage, in con-

trast to the obvious effects of the thromboxane A2 receptor
antagonist. This finding is in agreement with Rogers et al.
(1990) who also found that the same leukotriene receptor
antagonist failed to influence the extravasation of Evans blue
dye in airway tissue caused by i.v. bradykinin. In our

laboratory, we have previously found that ICI 198,615, used
at the same dose as in the present study, attenuates the
allergen-induced exudation of plasma in the airways of
guinea-pigs, further urguing that the drug is active (Lotvall et
al., 1993). In another study, we have observed a lack of effect
by BW B70C, a 5-lipoxygenase inhibitor, (3 mg kg-', i.v.) on

bradykinin-induced airflow obstruction and airway plasma
exudation (Kawikova & Lotvall, unpublished observations),
which further argues against any involvement of leukotrienes
in bradykinin-induced airway responses.

Thromboxane versus cholinergic nerves

We have found that both cholinergic nerves and thrombox-
ane A2 are involved in the mechanism of bradykinin-induced
airway responses. Chung et al. (1985) showed that a low dose
of U-46619, a TxA2-mimetic, enhanced the airway response
to electrical field stimulation, but not to methacholine, there-
by suggesting an increase in the prejunctional release of
acetylcholine. We administered U-46619 to animals both i.v.
and via the tracheal route and expected to observe an atten-
uation of airflow obstruction in animals pretreated with atro-
pine. However, atropine did not have any significant effect on
this response when U-46619 was given i.v., but we observed a

small attenuating effect when it was administered via the
trachea. The bradykinin-induced activation of peripheral
cholinergic nerves may therefore, in part, be mediated via
thromboxane A2, although additional mechanisms are also
likely to work in parallel. It is likely that the bradykinin-
induced activation of cholinergic fibres and the release of
thromboxane is due primarily to the activation of different
receptors for bradykinin (Farmer et al., 1989; 1991). How-

Peak Pi
i-AUC
s-AUC
t-AUC

Trachea
Main bronchi
Proximal IPA
Distal IPA
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ever, further studies are required to support this hypothesis.
In animals given i.v. U-46619, atropine appeared to have a

small augmenting effect on Evans blue dye extravasation in
the intrapulmonary airways, but not when the thromboxane-
mimetic was given via the trachea. It is possible that some
variation in parasympathetic activity may influence the bron-
chial vasculature and thus the bronchial blood flow in re-
sponse to the thromboxane-mimetic. This response may also
be different when U-46619 is administered by the different
routes. To our knowledge, no studies have been conducted to
evaluate the effect of local or systemic thromboxane on
bronchial blood flow in guinea-pigs. It is unlikely that the
local release of acetylcholine affects airway plasma exudation,
because the inhalation of methacholine does not produce
plasma exudation in the guinea-pig (Lotvall et al, 1990).
We conclude that, in the guinea-pig, both cholinergic

nerves and thromboxane A2 are involved in bradykinin-
induced airflow obstruction and that thromboxane A2 is

involved in bradykinin-induced plasma exudation in the
intrapulmonary bronchi. In man, the mechanisms of brady-
kinin-induced airflow obstruction are also controlled in part
via the activation of cholinergic mechanisms (Simonsson et
al., 1973; Fuller et al., 1987). In one small study, the inhibi-
tion of cyclo-oxygenase in asthmatics had no significant effect
on bradykinin-induced airway responses, but a small but
significant inhibitory effect was found in a larger study
(Fuller et al., 1987; Polosa et al., 1990). However, the exact
role of thromboxane A2 in bradykinin-induced airway plasma
exudation in man remains to be investigated.
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An electrophysiological investigation of the properties of 5-HT3
receptors of rabbit nodose ganglion neurones in culture
John A. Peters, 'Hilary M. Malone & 2Jeremy J. Lambert

Neuroscience Research Group, Department of Pharmacology and Clinical Pharmacology, Ninewells Hospital and Medical
School, Dundee University, Dundee, DDl 9SY

1 The biophysical and pharmacological properties of 5-hydroxytryptamine (5-HT)-evoked currents in
rabbit nodose ganglion neurones in culture have been determined by use of the whole-cell and
outside-out membrane patch recording modes of the patch-clamp technique.
2 In 49% of cells investigated the bath application of 10-5 M 5-HT at negative holding potentials
elicited an inward current. The whole-cell response to 5-HT reversed in sign (E5-HT) at approximately
- 2 mV and exhibited inward rectification.
3 The influence of various ion substitutions upon E5-HT established that the 5-HT-evoked current is
mainly mediated by a mixed Na+, K+ cation conductance with little or no contribution from Cl- ions.
The omission of Ca2" and Mg2' from the extracellular solution enhanced the amplitude of the
5-HT-induced current.
4 On isolated outside-out membrane patches, the bath application of 106M 5-HT induced single
channel currents with a chord conductance of approximately 17 pS at - 70 mV and an average slope
conductance of 19 pS over the range - 100 to -40 mV. The 5-HT-induced single channels exhibited
modest inward rectification and were reduced in frequency, but not amplitude, by the 5-HT3 receptor
antagonist metoclopromide (106 M).
5 The bath application of 5-HT (3 x 10-7-3 x 10-5 M) to whole cells voltage clamped at - 60 mV
produced dose-dependent inward currents which were mimicked by 2-methyl-5-HT and 1-
phenylbiguanide with equipotent molar ratios, relative to 5-HT, of 2.5 and 32 respectively.
6 Whole-cell inward currents produced by the local pressure application of 5-HT (10-5 M) were
unaffected by 10-6 M methysergide, 10-6M ketanserin or 10-6 M citalopram, but were concentration-
dependently antagonized by the selective 5-HT3 receptor antagonists tropisetron (ICm = 4.6 x 10-" M)
ondansetron (IC50 = 5.7 x 10-" M), and bemesetron (IC^8 = 3.3 x0- "' M). The response to 5-HT was
also blocked by the non-selective antagonists metoclopramide (IC50 = 1.2 x 10-8 M), cocaine (IC5 =
8.3 x 10-8 M) and (+)-tubocurarine (IC5, = 1.6 x 10-7 M).

Keywords: 5-HT3 receptor; nodose ganglion neurone; 5-HT3 receptor agonists; 5-HT3 receptor antagonists; 5-HT3 receptor-
evoked currents; 5-HT3 receptor electrophysiology

Introduction

5-HT3 receptor antagonists are used in the treatment of
emesis induced by radiation and cytotoxic drugs in anti-
cancer therapies (Sanger, 1992). Additionally, postoperative
nausea and vomiting, and the emesis associated with
migraine, may be reduced by these agents (Sanger, 1992).
The emesis induced by some cytotoxic agents is dependent on
the integrity of the vagus nerve, suggesting a role for vagal
afferent fibres in this behaviour. Hence, the 5-HT3 receptors
located on vagal afferent terminals in the area postrema and
the nucleus tractus solitarius (NTS), and those on peripheral
terminals in the upper gut, are proposed sites of action for
the antiemetic effect of these receptor antagonists. Little is
known of the functional properties of these 5-HT3 receptors,
as their anatomical location makes them inaccessible to
electrophysiological techniques such as whole-cell and patch-
clamp recording. However, the recent use of whole-cell recor-
ding techniques on rat NTS neurones, to determine the
influence of 5-HT3 receptor agonists and antagonists upon
spontaneous synaptic potentials, has allowed the phar-
macological properties of the presynaptically located recep-
tors to be investigated indirectly (Glaum et al., 1992).
An alternative approach is to study the properties of

5-HT3 receptors located on the neuronal cell body. It is well
known that activation of 5-HT3 receptors results in a
depolarization of both nodose ganglion neurones and the
isolated vagus nerve (Higashi & Nishi, 1982; Azami et al.,

' Present address: Department of Pharmacology, University of
California, San Francisco, California.
2 Author for correspondence.

1985; Round & Wallis, 1986). Furthermore, radioligand bin-
ding and autoradiographic techniques have clearly demon-
strated the presence of specific 5-HT3 receptor antagonist
binding sites on both the nodose ganglion and vagus nerve
(Hoyer et al., 1989; Kilpatrick et al., 1989; Laporte et al.,
1992). Hence, 5-HT3 receptors could be synthesized in the
cell body and axonally transported along the vagus nerve to
their central and peripheral locations (Hoyer et al., 1989).
Consistent with this suggestion, in the rat, nodose gang-
lionectomy results in a large reduction of the number of
5-HT3 antagonist recognition sites in the NTS (Pratt &
Bowery, 1989; Pratt et al., 1990; Laporte et al., 1992). Addi-
tionally, a recent study employing in situ hybridization did
not detect 5-HT3 receptor mRNA in the medullary dorsal
vagal complex (Tecott et al., 1993). Hence, in the present
study we have used whole-cell and patch-clamp techniques to
determine some of the biophysical and pharmacological pro-
perties of the 5-HT3 receptors of rabbit isolated nodose
ganglion neurones. Some preliminary reports of this work
have appeared (Peters et al., 1990a; 1991b; Malone et al.,
1991a,b).

Methods

Cell isolation and culture

Adult male New Zealand white rabbits were anaesthetized
with halothane and killed by exsanguination. The nodose
ganglia were rapidly excised and enzymatically dissociated

Br. J. Pharmacol. (1993), 110, 665-676 '." Macmillan Press Ltd, 1993
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into a single cell suspension essentially according to the
method of Ikeda et al. (1986). In brief, each excised ganglion
was immersed in Hank's balanced salt solution (Gibco), and
following the removal of the connective tissue capsule,
divided into 3-4 segments. The latter were transferred into
10ml of Earl's balanced salt solution comprising (in mM):
NaCl 116.0, KCI 5.0, CaCl2 1.0, MgSO4 0.5, NaH2PO4 1.0,
NaHCO3 25.0, glucose 25.0 and HEPES 10, supplemented
with trypsin (550 u), collagenase type I (7600 u) and DNase
type 1 (1540 u). The solution and tissue fragments were
gassed with 95% 02/5% CO2 and maintained at 34°C in a
shaking water bath for up to 30 min. At 10 min intervals, the
fragments were triturated, by use of a fire polished pasteur
pipette, to aid dissociation of the tissue. Upon complete
dispersal of the tissue, enzymatic digestion was inhibited by
the addition of 10ml of Hank's balanced salt solution sup-
plemented with foetal calf serum (FCS: 10% vol/vol), 10 mM
CaCl2 and 5 mM HEPES. The cell suspension was centrifuged
at 100 g for 5 min and the resulting pellet resuspended in
growth medium comprising: Dulbecco's modified Eagle's
medium (DMEM) supplemented with FCS (10% vol/vol),
streptomycin (50 mg 1'), penicillin (5 x I04 iu 1') and nerve
growth factor (50 tLg 1- l). Aliquots of the cell suspension
(0.5 ml) were transferred into 35 mm diameter petri dishes
(Nunclon), pre-coated with poly-l-lysine (5 ,lg cm-2) and pre-
filled with 2 ml of the above growth medium. Cells were
incubated at 37°C in an atmosphere of 90% air/10% CO2 at
100% relative humidity and used in electrophysiological
recordings after periods of 1 to 5 days in vitro.

Electrophysiological recordings

Agonist-activated macroscopic- and single channel-currents
were recorded from whole cells and outside-out membrane
patches respectively by use of standard patch-clamp tech-
niques (Hamill et al., 1981). In some whole-cell, and all
outside-out patch recording configurations, a List L/M EPC
7 converter headstage and amplifier were employed to record
agonist-evoked electrical signals. In whole-cell recordings,
series resistance compensation (30 to 70%) was applied to
reduce errors in the voltage-clamp. Whole-cell recordings
were also conducted with an Axoclamp 2A amplifier (Axon
Instruments) in discontinuous single electrode voltage-clamp
mode. The switching frequency used (8-14 KHz) allowed for
complete settling of the headstage voltage monitor waveform
during each cycle. Calculated or recorded voltage errors of
< 3 mV at the peak of an agonist-induced current were
regarded as acceptable. The List L/M EPC7 and Axoclamp
2A recording systems yielded qualitatively similar results.
Patch electrodes were fabricated from borosilicate glass capil-
lary tubing (Corning type 7052; Garner Glass Company,
Claremont, CA), and when filled with the solutions detailed
below had measured resistances of 2-5 MQ and 10-15 MQ
when intended for whole-cell and single channel recordings
respectively. In the majority of experiments, cells were con-
tinually superfused (3-5 ml min-') with an extracellular
recording medium (El) comprising (in mM): NaCl 140, KCI
2.8, CaCl2 1.0, MgC12 2.0, HEPES 10.0, pH 7.2. In
experiments designed to evaluate the ionic basis of agonist-
induced responses, the extracellular concentration of C1- was
reduced to 8.8 mM by the total replacement of NaCl with Na
isethionate. A reduction in the extracellular concentration of
Na was accomplished by the partial replacement of NaCl
with an osmotically equivalent amount of sucrose. Patch
electrodes were generally filled with a solution (I,) containing
(in mM): CsCl 140, MgCl2 2.0, HEPES 10, CaCl2 0.1, EGTA
1.1 (free [Ca2+] = 10-8 M at pH 7.2). Caesium was chosen as
the predominant internal cation in order to suppress mem-
brane potassium conductances. Occasionally, KCI alone
(solution I2), or a mixture of KCI and tetraethylammonium
chloride replaced CsCl in the patch pipette solution. The uses
of these modified internal salines are specified in the Results.
All external and internal salines were titrated to pH 7.2 with

NaOH; Na ions so introduced were included in the calcula-
tion of sodium ion concentrations.
Changes in reference electrode potential that could occur

during the superfusion of cells with modified recording media
were minimized by the use of a salt bridge, containing 3 M
KCI in 4% (w/v) agar, which connected the recording
chamber to a reservoir containing an Ag/AgCl electrode
immersed in standard extracellular medium. Liquid junction
potentials arising at the tip of the patch pipette prior to
'giga-seal' formation (Barry & Lynch, 1991) were estimated
as previously described (Peters et al., 1989) and taken into
account when setting the holding potential in voltage-clamp
experiments. At least 20 min were allowed between the estab-
lishment of a whole-cell recording and the commencement of
an experimental series. During this time, diffusional exchange
of small ions between the pipette and cell interior would be
complete (Pusch & Neher, 1988) and the Donnan potential
arising from poorly mobile cytoplasmic anions would have
fallen towards zero millivolts (Barry & Lynch, 1991). All
recordings were performed at ambient temperature (18-
24°C) and, unless stated otherwise, at a holding potential of
-60 mV.

In most experiments, 5-HT was locally applied to cells
either by pressure ejection (1.4 x I05 Pa, 5-100 ms, 0.1 Hz)
from modified patch pipettes filled with 5-HT (10-5M) in
recording medium, but in the case of ion substitution
experiments, 5-HT was applied by ionophoresis. lonophoretic
pipettes contained 20 mM 5-HT dissolved in twice distilled
deionized water (pH 3.5-4.0) and had resistances in the
range 40-80 MDL. A World Precision Instruments Intra 767
electrometer was employed to provide ejection and retaining
currents to the pipette. In experiments where the potencies of
agonists was compared, compounds were applied under
gravity feed from a reservoir coupled by polyethylene tubing
to a pipe of approximately 1 mm diameter placed within
2 mm of the neurone under study. The same system was
employed to apply 5-HT to excised outside-out membrane
patches. All antagonist compounds were applied by the
superfusion system.

Data analysis

Whole-cell and single channel currents recorded from
outside-out membrane-patches were low-pass filtered at cut-
off frequencies of 0.5 and 1.0 KHz (Bessel characteristic)
respectively and recorded onto tape using a Racal store 4DS
FM tape recorder. The former were analysed and displayed
by computer programme as previously described (Peters et
al., 1989), or were replayed onto a chart recorder and
inspected by eye. Single channel current amplitudes were
measured on a Tektronix 5110 oscilloscope equipped with a
5D1O waveform digitizer, or were analysed by the procedure
described by Hales and Lambert (1991). In the latter case,
the mean single channel current amplitude was determined
from the peak of a single Gaussian function fitted to an all
points current amplitude histogram. The manual and auto-
mated procedures gave identical estimates of channel current
amplitude. The IC50 values of antagonists acting against
whole-cell currents evoked by pressure applied 5-HT were
determined from full log concentration-effect relationships.
Each of these was fitted iteratively with a sigmoidal function,
by use of Fig P version 6 software (Biosoft, Cambridge), to
obtain the IC50 and slope factor. All quantitative data are
expressed as the arithmetic mean ± the standard error of the
mean.

Drugs used

All cell culture reagents and antibiotics were obtained from
GIBCO. The drugs used in electrophysiological recordings
were: acetylcholine bromide (ACh), cocaine hydrochloride,
y-aminobutyric acid (GABA), 5-hydroxytryptamine creatin-
ine sulphate complex (5-HT), metoclopramide hydrochloride
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and (+ )-tubocurarine chloride (all Sigma), 2-methyl-5-HT
hydrochloride and ondansetron hydrochloride (Glaxo), methy-
sergide hydrogen maleate and tropisetron (ICS 205-930)
(Sandoz), I-phenylbiguanide and bemesetron (MDL-72222)
(Research Biochemicals Incorporated), ketanserine tartrate
(Janssen) and citalopram hydrogen bromide (Lundbeck).
With the exception of tropisetron and bemesetron, which
were initially dissolved in a minimal volume of 1 N HCI, all
drugs were prepared as concentrates in twice distilled
deionised water.

Results

Rabbit nodose ganglion neurones - general properties

Current-clamp recordings from rabbit nodose ganglion
neurones were made by utilizing a KCI-based pipette saline
(12) and a NaCl-based bath saline (El; see Methods). Under
these recording conditions the mean resting membrane poten-
tial was - 55.7 ± 1.5 mV (n = 12). To estimate the cell input
resistance the amplitude of the anelectrotonic potential
elicited by injecting current (-0.05 to - 0.1 nA, 200 ms,
1.0 Hz) was measured. The cell input resistance determined in
this manner was 338.3 ± 55.6 MQ (n = 12). Depolarizing cur-
rent pulses elicited action potentials which overshot 0 mV by
+ 53 ± 2.5 mV (n = 4). Previous studies have demonstrated
that rabbit nodose ganglion cells express GABAA, nicotinic
and 5-HT3 receptors (Wallis et al., 1982). Under voltage-
clamp, at holding potential (Vh) of - 60 mV, the bath
application of GABA (10-5 M) produced an inward current
on all cells tested (n = 50). On the same population of cells
64% responded to ACh (10-5 M) and 49% responded to

5-HT (10-5 M) with an inward current. On responsive cells,
the inward current induced by these agonists varied in
amplitude across cells from <-50 pA to >IO nA.

Properties and ionic basis of the S-HT-evoked response

Under constant current recording conditions, the brief
application of 5-HT (10-5 M, 1.4 x I05 Pa, 10-30 ms) to sen-
sitive cells, induced a rapid membrane depolarization and an
associated fall of the cell input resistance. The depolarization
was sufficient to evoke an action potential discharge. When
these cells were voltage-clamped at their resting potential, iden-
tical applications of 5-HT induced a transient inward current.
For the KCI based pipette saline (12) and the NaCl based

bath saline (El) detailed in the Methods, the amplitude of the
5-HT-induced inward current decreased with membrane
depolarization and reversed in sign (ES-HT) at - 1.6 ± 1.3 mV
(n = 5). The complete substitution of KCI by CsCl in the
pipette saline had little influence on E5-HT (- 2.4 ± 0.3 mV,
n = 32) suggesting K+ and Cs' to be equipermeant. With
either K+ or Cs' as the predominant internal cation, inward
rectification of the macroscopic current response was appar-
ent when response amplitude was plotted as a function of
holding potential (Figure 1). The degree of inward
rectification was quantified by calculating the chord con-
ductance at holding potentials of - 80 and + 40 mV. At the
latter potential, chord conductance was reduced to
61.8 ± 4.1% (n = 6) and 55.8 ± 5.9% (n = 5) of the value
observed at - 80 mV with Cs+ or K+ respectively as the
predominant internal cation. Reducing the internal concen-
tration of K+ from 140 mm to 20 mM, by partial substitution
of KCI with tetraethylammonium chloride, produced a
positive shift in E5-HT to 32.5 ± 3.3 mV (n = 3). A reduction

a

[Na+l] = 144 mM
b

0

Vh (mV)

1 nA

500 ms

+40 mV---- [Na+]. = 35 mM

-60 mV-

Figure 1 5-Hydroxytryptamine (5-HT)-induced currents are associated with an increase in membrane conductance to Na ions. (a)
The traces illustrate transmembrane currents in response to ionophoretically applied 5-HT (0.8 nC, 0.1 Hz) recorded at holding
potentials (Vh) ranging between - 70 and + 50 mV. The traces illustrated were obtained in extracellular solution containing
144 mm Na+ (upper panel) and in a solution in which extracellular Na+ [Na+]O was reduced to 35 mm by the partial replacement
of NaCl with sucrose (lower panel). Each trace is the computer-generated average of 4 responses to ionophoretically applied 5-HT.
Leakage currents have been substracted. The neurone was dialysed with a Cs'-based pipette solution (Ii, see Methods). (b)
Graphical depiction of the data shown in (a) illustrating the relationship between holding potential and 5-HT-evoked current
amplitude with [Na']I equal to 144 mM (0) and 35 mM (A). Note that the reduction in [Na+]o produces a large (35 mV)
hyperpolarizing shift in the reversal potential (ES-HT) of the 5-HT-evoked current. Curves were fitted to the data points by eye.

-35

c

I
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of the external concentration of NaCl by iso-osmotic replace-
ment with sucrose, to effect a reduction of the Na' concen-
tration to 35 mM, resulted in a negative shift of E5-HT to
-33.7 ± 1.6 mV (n = 3; Figure 1). By contrast, the replace-
ment of extracellular Cl- alone by isethionate, produced a
hyperpolarizing shift in E5-HT of only 1 mV, to - 3.2+
1.1 mV (n = 3). Collectively these observations suggest that
the current evoked by 5-HT is mainly mediated by a mixed
Na+, K+ cation conductance with little or no contribution
from Cl- ions. Assuming the response to be mediated solely
by Na+ and K+, and employing the value of ES-HT obtained
with salines E, and 12 (i.e. - 2.4 mV), the ratio of Na and K
permeabilities (PNa/PK) was calculated from the Golman-
Hodgkin-Katz voltage equation (e.g. Lambert et al., 1989) to
be 0.9 (cf. Higashi & Nishi, 1982).

In NIE-115 and N18 neuroblastoma cells the divalent
cations Mg2+ and Ca2` inhibit 5-HT3-mediated currents in a
voltage-independent manner (Peters et al., 1988; Yang, 1990).
Consistent with these observations, in the present experi-
ments the omission of Ca2" and Mg2+ from the extracellular
solution enhanced the amplitude of the 5-HT-induced current
recorded at - 60 mV to 249.0 ± 18.7% (n = 3) of control
(Figure 2). Potentiation of the 5-HT-evoked current was
observed at all holding potentials examined (- 80 to
+ 40 mV) and occurred in the absence of any detectable shift
in E5-HT-

The properties of 5-HT-activated single channels

On 7 of the 16 outside-out membrane patches challenged, all
of which were excised from 5-HT sensitive whole-cells, the

application of 10-6 M 5-HT induced the appearance of single
channel events (Figure 3). The single channel currents had a
mean amplitude of - 1.12 ± 0.03 pA (n = 7) at a holding
potential of - 70 mV. 5-HT-induced whole-cell currents
(recorded using pipette and bath salines identical to those
employed in experiments upon excised patches) had a rever-
sal potential of approximately - 2 mV. Utilizing this value,
the chord conductance of the 5-HT-activated channel was
calculated to be 16.5 ± 0.47 pS (n = 7). A slightly higher
value of 19.3 ± 0.6 pS (n = 3) was derived from the slope of
the relationship between single channel amplitude and hold-
ing potential over the range - 40 to - 100 mV (Figure 3).
The small difference between the values of slope and chord
conductance is most probably a consequence of inward
rectification of the single channel current which was noted to
occur at holding potentials positive to - 40 mV (see Figure
3).
Metoclopramide is a reversible antagonist of the rabbit

nodose ganglion 5-HT3 receptor (see below). The bath
application of 10-6 M metoclopramide greatly reduced the
frequency of 5-HT-activated single channels, but had no
influence on their amplitude (Figure 4). The effect on fre-
quency was reversed upon washout of the antagonist. This
observation suggests that the single channel events are a
consequence of 5-HT3 receptor activation.

The agonist actions of 5-HT, 2-methyl 5-HT and
i-phenylbiguanide

5-HT (3 x 10-7-3 x I0-5 M) applied for approximately 30 s
by superfusion elicited transient, concentration-dependent,

Control solution

Ca2 +/Mg2+-free
solution

1 nA

1 s

Figure 2 Extracellular Ca2+ and Mg2' depress the current response to 5-hydroxytryptamine (5-HT). (a) Superimposed traces
illustrating membrane currents recorded at holding potentials (Vh) ranging between - 80 and + 40 mV in response to
ionophoretically applied 5-HT. Both sets of currents were obtained from the same nodose ganglion neurone in the presence of
1 mm Ca2+ and 2 mm Mg2+ (upper traces) and subsequently in the nominal absence of divalent cations (lower traces). Note that
the 5-HT-evoked current recorded at all holding potentials is potentiated in the divalent cation deficient solution. Each trace is the
computer-generated average of 4 responses to ionophoretically applied 5-HT (0.6 nC, 0.1 Hz). Leakage currents have been
subtracted. The neurone was dialysed with a Cs'-based pipette solution I, (see Methods). (b) Graph illustrating the relationship
between holding potential and 5-HT-induced amplitude in the presence (0) and absence (A) of divalent cations. Note that the
reversal potential (E5-HT) of the current response to 5-HT (Ca - 4 mV) is unchanged in the divalent cation-free solution. Curves
were fitted to the data points by eye.
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inward current responses on whole-cells (Figure 5a). During
the construction of concentration-effect relationships, sen-
sitivity to 5-HT remained constant as demonstrated by the
reproducability of inward current responses to a fixed, sub-
maximal, concentration (3 gM) of 5-HT (Figure 5b). The
lowest concentration of 5-HT necessary to evoke a detectable
current was estimated to be 3 x 10-7M. A maximally
effective concentration of 5-HT could not be reliably deter-
mined because of unsatisfactory control of the membrane
potential during large agonist-induced responses. Responses
elicited by concentrations of 5-HT greater than 3 x 10-7 M
displayed densensitization, the rate of onset of which in-
creased in a dose-dependent manner (see Figure 5a). The

a
Vm (mV)
-40

-60

interval (approximately 150 s) between successive applica-
tions of the agonist was sufficient to allow full recovery from
desensitization to occur. The 5-HT3 receptor agonists 2-
methyl-5-HT and I-phenylbiguanide mimicked the response
to 5-HT with potencies lower than that of 5-HT itself. In the
experiment depicted in Figure 5a,b, agonists were applied in
the sequence; 5-HT, I-phenylbiguanide, 2-methyl-5-HT, with
only one concentration of each agonist being applied in each
of five successive sequences. This protocol was adopted to
minimize the impact of any undetected shift in agonist sen-
sitivity upon relative potency estimates. As the inability to
determine the maximal inward current response to agonists
precluded the calculation of EC,0 values, the potencies of

b
1i-

0-

-40 mV

-0.51

-80 _

A FAF*O 1 pA

-100 ,.s"tft"-,IrJLFr 50 ms
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Slope = 18.6 pS

20 40

0.
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-1.6
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-0.84 pA
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C

.0
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0

E -80 mV
-1.21 pA

-100 mV

-1.59 pA
V

-3 -2 -1

/5-HT (pA)
-2.0

0-
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0-

Figure 3 The conductance of 5-hydroxytryptamine (5-HT)-induced single channel currents. (a) The bath application of 5-HT
(10-6 M) to an isolated outside-out membrane patch excised from a rabbit nodose ganglion neurone induces the appearance of
single channel currents. The amplitude of the 5-HT-induced single channels increases with hyperpolarization (Vh = - 40 to
- 100 mV) of the membrane patch. (b) 'All points' amplitude histograms constructed at the holding potential indicated (Vh = - 40
to - 100 mV) for a 30-60 s continuous recording, brief extracts of which are shown in (a). At each holding potential, the truncated
distribution which occurs around 0 pA represents the baseline 'noise'. The single channel amplitude was determined by simul-
taneously fitting 2 Gaussian distributions (one to the single channel distribution and one to the baseline noise). The channel
amplitude thus obtained is indicated at each holding potential by the inverted triangle (see Hales & Lambert, 1991). (c) The
amplitude of the 5-HT-induced single channel current (determined as in (b)) as a function of the holding potential (Vh). The
illustrated line is fitted by eye. The slope of this relationship (between - 100 and -40 mV) gives a single channel conductance of
18.6 pS for this membrane patch. The currents illustrated in (a) are low pass filtered (Bessel characteristic) at 1.0 KHz. The 'all
points' histograms illustrated in (b) were derived from records similarly low pass filtered and digitised at 50 lS per point.
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a

5-HT (10-6 M)
, rMm-r,wF-1-- rr_ r

5-HT (10-6 M) + Metoclopramide (10-6 M)

j1 pA
100 ms

Figure 4 Antagonism of 5-hydroxytryptamine (5-HT)-induced single channel currents by metoclopramide. (a) The upper set of
traces illustrate single channel currents activated by the bath application of 10-6M 5-HT to an outside-out membrane patch
voltage-clamped at a holding potential of - 80 mV. The lower set of traces is taken from the same membrane patch subsequently
bathed in 10-6 M 5-HT and 10-6 M metoclopramide. Note, from the visual inspection of these records that metoclopramide appears
to have reduced the frequency of single channel events, but had little or no effect on the single channel amplitude. (b) 'All points'
amplitude histograms constructed for 30-60 s records taken from this membrane patch for 5-HT (10-6M) and 5-HT (10-6 M) in
the presence of metoclopramide (10-6 M). The histograms are fitted by two Gaussian distributions (baseline noise and the single
channel current) which reveal that the amplitude of the 5-HT-induced current (- 1.3 pA) is little influenced by the metoclopramide
(- 1.2 pA). By contrast, the frequency of open events is clearly reduced by the metoclopramide. The effect of metoclopramide was

reversible upon washout (not shown). The currents illustrated in (a) are low pass filtered (Bessel characteristic) at 1.0 KHz. The 'all
points' histograms illustrated in (b) were derived from records similarly low pass filtered and digitized at 50 ftS per point. Details of
the Gaussian fitting are given in Hales & Lambert, 1991.

2-methyl-5-HT and l-phenylbiguanide, relative to that of
5-HT, were assessed by interpolating from their concen-

tration-effect relationships doses that produced an inward
current response equivalent to that elicited by 3 x 106M
5-HT (Figure 5b). The equipotent molar ratios thus deter-
mined were 2.5±0.4 (n= 3) and 31.8 ± 1.2 (n= 3) for 2-
methyl-5-HT and I-phenylbiguanide respectively.

Methysergide, ketanserin and citalopram

The bath application of methysergide; a mixed '5-HT1-like'
and 5-HT2 receptor antagonist, had little effect on the 5-HT-
evoked responses. Inward currents elicited by the local pres-
sure application of 5-HT were reduced by 4 ± 1% of control
(n = 6) in the presence of 10-6 M methysergide. Similarly, the
5-HT2 receptor antagonist ketanserin (10-6 M) produced only
a 5 ± 1% reduction of the control response to 5-HT (n = 7).
The bath application of citalopram (10-8_ 10-6 M), a selective
5-HT uptake inhibitor (Pawlowski et al., 1981), had no effect
upon the inward current produced by the local pressure
application of 5-HT. For example, the 5-HT current in the
presence of 10-6 M citalopram was 100 ± 2% of control
(n = 3).

Ondansetron

Ondansetron is a selective 5-HT3 receptor antagonist (Butler
et al., 1988). Preliminary experiments demonstrated that
1O-9M ondansetron completely inhibited the 5-HT-induced
current. The antagonist action of ondansetron was slowly
reversed upon washout (Figure 6a). The time to 50%
recovery from block was approximately 16 and 11 min on the
2 cells in which full recovery could be demonstrated. Hence,
the concentration-effect relationship (10-110-9M) for this
antagonist was performed cumulatively, allowing at least
5 min equilibration with each antagonist concentration tested
(Figure 6a). From such studies, the IC50 value determined for
ondansetron was 57 ± 5 x 10-12 M with a slope factor of
1.06 ± 0.16 (Figure 7b). Concentration-response curves to
5-HT (3 x 10-7 10-3 M) were constructed in the presence
and absence of 10-10M ondansetron (Figure 6b,c). Unfor-
tunately, in these experiments the maximum response to
5-HT could not be determined as the large agonist-evoked
current (>10 nA) compromised the fidelity of the voltage-
clamp. However, the non-parallel displacement of this limited
dose-response curve suggests, at least superficially, a non-

competitive action of ondansetron.
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Figure 5 A comparison of the whole cell currents activated by 5-hydroxytryptamine (5-HT), 2-methyl-5-HT and 1-
phenylbiguanide. (a) Inward currents activated by the bath application of 5-HT (3 x 10-7M-3 x 10- M), 2-methyl-5-HT
(10-6 M- 10-4 M) and I-phenylbiguanide (10-5 M_ l0-3 M) recorded from the same rabbit nodose ganglion neurone voltage-clamped
at - 60 mV are illustrated. For all agonists, the inward current was concentration-dependent and exhibited desensitization. The
current induced by 1-phenylbiguanide appeared to reach a true maximum, which was less than the current produced by the
maximal concentration of 5-HT (3 x 10-5 M) or 2-methyl-5-HT (1o-4 M) tested. The maximum current produced by the latter two
agonists could not be determined because of the unsatisfactory control of the membrane potential during large agonist-induced
responses. (b) The relationship between the concentration of bath applied 5-HT (0), 2-methyl 5-HT (U) and I-phenylbiguanide
(*) plotted on the x-axis (log scale) and the inward current produced (y-axis). Numbers adjacent to symbols indicate the order in
which the various concentrations of agonists were applied to the cell. The lines to the data points were fitted by eye. All recordings
were low pass filtered at 500 Hz.

Tropisetron and bemesetron these studies the IC50 values and slope factors for tropisetron
and bemesetron were 46 ± 4.4 x 10-11 M; 1.05 ± 0.1 and

The 5-HT-induced current was completely inhibited by 328 ± 24.7 x 10-12 M; 1.12 ± 0.12 respectively (Figure 7b).
10-' M tropisetron and 10-8 M bemesetron. As with ondan-
setron, the inhibitory actions of these antagonists were slowly Metoclopramide, cocaine and (+ )-tubocurarine
reversed upon washout (Figure 7a). Hence, the concen-
tration-effect relationships for tropisetron (10-11 m- l0' M) Metoclopramide, cocaine and (+)-tubocurarine are non-
and bemesetron (10-10-10-8 M) were determined using selective 5-HT3 receptor antagonists (Fozard & Mobarok Ali,
cumulative applications of the antagonists (Figure 7a). From 1978; Higashi & Nishi, 1982; Yakel & Jackson, 1988; Fozard,

. . . . . . . . . . . . .... v I I I v I I I
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Figure 6 Inhibition of the 5-hydroxytryptamine (5-HT)-induced currents by ondansetron. (a) Ondansetron (10-"`M-1O-9M)
produced a dose-dependent inhibition of the inward current evoked by the local pressure application of 5-HT (10-5 M; 1.4 x 105 Pa;
20 ms; 0.1 Hz). The upper trace is shown on a compressed time scale to illustrate the onset of antagonism and the relatively slow
recovery from blockade by ondansetron of the 5-HT-induced inward current. Hence, individual 5-HT-induced currents cannot be
discerned. In the lower trace individual 5-HT-induced currents are shown on an expanded time scale at the time during the
experiment indicated by the arrows. (b) Whole-cell currents produced by the bath application of 5-HT (3 x 10-7 M- 1o-3 M) in the
absence and presence of 10- 10M ondansetron. (c) The relationship between the concentration of bath applied 5-HT and whole-ell
current amplitude in the absence (@) and the presence (U) of ondansetron (10-10 M). Although, the maximum current to 5-HT
could not be determined due to large (> 10 nA) agonist-induced currents which compromised the fidelity of the voltage-clamp,
inspection of this figure clearly illustrates that ondansetron produced a non-parallel dextral shift of the 5-HT dose-response curve.

All currents illustrated were recorded from rabbit nodose ganglion neurones voltage clamped at - 60 mV. All recordings were low
pass filtered at 500 Hz.

1989; Peters et al., 1990b). Preliminary experiments estab-
lished that the 5-HT-induced inward current was antagonized
to < 10% of control by 3 x 10' M metoclopramide, 10-6 M

cocaine or 3 x 10-6 M (+)-tubocurarine. Unlike blockade by
ondansetron, tropisetron and bemesetron, the inhibitory
effects of these antagonists readily reversed upon washout
(Figure 7a). Therefore, the concentration-effect relationships
for these compounds were constructed against 5-HT res-

ponses which had fully recovered from inhibition (by
washout of the previous dose) before subsequent drug
application. From these studies the IC;O values and slope

factors were: metoclopramide 11.6 ± 0.96 x 10-9 M; 1.18 +
0.1; cocaine 83.4±7.1 x 10-9M; 1.12+0.1 and for (+)-
tubocurarine 156 ± 13.6 x 10-9 M; 1.07 ± 0.1 respectively
(Figure 7b).

Discussion

Dissociated rabbit nodose ganglion neurones maintained in
cell culture had a mean resting potential of - 56 mV, a value
which agrees well with that determined in intact ganglia in
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Figure 7 A comparison of the 5-hydroxytryptamine (5-HT) antagonist actions of ondansetron, tropisetron, bemestron, (+)-
tubocurarine, metoclopramide and cocaine. (a) The inward current produced by locally applied 5-HT (10-s M; 1.4 x 105Pa;
20-40mS; 0.1 Hz) is dose-dependently inhibited by the bath application of tropisetron (upper traces) and bemesetron (lower
traces). The antagonism is only partially reversed by washout for 30 min. By contrast, the antagonist actions of (+)-tubocurarine
((+)-Tc, 3 x 10-7 M), metoclopramide (3 x I0-8 M) and cocaine (10-6 M) are well reversed by washout. Records illustrated for
(+)-tubocurarine, metoclopramide and cocaine are taken from the same neurone. (b) The concentration-dependent inhibition of
5-HT-induced currents by tropisetron (0), ondansetron (0), bemesetron (0), metoclopramide (U), (+)-tubocurarine (*) and
cocaine (O). The relationship between the concentration of bath applied antagonist (log scale; x axis) is plotted against the
inhibition of the 5-HT-induced inward current (expressed as a percentage of control; y axis). Each point is the mean ± s.e.mean
(vertical lines) of 3 to 11 observations. The lines fitting the data points were determined as described in the Methods. All currents
illustrated were low pass filtered at 500 Hz and were recorded from cells voltage-clamped at - 60 mV.

vitro (Stansfeld & Wallis, 1985). However, the input resis-
tance of 340 MQ shown here is substantially greater than
that of 22-34MQI previously found in intracellular recor-

dings performed on the whole ganglion (Stansfeld & Wallis,
1985). It is probable that intracellular electrodes introduce a
'shunt' conductance at the site of impalement. This, together
with morphological differences between dissociated neurones
and those within intact ganglia, seem likely to account for
the higher input resistance obtained here.

In the present study, all cells tested responded to GABA,
49% to 5-HT and 64% to ACh. Previous studies utilizing

rabbit nodose ganglia in vitro have shown that most type A
neurones respond to GABA, but are unaffected by either
5-HT or nicotinic cholinoceptor agonists (Higashi et al.,
1982; Stansfeld & Wallis, 1984; 1985). By contrast, of the
type C cell population, 70-80% respond to GABA, 80-90%
to 5-HT and 33-70% to nicotinic agonists (Higashi et al.,
1982; Stansfeld & Wallis, 1984). In this study, no attempt
was made to categorize the neuronal cell type, either by
electrophysiological or anatomical criteria. However, the dis-
sociation and cell culture procedure employed here for the
rabbit, results in the survival and maintenance of mainly

a Tropi;sWon
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C-type neuronal cell bodies of the rat nodose ganglion (Ikeda
et al., 1986). The responsiveness of many neurones to 5-HT
and ACh is consistent with the cultures containing a substan-
tial population of type C cells.

In a previous voltage-clamp study of the response to 5-HT
in rabbit nodose ganglion neurones, Higashi and Nishi (1982)
demonstrated the current to be carried predominantly by Na
and K ions. Qualitatively similar results were obtained in the
present investigation, and the ratio of Na and K perme-
abilities (PNa/PK) was calculated to be 0.9. Most voltage-
clamp studies of 5-HT3 receptor populations indicate a
PNa/PK ratio close to unity, and inward rectification of the
macroscopic current response, as described here, is often
observed (Lambert et al., 1989; Yakel et al., 1990; Yang,
1990; see Peters et al., 1992 for further references). The
nominal absence of Ca2+ and Mg2' from the extracellular
medium greatly potentiated the amplitude of the current
response to ionophoretically applied 5-HT. These results
confirm a previous finding of enhanced responsiveness to
5-HT in the rabbit nodose ganglion in the absence of divalent
cations (Stansfeld & Wallis, 1984) and agree with several
other studies which have shown Ca2+ and Mg2' to depress
5-HT3 receptor-mediated responses (Peters et al., 1988; Yang,
1990; Yakel et al., 1990; Robertson & Bevan, 1991). The
mechanism of this effect is uncertain, but it appears not to be
due to an alteration in the ionic selectivity of the ion channel
integral to the receptor (Peters et al., 1988; Yang, 1990).
Voltage-dependent blockade of the ion channel by Ca2+ and
Mg2' has been suggested from recent studies performed on a
cloned homo-oligomeric 5-HT3 receptor expressed in Xenopus
laevis oocytes (Maricq et al., 1991). Additionally, in NCB 20
hybridoma cells the antagonism of 5-HT3 receptor-mediated
responses by Zn2+ and Cd2+ increases with membrane hyper-
polarization (Lovinger, 1991). By contrast, studies performed
on N18 and NlE-115 neuroblastoma cells did not detect
voltage-dependency in the blocking actions of Ca2+ or Mg2+
(Peters et al., 1988; Yang, 1990). Several studies employing
radiolabelled 5-HT3 receptor antagonists suggest divalent
cations to have little influence upon the affinity of agonist or
antagonist binding (Hoyer & Neijt, 1988; Bolanos et al.,
1990, but see Stanton et al., 1990). However, divalent cations
have been shown to reduce the specific binding of a
radiolabelled 5-HT3 receptor agonist, [3H]-m-chlorophenyl-
biguanide, to Ni E- 115 neuroblastoma cell membrane homo-
genates (Lummis et al., 1993).
On outside-out membrane patches excised from rabbit

nodose ganglion neurones, 5-HT gates an ion channel with a
conductance of 17-19 pS. However, it is evident that the
conductance of the channel integral to the 5-HT3 receptor
can differ substantially across preparations (Peters et al.,
1991a; 1992). For guinea-pig submucous plexus neurones, a
single channel conductance (15 pS) comparable to that of the
rabbit nodose ganglion has been demonstrated (Derkach et
al., 1989). However, a second conductance of 9 pS was also
present (Derkach et al., 1989). In coeliac ganglion neurones
from the same species, the smaller conductance (10 pS) was
predominant (Surprenant et al., 1991). The chord conduc-
tance of the 5-HT3 receptor of rat superior cervical ganglion
neurones rectifies inwardly, but at very negative holding
potentials (- 104 mV), has a value similar to the larger
conductance of the guinea-pig submucous plexus neurones
and that shown here for the rabbit nodose ganglion neurones
(Yang et al., 1992). However, fluctuation analysis performed
on macroscopic currents recorded from rat superior cervical
ganglion neurones suggests the presence of a second conduc-
tance, too low to be discerned from the background noise in
isolated patch recordings (Yang et al., 1992). Certainly, ex-
tremely low conductances (< 1 pS) have been obtained for
the 5-HT3 receptors of some murine neuroblastoma cell lines
(Lambert et al., 1989; Peters & Lambert, 1989; Yang, 1990;
Peters et al., 1992), although in a related cell line (NG
108-15) measurable conductances of 7 and 12pS have been
demonstrated (Shao et al., 1991). The diverse single channel

conductances may suggest different forms of the 5-HT3 recep-
tor. For the nicotinic receptor, amino acids have been
identified in the proposed M2 region (thought to form the
ion channel) which play a crucial role in determining ion
conductance (Galzi et al., 1991). Interestingly, identical or
equivalent amino acids occupy these positions in recently
cloned 5-HT3 receptor subunits from NCB-20 cells (Maricq
et al., 1991) and NIE-115 cells (Hope et al., 1993). A com-
parison of the amino acid sequences derived from 5-HT3
clones which exhibit divergent single channel conductances
might clarify the molecular determinants of ion permeation
for this receptor channel complex.

2-Methyl-5-HT and I-phenylbiguanide mimicked the actions
of 5-HT, albeit with reduced potency. Equipotent molar
ratios for the agonists were estimated to be 2.5 and 31.8
respectively. Broadly similar estimates of the potency of 2-
methyl-5-HT, relative to 5-HT, have been made in a variety
of 5-HT3 receptor-containing cell lines and peripheral
neuronal preparations from several species (see Peters et al.,
1993 for references). In most instances, 2-methyl-5-HT has
been found to act as a partial agonist, this being particularly
clear in voltage-clamp recordings performed on the NG108-
15, PC12 and N1E-1 15 cell lines, Xenopus oocytes expressing
a homo-oligomeric 5-HT3 receptor cloned from the latter,
and frog dorsal root ganglion neurones (Sepulveda et al.,
1991; Boess et al., 1992; Furukawa et al., 1992; Yakushiji &
Akaike, 1992; Hope et al., 1993). In such studies, the efficacy
of 2-methyl-5-HT has been estimated to lie in the range
0.09-0.26, considering the efficacy of 5-HT to be unity. Here,
the maximal inward current response to 5-HT, and thus the
efficacy of 2-methyl-5-HT, could not be reliably determined.
Nevertheless, inspection of Figure 5 suggests the efficacy of
2-methyl-5-HT in rabbit nodose ganglion neurones to be
considerably higher than that found in the comparable vol-
tage clamp studies cited above. Few data exist concerning the
actions of I-phenylbiguanide at the single cell level. In extra-
cellular recordings performed on the rat isolated vagus nerve
and superior cervical ganglion, the potency of I-phenyl-
biguanide was found to be similar to, or slightly less than,
that of 5-HT (e.g. Ireland & Tyers, 1987; Newberry &
Gilbert, 1989). By contrast, I-phenylbiguanide is devoid of
agonist or antagonist activity in guinea-pig tissues (Butler et
al., 1990). From the present data, I-phenylbiguanide appears
to be much less potent as an agonist at rabbit nodose gang-
lion neurones than in rat peripheral neurones.

Ondansetron, tropisetron and bemesetron were potent
antagonists of 5-HT-evoked currents in rabbit nodose gang-
lion neurones. Antagonist potencies similar to those deter-
mined here have been obtained for ondansetron in rabbit
isolated heart and vagus nerve (Butler et al., 1988) and for
tropisetron in the rabbit heart, vagus nerve, superior cervical
and nodose ganglia (Richardson et al., 1985; Round & Wal-
lis, 1986). Bemesetron was far more potent than in previous
experiments made in rabbit superior cervical and nodose
ganglion neurones (Round & Wallis, 1987). However, in
some ganglionic preparations both the nature (competitive/
non-competitive) and the potency of bemesetron as an
antagonist changes over the course of several hours sugges-
ting the equilibration of some antagonists with the 5-HT3
receptors in these tissues to be a slow process (Azami et al.,
1985; Round & Wallis, 1987). Hence, comparisons of such
data with those obtained in single cell studies may be of
limited value.
The antagonist actions of ondansetron, tropisetron and

bemesetron reversed relatively slowly. In comparable single
cell voltage-clamp studies, similar slow recoveries have been
observed for bemesetron in N18 and NIE-115 cells, rat
superior cervical and nodose ganglion neurones, and for
tropisetron in NlE-115 cells (Lambert et al., 1989; Yang,
1990; Lovinger & White, 1991; Yang et al., 1992). Such data
suggest these high affinity antagonists dissociate slowly
from the 5-HT3 receptor. By comparison, the response to
bath applied 5-HT peaks and subsequently desensitizes



5-HT3 RECEPTORS IN NODOSE GANGLION NEURONES 675

within several seconds. Such different time courses clearly
prevent equilibrium being achieved between agonist and
antagonist binding within the brief time that the elect-
rophysiological response may be observed. Hence, it is not
surprising that in the present experiments ondansetron pro-
duced a non-parallel shift of the 5-HT dose-response curve.
Presumably a similar explanation underlies the apparently
non-competitive kinetics observed with tropisetron in NIE-
115 cells and PC12 cells (Neijt et al.,1988; Furikawa et al.,
1992).
(+ )-Tubocurarine, metoclopramide and cocaine, unlike the

antagonists discussed above, exerted a rapidly developing and
reversible antagonism of the 5-HT-evoked current response.
In the intact rabbit nodose ganglion in vitro, concentrations
of (+)-tubocurarine similar to those employed here were
shown to competitively antagonize the 5-HT3 receptor-
mediated response. However, an additional non-competitive
component of blockade was observed with higher concentra-
tions of (+)-tubocurarine (Higashi & Nishi, 1982). In murine
tissues, concentrations of (+)-tubocurarine as low as 1 nM
are sufficient to produce substantial blockade of inward cur-
rent responses elicited by 5-HT3 receptor activation (Yakel &
Jackson, 1988; Peters et al., 1990b; Yang, 1990). Several
observations, including a lack of voltage- and use-depen-
dency in the blocking action of (+ )-tubocurarine in NlE-l 15
neuroblastoma cells (Peters et al., 1990b) and the parallel
dextral displacement of the concentration-effect relationship
to 2-methyl-5-HT in intact mouse superior cervical ganglia in
vitro in the presence of (+)-tubocurarine are consistent with

a competitive mode of action (Newberry et al., 1991). At the
opposite extreme, 5-HT3 receptor mediating depolarizing or
inward current responses in peripheral neurones of the
guinea-pig are resistant to antagonism by (+)-tubocurarine
at all but heroic doses (approximately 10- M; Vanner &
Surprenant, 1990; Malone el al., 1991a).

In the present study, metoclopramide and cocaine
exhibited moderate potency as 5-HT3 receptor antagonists.
Although extensively studied in multicellular or organ
systems (see Fozard, 1989 and Peters et al., 1991a for
reviews), little comparative data are available for these com-
pounds from single cell studies. However, it would appear
that cocaine is relatively weak in blocking 5-HT3 receptor-
evoked currents in isolated nodose ganglion neurones of the
mouse, rat and guinea-pig when compared with the rabbit
(Malone et al., 1991a; Weight et al., 1992).

In conclusion, the present study has attempted to charac-
terize both physiologically and pharmacologically the 5-HT3
receptors present upon the soma of vagal primary afferent
neurones. Whether the observed properties are in all respects
shared by the 5-HT3 receptor populations located at the
central and peripheral terminals of such neurones cannot
presently be answered. However, in the absence of contradic-
tory information, it seems parsimonious to employ the pres-
ent results as a working model.

The work was supported by a grant from the Wellcome Trust. We
thank Lynn Connolly and Gillian Thomson for typing the manusc-
ript.
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Differential affinity of dihydroimidazoquinoxalines and
diimidazoquinazolines to the mlf2y2 and m6f32y2 subtypes of
cloned GABAA receptors
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E. Jon Jacobsen, Ruth E. TenBrink & Philip F. VonVoigtlander
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1 In this study, we compared two series of newly discovered ligands for their selectivity to ben-
zodiazepine sites in the alP272 and the m6p272 subtypes of cloned -y-aminbutyric acidA (GABAA)
receptors, the latter being unique in not interacting with classical benzodiazepines.
2 The prototype compounds, U-85575 (12-chloro-5-(5-cyclopropyl-1',2',4'- oxadiazol-3'-yl)-2,3-di-
hydro-diimidazo[1,5-a;1,2-c]quinazoline), and U-92330 (5-acetyl-3-(5'-cyclopropyl-1',2',4'-oxadiazole-3'-
yl)-7-chloro-4,5-dihydro[1,5-a]quinoxaline), appear to share an overlapping recognition site with classical
benzodiazepines on the GABAA receptor, because their potentiation of GABA-mediated Cl- currents in
both subtypes were sensitive to Ro 15-1788, a classical benzodiazepine antagonist.
3 Minor changes in the ring substituents of the drugs reduced their affinity to the x6p2y2 subtype more
pronouncedly than to the x1P2y2 subtype. The diimidazoquinazoline containing a 2-methyl group which
projected below the plane of the rigid ring showed a markedly lower affinity to the tx6B2y2 subtype as
compared to its stereoisomer having the methyl group above the plane of the ring. Also, the dihydro-
imidazoquinoxalines containing the 5-benzoyl group showed a lower affinity to the a6P2y2 subtype than
the 5-acetyl counterpart. In particular, the 5-benzoyl analogue containing a 6-fluoro group showed no
interaction with the x6132y2 subtype even at the concentration of 10 j5M, probably due to stabilization of
the benzoyl group in the out-of-plane region by the steric and electrostatic effects of the 6-fluoro group.
4 We propose that the benzodiazepine site of the m6p272 subtype shares overlapping regions with that
of the a1P2y2 subtype, but has a sterically restricted out-of-plane region, which may be also incompati-
ble with the 5-phenyl group of classical benzodiazepines.

Keywords: GABAA receptor; ax0272; x6p2y2; diimidazoquinazoline; dihydroimidazoquinoxaline; benzodiazepine site

Introduction

Benzodiazepines and related non-benzodiazepine hypnotic or
anxiolytic agents interact with '-aminobutyric acid (GABAA)
receptors, the supermolecular receptor-Cl- channel com-
plexes made of heteromultimeric subunits (Costa, 1979;
Yokohama et al., 1982; Haefely et al., 1985; Barnard et al.,
1987; Schofield, 1989; Sieghart, 1992). In mammalian brains,
several subunits with families of isotypes exist for GABAA
receptors (Schofield, 1989; Sigel et al., 1990; Verdoorn et al.,
1990; Sieghart, 1992). The most widespread subunits in the
brain, ocl, P2, and y2, have been expressed in human kidney
cells, and the cloned receptors (@lP272) have been shown to
interact with ligands for benzodiazepine sites (Pritchett et al.,
1989a,b; Puia et al., 1991). Interestingly, different isotypes of
the a subunit, when expressed with the P2 and y2 subunits,
influenced the selectivity of the cloned receptors to ben-
zodiazepine ligands: The a1P27y2 subtype showed higher
affinity to zolpidem (imidazopyridines), Ro 15-1788 and the
P-carbolines than the a2P272 and O3P272 subtypes (Pritchett
et al., 1989a,b; Puia et al., 1992). The three subtypes (o1P2y2,
m2p2y2 and O3P272) interact with the classical ben-
zodiazepines with nearly equal affinity (Pritchett & Seeburg,
1990; Puia et al., 1992). The a6p2y2 subtype in cerebellar
granule cells differs from the above ones in that it does not
accommodate the classical benzodiazepines, although it
shares several other ligands for benzodiazepine sites with the
other subtypes (i.e., Ro 15-4513; Luddens et al., 1990). In the
course of studying subtype selectivity, we discovered two new
series of ligands which displayed markedly differential affinity
to the a1P2'2 and a6p2y2 subtypes, depending on their par-
ticular substituents.

' Author for correspondence.

Here we report that U-92330, 5-acetyl-3-(5'-cyclopropyl-
1 ',2',4' -oxadiazole-3'-yl)-7-chloro-4,5-dihydroimidazo[1,5-a]-
quinoxaline, and U-85575, 12-chloro-5-(5-cyclopropyl-1',2',4'-
oxadiazol-3'-yl)-2,3-dihydro-diimidazo[1 ,5-a; 1 ,2-c]quinazoline
(Figure 1), interact with both a1P2y2 and a6,2y2 subtypes,
but the 5-benzoyl analogues of U-92330 and the 2-methyl
analogues of U-85575 display markedly reduced affinities to
a6p272 as compared with their affinity to the aIP2y2 subtype.
It appears that the presence of an alkyl or aromatic group in
the out-of-plane region with respect to the ring system
reduces their affinity to the x6p27y2 subtype due to the
presence of at least one sterically restricted region as com-
pared to that of the all2y2 subtype.

Methods

GABAA receptor expression

DNA manipulations and general baculovirus methods (Sf9
cell cultivation, infection and isolation, and purification of
recombinant viruses) were performed as described elsewhere
(Carter et al., 1992). The Sf-9 cells were infected at a multi-
plicity of infection of three plaque-forming units of viruses;
AcNPV-xl or-a6, AcNPV-P2 and AcNPV--y2. Infected cells
were used for electrophysiological measurements at 48 h post
infection, or for membrane preparations at 60 h post infec-
tion.
The stable cell-lines expressing al or a6 (Khrestchatisky et

al., 1989; Luddens et al., 1990), P2 (Ymer et al., 1989), and
'y2 (Shivers et al., 1989) subunits of GABAA receptors were
derived by transfection of plasmids containing cDNA and a
plasmid encoding G418 resistance into the human kidney
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Figure 1 Chemical structures of the diimidazoquinazolines (a) and
dihydroimidazoquinoxalines (b).

cells (A293 cells) as described elsewhere (Hamilton et al.,
1993). After two weeks of selection in 1 mg ml' G418, cells
positive for all three GABAA receptor mRNAs by Northern
blotting were used for electrophysiology to measure GABA-
induced Cl- currents.

Equilibrium binding

For the binding study, Sf-9 cells infected with baculovirus
carrying cDNAs for a 1 or a6, P2 and y2 subunits were
harvested in 2 1 batches 60 h post infection. The membranes
were prepared following the procedures described elsewhere
(Carter et al., 1992), and were stored at - 80°C in a solution
containing 300 mM sucrose, 5 mM Tris/HCl, pH 7.5, and gly-
cerol to a final concentration of 20%. Equilibrium binding of
[3H]-flunitrazepam or [3H]-Ro 15-4513 (ethyl 8-azido-5,6-di-
hydro-5-methyl-6-oxo-4H-imidazo[l ,5-a][1,4]benzodiazepine-3-
carboxylate) to the GABAA receptors was measured in a
500 ItI volume of normal saline containing 6 nM [3H]-fluni-
trazepam or [3H]-Ro 15-4513, varying concentrations of test
ligands, and 50 Lg of membrane protein. The mixture was
incubated for 60 min at 4°C, filtered over Whatman glass
fibre filters, and washed four times with cold normal saline.
The filter was then counted for radioactivity in the presence
of a scintillation cocktail (Insta gel).

Electrophysiology

The whole cell configuration of the patch clamp techniques
(Hamill et al., 1981) was used to record to GABA-mediated
Cl- currents as described previously (Verdoorn et al., 1990).
The pipette solution contained (mM) CsCl 140, EGTAI 1,
MgCI22, ATP 0.5 and HEPES 10, pH 7.3, and the external
solution contained (mM): NaCl 130, KCI 5, MgCl2 1, CaCl2
1.8 and HEPES 5, pH 7.2, (normal saline). GABA and drugs
were dissolved at the indicated concentrations in the external
solution, and were applied through a Y-tube (Murase et al.,
1989) placed within 100 lm of the cells. The current through
the pipette was recorded with an Axopatch ID amplifier and
a CV-4 headstage (Axon Instrument Co.). The currents were
recorded with Gould Recorder 220. Experiments were carried
out at a holding potential of -60 mV at room temperature
(21 -24~)

Results and discussion

Functional characteristics

U-92330 was examined for its functional characteristics in the
l1P2y2 and m6132y2 subtypes expressed in Sf-9 cells (Figure

2a). The drug at 1 gM (saturating concentration) enhanced
GABA-mediated Cl- currents by 112 + 25% (n = 4) in
axIP2y2 and by 148 ± 43% (n = 3) in a6P2y2, as normalized to
GABA (5 tAM) response. Its potentiation of Cl- current in the
two subtypes was overcome by Ro 15-1788 (ethyl-8-fluoro-
5,6-dihydro-5-methyl-6-oxo-4H-imidazo[1,5-a][1,4]benzodiaze-
pine-3-carboxylate; 10 JM), suggesting that the drug shares
an overlapping recognition site with the classical benzodiaze-
pine antagonist. Interestingly, Ro 15-1788 enhanced GABA
mediated Cl- currents by 76 + 40% (n = 3) in the 06P272,
but not in the ax1P2y2 subtype. We obtained similar results
with the cloned receptors expressed in human embryonic
kidney cells (A293 cells) (Figure 2b). In A293 cells, U-92330
at 1 tAM enhanced Cl- currents by 140 ± 27% (n = 5) in the
a1lP2y2 and by 257 ± 35% (n = 4) in the m613272 subtype in a
Ro 15-1788-sensitive way. Also, Ro 15-1788 increased C1-
currents by 96 ± 38% (n = 6) only in the m6132y2 subtype.
U-92038, the 5-benzoyl counterpart of U-92330, was also an
agonist in the two subtypes expressed in A293 cells; the drug
at a concentration of 5 gAM increased GABA-mediated Cl-
currents by 155 ± 15% (n = 3) in the a1P2y2 and by 203 ±
10% (n = 3) in the m6p22y2 subtype.
U-85575, representing the diimidazoquinazolines, was also

an agonist in the subtypes expressed in A293 cells; the drug
at S JiM enhanced Cl- current by 45 ± 10% in the l1P27y2
subtype in a Ro 15-1788-sensitive manner (data not shown),
as found earlier (Im et al., 1992) and by 126 ± 20% in the
06P2y2 subtype.

It has been proposed in an earlier study (Kleingoor et al.,
1991) that inverse agonists, but not full agonists, modulate
the 61P2y2 subtype in A293 cells. Our current finding that
the dihydroimidazoquinoxalines, the diimidazoquinazolines
and Ro 15-1788 were agonists in the 06132y2 indicates that
the chemical moiety responsible for agonistic activity for the
x6132y2 is different from those for the alP2'y2 subtype. Fur-
thermore, the benzodiazepine site in 6a6p2y2 is involved in a
positive as well as negative modulation of the receptor func-
tion.

Binding characteristics

In agreement with earlier studies, the classical ben-
zodiazepines like flunitrazepam and diazepam had no effect
on binding of [3H]-Ro 15-4513 in the cell membranes express-
ing the 06P272 subtype of GABAA receptors (expressed in
Sf-9 cells using baculovirus) even at concentrations of 5 JiM
(data not shown). In Table 1, we compare the Ki values of
U-85575 and its 2-methyl stereoisomers in cell membranes
expressing the olEP2y2 and 6P2'y2 subtypes. U-85575 blocked
binding of [3H]-flunitrazepam with a Ki value of 0.3 nM in the
ol1P2y2 subtype as found earlier, and that of [3H]-Ro 15-4513
with a Ki value of 68 nM in the x6P2y2 subtype. The similar
ratio of the Ki value in xlIP2y2 to that in a6p2y2 (about 200)
was also observed with U-90168, the analogue of U-85575
with the 2-methyl substituent projected above the plane-of-
the-ring, its Ki being 1 nM in ol,I2y2 and 181 nM in x6132y2.
The ratio, however, became greater (860) with U-90167, a
stereoisomer of U-90168, with its methyl substituent pro-
jected below the plane-of-the-ring; its Ki value was 3.8 nM in
ol1P2V2 and 3270 nM in x6P2v2. This difference between the
stereoisomers indicates that the benzodiazepine site on the
a6P2y2 subtype (as compared to x11P2y2) has a sterically
restricted region where the 2-methyl group of U-90167 (pro-
jected below the plane-of-the-ring) comes in contact.

The prototype compound of the dihydroimidazoquinox-
alines, U-92330, blocked binding of [3H]-flunitrazep'am in the
axI32y2 subtype with a Ki value of 2.4 ± 0.1 nM and blocked
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a Sf-9 cells infected with baculo virus

Ro 15-1788 -

U-92330 - -

5 AM GABA - -

Ll P2-y2 0p

30 s

a6,B2y2 v y K pA

30 s

Table 1 Comparison of binding affinity of the diimidazo-
quinazoline and the dihydroimidazoquinoxaline analogues
in cloned y-aminobutyic acidA (GABAA) receptor subtypes

Diimidazo-
quinazolines RI R2

U-85575
U-90167
U-90168

Dihydroimidazo-
quinoxaline

U-92330
U-92038
U-92593
U-92594
U-91842
U-92130

Binding, Ki (nM)
alP2V2 64272

H H 0.3±0.1 68±5
CH3 H 3.8 ± 0.5 3270± 250
H CH3 1.0±0.2 181 ±42

RI R2

Cl
Cl
H
H
F
F

H
H
F
F
H
H

R3

Acetyl
Benzoyl
Acetyl

Benzoyl
Acetyl

Benzoyl

a,P2Y2 OI1P2y2

1.7 ± 0.4
1.3 ± 0.1
0.8 ± 0.2
0.4 ± 0.1
0.6 ± 0.1
0.4 ± 0.1

35 ± 8
1024±49
107 ± 21
> 10,000
81 ± 1

681 ± 4

b Human embryonic kidney cells (A293 Cells)

Ro 15-1788 - -

U-92330 - -
5 AM GABA - - - -

alVB2Wy2 0[O pA
30 s

a602-y2 V

Figure 2 Traces showing the ability of U-92330 to potentiate
y-aminobutyric acid (GABA)-induced Cl- currents and its sen-
sitivity to Ro 15-1788 in the olp2y2 and the a6,2y2 subtypes of
GABAA receptors expressed in (a) Sf-9 insect cells or (b) human
embryonic kidney cells. Whole cell currents induced by GABA at
5 jLM were measured in the absence or presence of U-92330 (5 pLM),
Ro 15-1788 (10 pM), or a combination of the two. The currents were
induced under a holding potential of -60 mV and a symmetrical Cl
gradient.

Binding of [3H]-flunitrazepam was measured in the
membranes from Sf-9 insect cells expressing the axP2y2
subtype and that of [3H]-Ro 15-4513 in the insect cell
membranes expressing the a6p2y2 subtype as described in
the Methods. The IC50 value was obtained from
dose-response curves consisting of six different
concentrations, and was converted to Kis by use of the
equation, Ki = IC,0/(1 + [Test ligand]/Kd of flunitrazepam or
Ro 15-4513). The data represent the mean ± standard errors
from at least three separate experiments. It should be noted
that the Ki values of several drugs were obtained with
[3H]-Ro 15-4513 in the xlp2y2 subtype and were not
noticeably different from those obtained with
[3H]-flunitrazepam.

U-901 67

U-92594
binding of [3H]-Ro 15-4513 in the a6P272 subtype with a Ki
value of 35 ± 8.3 nM (Table 1). We compared the affinity of
three pairs of U-92330 analogues containing either the 5-
acetyl or 5-benzoyl moiety in the two subtypes. In a1P2'y2,
the Ki values were very similar among the three pairs, rang-
ing from 0.4 to 1.7 nM, although the K, values of the 5-
acetyl analogues tended to be slightly higher than the 5-
benzoyl analogues (Table 1). In a6p2y2, however, the 5-acetyl
analogues displayed considerably lower Ki values (higher
affinity) as compared to the 5-benzoyl analogues. U-92330,
U-92593 and U-92842 (the 5-acetyl analogues) blocked the
binding of [3H]-Ro 15-4513 in cell membranes expressing the
a6p272 subtype with the Ki value of 35 ± 8.3, 107 ± 21 and
81 ± 1.1 nM, respectively, while the corresponding 5-benzoyl
analogues, U-92038, U-92594 and U-92130 displayed a Ki
value of 1024 ± 49, > 10,000 and 681 ± 4.2 nM, respectively.
In particular, U-92594, the 5-benzoyl analogue containing a
fluoro substituent at C6 (R2), had no interaction with the
a6p2y2 subtype, even at a concentration of 10,000 nM.
The overlay of the two common rings, the benzene and

imidazole moieties, of the diimidazoquinazolines and the
dihydroimidazoquinoxalines shows that the 5-benzoyl group
of U-92594 may occupy the same general region as the
2-methyl group of U-90167 (see Figure 1). Furthermore,
molecular mechanics studies using the AMBER force field
show that the 5-benzoyl group of U-92594 is out-of-the-plane
with respect to the ring system, as is the 2-methyl group of
U-90167 (Figure 3). The exact location of the benzoyl group
of U-92594, however, is not as clear as the 2-methyl group of

Figure 3
U-92594.

Side-view of minimum energy structures of U-90167 and

U-90167, due to amide rotamers. Perhaps the steric and
electrostatic effects of the adjacent fluorine may restrict the
mobility of the benzoyl group and bring it in contact with a
sterically restricted region on the a6P272 subtype as with the
2-methyl group of U-90167. The close interaction of the C6
fluoro substituent and the 5-benzoyl group was further
underscored by the observation that the 5-benzoyl analogues
with the C7-fluoro substituent (U-92130) have a much higher
affinity for the x6p27y2 subtype (Ki = 681 nM) than the 6-
fluoro-5-benzoyl analogue, U-92594 (Ki> 10,000).

Earlier studies (Tebib et al., 1987) have assigned the 5-
phenyl group of diazepam to be out-of-plane with respect to
the parent ring system. This could account, at least in part,
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for the lack of interaction of diazepam with the m6p272
subtype of GABAA receptors. It appears that the ben-
zodiazepine site of the a6p2'y2 subtype shares many common
recognition regions with that of the o1P272 subtype, but has
at least a sterically restricted area which poorly accom-
modates bulky hydrophobic groups in the out-of-plane
region.
Wieland et al. (1992) have shown in the a6P272 subtype

that mutation of arginine-100 to histidine in the a6 subunit
confers the ability to interact with classical benzodiazepines,
thus confirming the equivalence of arginine-100 in x6 to
histidine-101 in the other a subunits (al, a2, a3 or a5), which
play a key role for interaction with classical benzodiazepines.
It is tempting to speculate that the Arg-100 in the a6 subunit
may be responsible for creating the sterically restricted area
in the benzodiazepine recognition site of the x6p2y2 subtype.
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Pharmacological characterization of the dopamine receptor
coupled to cyclic AMP formation expressed by rat mesenteric
aitery vascular smooth muscle cells in culture
'Alistair S. Hall, Susan E. Bryson, Peter F.T. Vaughan, Stephen G. Ball & Anthony J.
Balmforth

Department of Cardiovascular Studies, University of Leeds LS2 9JT

1 Mesenteric artery vascular smooth muscle cells derived from male Wistar rats and grown in culture
were prelabelled with [3H]-adenine and exposed to a range of dopamine receptor agonists and
antagonists. Resultant [3H]-cyclic AMP formation was determined and concentration-effect curves
constructed, in the presence of propranolol (10-6 M) and the phosphodiesterase inhibitor IBMX
(5 x 10-4M).
2 Ka apparent values for DI/DA, dopamine receptor agonists SKF 38393, fenoldopam, 6,7-ADTN,
and dopamine were 0.06, 0.59, 4.06 and 5.77 x 106M respectively. Although fenoldopam and SKF
38393 were more potent than dopamine, they were partial agonists with efficacies, relative to dopamine
of approximately 48% and 24% respectively. 6,7-ADTN, in contrast, behaved as a full agonist.
3 Dopamine-stimulated cyclic AMP formation was inhibited in a concentration-dependent manner by
the DI/DA, dopamine receptor selective antagonists, SCH 23390 and cis-flupenthixol (K, values 0.53 and
36.1 x 10' M respectively). In contrast, the D2/DA2 dopamine receptor selective antagonists,
domperidone and (-)-sulpiride, were less potent (K, values 2.06 and 5.82 x 106M respectively).
Furthermore, the stereoisomers of SCH 23390 and cis-flupenthixol, SCH 23388 and trans-flupenthixol,
were at least two orders of magnitude less potent (K, values 0.14 and 13.2 x 10-6M respectively)
indicating the stereoselective nature of this receptor.
4 Our results indicate that rat mesenteric artery vascular smooth muscle cells in culture express a
dopamine receptor coupled to cyclic AMP formation, which has the pharmacological profile, charac-
teristic of the DI dopamine receptor subfamily.

Keywords: Rat mesenteric artery; cyclic AMP; dopamine receptor; vascular smooth muscle

Introduction

Specific dopamine receptors located on cells within the renal
vasculature and cortex are now known to be responsible for
inducing vasodilatation, diuresis and natriuresis by linkage to
the enzymes adenylate cyclase and phospholipase C (Ander-
son et al., 1990). These receptors have been further localized
to the vascular media and renal tubules, whilst a second
pharmacologically distinct receptor subtype, has been
identified on the endothelial and neuronal cells of the vas-
cular intima and adventitia (Amenta, 1990).

Cardiovascular dopamine receptors have traditionally been
referred to using the DA,/DA2 dopamine receptor nomen-
clature proposed by Goldberg & Kohli in 1979. This scheme
contrasts with one suggested by Kebabian & Calne earlier
that same year (Kebabian & Calne, 1979). These authors
proposed a D,/D2 nomenclature for dopamine receptors
whether located within the periphery or within the central
nervous system. The use of separate nomenclatures, whilst
based primarily on anatomical location, has persisted due to
some reported differences in pharmacological profiles, partic-
ularly with regard to the relative potency of partial agonists
SKF 38393 and fenoldopam (SKF 82526). However, it re-
mains unclear the extent to which these anomalies result
from the differing experimental techniques used in the study
of dopamine receptors at each location rather than true
differences in receptor pharmacology at these sites (Hieble,
1987).
We have developed an intact cell culture model of the

peripherally derived, adenosine 3':5'-cyclic monophosphate
(cyclic AMP) stimulating, vascular DA, dopamine receptor.
This approach is identical to the one previously used by

' Author for correspondence.

members of our group to study the centrally derived DI
dopamine receptor (Balmforth et al., 1988b) and also the
peripherally derived DA, dopamine receptor (Bryson et al.,
1992) expressed by human glial, and rat glomerular mesan-
gial cells respectively. Vascular smooth muscle cell cultures
derived from the rat superior mesenteric arterial-tree repre-
sent the small calibre resistance vessels that are of importance
in the regulation of blood pressure and also regional blood
flow (Campbell & Campbell, 1987). We have reported
preliminary evidence that these cells in culture express a
dopamine receptor coupled to the stimulation of cyclic AMP
(Balmforth et al., 1988a) and now describe a detailed phar-
macological profile of the dopamine receptor expressed in
this system.

Methods

Cell culture

Rat mesenteric artery vascular smooth muscle cells were
cultured by a modification of the technique of enzymatic
dissociation (Gunther et al., 1982). Briefly, four male Wistar
rats weighing 150-250 g were killed by stunning, cervical
dislocation and decapitation. Following excision of the
mesenteric vascular tree under sterile conditions, the vessels
were cleaned of excess adipose and adventitial tissue and the
mesenteric veins discarded. Arteries were then cut into 1 mm
segments and placed in 5 ml of enzyme dissociation mixture
(serum-free medium containing; collagenase 2.5 mg ml -,
elastase 0.05 mg ml-' and soyabean trypsin inhibitor
0.5 mg ml-'). Following 10 min incubation at 37°C, any
residual adipose, adventitial, or endothelial tissues were

Br. J. Pharmacol. (1993), 110, 681-686 '." Macmillan Press Ltd, 1993
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removed by a process of trituration and centrifugation
( min, 600 g). Muscular tubes derived in this, way were
placed in 10ml of fresh enzyme dissociation mixture and
incubated at 37°C for a further 30 min, being triturated
periodically to facilitate the process of tissue dissociation.
Cells were harvested by centrifugation at 600g for 6min,
and suspended in 5 ml of Dulbecco's modified Eagle's
medium (DMEM) containing 20% foetal calf serum, 2 x
10-6 M L-glutamine, 1,000 u ml-' penicillin G sodium, 100 yg
ml-' streptomycin sulphate, 0.25 ltg ml-' amphotericin B and
100 pg ml-' gentamycin. Confirmation of the purity and
identity of cells cultured was obtained by phase microscopy
and by staining cells with a fluorescent antibody to rat
vascular smooth muscle a-actin. Cells were seeded into a
25 cm2 tissue culture flask and maintained in a humidified
atmosphere of 2% C02, 98% air at 37°C with medium being
changed at intervals of 2-3 days. Cells for assays were
subcultured in 6-well multidishes each containing 4 ml of
medium and plated at a seeding density of 2 x I04 cells ml-'.
Assays were performed 7 days after subculture, using cells
between the second and fifth passage in all experiments.

Assay for cyclic AMP formation in intact cells

The method for measurement of intracellular cyclic AMP
formation is a modification of the prelabelling technique as
described previously by (Balmforth et al., 1988b). Briefly, cell
adenine nucleotide pools were labelled by replacing used with
fresh medium (2 ml), containing 4 gtCi of [3H]-adenine, and
incubating at 37°C for 2h, after which cells were washed
three times with serum-free medium (2ml). Cyclic AMP
formation was stimulated by addition of agonists (when ap-
propriate in the presence of antagonists) in serum-free
medium containing the phosphodiesterase inhibitor 3-
isobutyl-l-methylxanthine (IBMX, 0.5 mM). Propranolol
(10-6 M) was present for all experiments except for those in
which dopamine agonist activity at a-, ,B-adrenoceptor, and
DA2 dopamine receptor sites was investigated. This concent-
ration of propranolol was chosen as it was observed to
inhibit isoprenaline (10- M) without attenuating cyclic AMP
formation stimulated by DI/DA, dopamine receptor agonists
SKF 38393 (10- M) and fenoldopam (10- M). All anta-
gonist concentration-effect studies assessed inhibition of
dopamine-induced (10-4 M) cyclicAMP formation. After
12min at 37°C (time of maximal cyclic AMP formation)
incubations were terminated by aspiration of the medium
and subsequent addition of 1.5 ml of ice-cold 5% trich-
loroacetic acid (TCA) containing ['4C]-cyclic AMP (1.25 nCi
ml-') as an internal standard. Cyclic AMP was isolated from
the TCA extracts by sequential chromatography on Dowex
AGSOW-X4 anion exchange and neutral alumina columns
(Salomon et al., 1974). The [3H]-cyclic AMP content of each
sample was corrected for quench and ['4C]-cyclic AMP
recovery (60-80%) and expressed in units of d.p.m. well
(disintegrations per minute per well) using a Hewlett Packard
2000CA scintillation counter.

Data analysis

Concentration-effect curves were drawn for agonists and
antagonists using the 'Graphpad' iterative curve-fitting com-
puter programme (ISI Software). Sigmoid curves generated
from the experimental data points (± s.e. mean) were not
constrained by fixing any numeric parameters such as the
slope, or the maximum, minimum and EC50/IC50 values. In
this way the Ka apparent affinity constant was determined
objectively for each agonist studied. A Ki value was deter-
mined using the Cheng-Prussof equation, Ki = IC//l + (LIKa)
where IC50 = concentration of antagonist required to inhibit
50% of dopamine-stimulated responses, L = concentration of
dopamine used in the assay and Ka = concentration of
dopamine producing 50% of the maximal dopamine-
stimulated cyclic AMP response (Cheng & Prusoff, 1973). All

results are expressed as the geometric mean with the upper
and lower 95% confidence limits in parentheses.

Materials

Dopamine hydrochloride, (± )-propranolol hydrochloride, 3-
isobutyl-l-methylxanthine (IBMX), collagenase (type 1),
elastase (type 1), and soyabean trypsin inhibitor were pur-
chased from Sigma Chemicals (Poole, Dorset.) SCH 23388
(S-[-7-chloro-8-hydroxy-3-methyl-l-phenyl-2, 3, 4, 5-tetra-
hydro-lH-3-benzazipine hydrochloride), (+)-SKF 38393 (R-
[+-1 -phenyl-2,3,4,5-tetrahydro- 1H-3-benzazepine-7,8-diol
hydrochloride), 6,7-ADTN (2-amino-6,7-dihyroxy-l1,2,3,4-tet-
rahydronapthalene hydrochloride) and (-)-sulpiride from
Semat (U.K.) Ltd. (St. Albans, Hertfordshire); [8-3H]-adenine
and adenine [U-'4C]-cyclic AMP from Amersham Interna-
tional P.L.C. (Amersham, Bucks). Dowex AG50W-X4
(200-400 mesh) and neutral alumina AG7 (100-200 mesh)
from Biorad (Watford, Hertfordshire). All tissue culture
reagents and plastics were purchased from Gibco (Paisley,
Scotland). The following reagents were generously donated:
SCH 23390 (R-[+ ]-7-chloro-8-hydroxy-3-methyl-l-phenyl-2,3,
4,5-tetrahydro-lH-3-benzazipine-maleate) from Schering
(Bloomfield, NJ, U.S.A.); cis-flupenthixol and trans-
flupenthixol from H. Lundbeck A/S (Copenhagen, Den-
mark); domperidone maleate from Janssen Pharmaceuticals
(Wantage, Oxon); fenoldopam methane sulphonate from
Smith, Kline and French Research (Welwyn, Hertfordshire).

Results

Effect of catecholamine receptor antagonists

Addition of dopamine (10-4M) to vascular smooth muscle
cells produced an approximate six-fold increase in cyclic AMP
formation as compared to the control values obtained for
cells exposed to IBMX (5 x 10-4 M) alone. This stimulation
was equivalent to that observed for isoprenaline (10-5 M)
though only a fifth of that observed for forskolin (10- M)
(data not shown). Dopamine (10-4 M)-stimulated cyclic AMP
formation was not potentiated by the addition of the a-
adrenoceptor antagonist phentolomine (10-6 M) nor the D2/
DA2 dopamine receptor antagonist (-)-sulpiride (10-6M)
(Figure 1). The P-adrenoceptor antagonist, propranolol
(10-6 M) produced either partial or no inhibition of
dopamine-induced cyclic AMP formation. Furthermore the
increase in cyclic AMP levels produced by dopamine was
almost completely inhibited by the D,/DAI-dopamine recep-
tor antagonist, SCH 23390 (10-6 M). These initial data sug-
gested the presence of both DA,-dopamine and P-
adrenoceptors linked to cyclic AMP formation. As a small
effect of dopamine mediated via P-adrenoceptors could not
be excluded, and to prevent any confounding effects of the
other dopamine receptor agonists via the P-adrenoceptors
expressed in this system (Hall et al., 1992) further charac-
terization of the dopamine receptor was undertaken in the
presence of propranolol (10-6 M).

Effect of dopamine receptor agonists

Each agonist studied produced a concentration-related
stimulation of cyclic AMP formation, though the ben-
zazepines, SKF 38393 and fenoldopam (SKF 82526), were
observed to be partial agonists with efficacies (maximal levels
of stimulated cyclic AMP formation) relative to dopamine
(10- M) of approximately 24% and 48% respectively (Figure
2). When the relative potencies of the different dopamine
receptor agonists investigated were compared on the basis of
their K, apparent values (agonist concentration giving half-
maximal stimulation) the following potency series was
observed; SKF 38393> fenoldopam> 6, 7- ADTN = dop-
amine, with Ka apparent values of 0.06 (0.02-0.07), 0.59
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SCH23390 > cis-flupenthixol >
domperidone = sulpiride

Cu~ 7
Ex6

a.-.
4

E13
0

Control - Dopamine 0.1 mm --
Control Propranolol (-)-Sulpiride

Phentolamine SCH23390

Figure 1 The effects of 10-6M phentolomine, propranolol, SCH
23390, and (-)-sulpiride (acting at a, P adrenoceptors, DI/DA, and
D2/DA2 dopamine receptors, respectively) on dopamine-induced
(10-4 M) cyclic AMP formation. Each column is the mean
(± s.e.mean) of triplicate determinations of a single representative
experiment.

SKF 38393 > fenoldopam >
6,7-ADTN = dopamine
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Figure 2 The stimulation of cyclic AMP formation induced by
DI/DA, dopamine receptor agonists (+)-SKF 38393 (0), fenol-
dopam (0), 6,7-ADTN (U) and dopamine (0). Ka apparent values
were 0.06, 0.59, 4.06, and 5.77 x 10-6M respectively. Dopamine
(10-4 M) was included as a standard with each concentration-effect
curve, in order to determine the efficacy of each drug. Each point is
the mean (s.e.mean) of at least three separate experiments expressed
as a percentage of maximal cyclic AMP formation induced by
dopamine (13.40, 5.54, 4.78 and 12.94 thousands d.p.m./well respec-
tively) after basal values have been subtracted (1.51, 1.15, 1.34 and
2.00 thousands d.p.m./well respectively).

(0.59-0.60), 4.06 (1.50-5.68), and 5.77 (4.04-7.26) x 10-6 M,
respectively.

Effect of dopamine receptor antagonists

The DI/DA, dopamine receptor antagonists, SCH 23390
(10-6M) and cis-flupenthixol (10-4M), completely inhibited
maximal dopamine-induced (10-4 M) cyclic AMP production,
achieving 50% inhibition in the sub-micromolar range
(Figure 3). In contrast, the dopamine D2/DA2 receptor
antagonists domperidone and (-)-sulpiride were observed to
be significantly less potent inhibitors of dopamine-induced
(10-4 M) cyclic AMP formation. Ki values were 0.53
(0.27-1.15), 36.1 (27.55-90-84), 2,060 (1573-3,493) and
5,820 (4,015-7,332) X 10-9 M respectively. The potency series
observed for these antagonists was therefore SCH 23390>
cis-flupenthixol>> domperidone = (-)-sulpiride. The pot-
encies of dopamine DI/DA, receptor antagonists SCH 23390
and cis-flupenthixol were also compared with the potencies of
their stereo-isomers SCH 23388 and trans-flupenthixol, in
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Figure 3 Concentration-effect curves for the DI/DA, dopamine
selective antagonists, SCH 23390 (@) and cis-flupenthixol (0) as
compared to D2JDA2 dopamine selective antagonists domperidone
(U) and (-)-sulpiride (0). K, values were 0.53, 36.1, 2,060, and
5,820 x 10-9M respectively. Each point is the mean (± s.e.mean) of
at least three seperate experiments expressed as a percentage of
dopamine-induced (10-4 M) cyclic AMP formation in the absence of
any antagonist (8.76, 4.53, 6.43 and 5.01 thousands d.p.m./well
respectively) and with basal values subtracted (2.49, 1.47, 1.44 and
2.08 thousands d.p.m./well respectively).
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Figure 4 The relative potency of DI/DA, dopamine receptor
antagonists SCH 23390 (0) and cis-flupenthixol (0) as compared
with their stereoisomers SCH 23388 (0) and trans-flupenthixol (A).
Ki values were 0.53, 36.1, 143, and 13,240 x 10-9M respectively.
Each point is the mean (± s.e.mean) of at least three separate
experiments expressed as a percentage of dopamine-induced (10-4 M)
cyclic AMP formation in the absence of any antagonist (8.76, 4.53,
5.42 and 1.14 thousands d.p.m./well respectively) and with basal
values subtracted (2.49, 1.47, 1.51 and 1.14 thousands d.p.m./well
respectively).

order to investigate the stereo selective properties of the
receptor (Figure 4). Both SCH 23388 and trans-flupenthixol
were at least two orders of magnitude less potent than their
stereo-isomers, with Ki values of 143(53-149) and 13,240
(3,200-22,580) nM respectively.

Discussion

We have confirmed our previous finding (Balmforth et al.,
1988a) that rat mesenteric artery vascular smooth muscle
cells in culture express dopamine receptors linked to the
stimulation of adenylate cyclase. Moreover, by using intact
cells, instead of homogenates as previous workers (Murthy et
al., 1976; Nakajima et al., 1977; Kotake et al., 1981) an

120
110
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increased contrast, between basal and maximal stimulation of
cyclic AMP by dopamine, has been achieved. This enhanced
resolution is comparable to that observed for intact-cell
models of the dopamine receptors located on bovine
parathyroid (Brown et al., 1980), human glial (Balmforth et
al., 1988b) and also rat mesangial cells (Bryson et al., 1992).
Increased sensitivity, combined with the use of selective
dopamine receptor agonists and antagonists, allowed us to
characterize more fully the vascular dopamine receptor. Fur-
thermore, the use of identical experimental techniques to
those previously used by our group to characterize dopamine
receptors expressed by mesangial and glial cell types (Balm-
forth et al., 1988b; Bryson et al., 1992) permits direct com-
parison of observed pharmacological profiles.

Several other properties make this experimental model par-
ticularly suitable for studying the pharmacological and
biochemical properties of the vascular dopamine receptor
(Furchgott, 1972). These features include (a) the virtual
absence of contamination with other vascular and non-
vascular cell types (b) the ability to manipulate the extracel-
lular environment and maintain controlled experimental con-
ditions for relatively long periods and (c) the ability to study
receptor-coupled events without the artifact of tissue
diffusion barriers and without the disruption of cell memb-
ranes and of subcellular structures.
The benzazepine compound SCH 23390 is a potent and

selective DI/DA, dopamine receptor antagonist (Hyttel, 1983)
with a Ki in the nanomolar range. We observed concen-
tration-dependent inhibition of dopamine-induced stimula-
tion of cyclic AMP formation with this compound (Ki
0.53 x 10-9M). By comparison, the weakly active stereo-
isomer of SCH 23390, SCH 23388, was a poor antagonist of
dopamine-induced increases in cyclic AMP. Thus as observed
initially for the DI dopamine receptor expressed by rat
striatal homogenates (Stoof & Kebabian, 1984; Barnett et al.,
1986) and subsequently for the DI dopamine and DA,
dopamine receptors expressed by human glial and rat mesan-
gial cells in culture (Balmforth et al., 1988b; Bryson et al.,
1992) the orientation of the phenyl substituent of SCH 23390
is critical for potent antagonism. In addition, stereoselectivity
was also apparent from the difference (greater than two
orders of magnitude) in the concentration-effect curves of the
stereoisomers cis- and trans-flupenthixol.

In contrast to both SCH 23390 and cis-flupenthixol the
D2/DA2 dopamine receptor selective antagonists
domperidone and (-)-sulpiride were observed to be of very
low potency. Furthermore, no enhancement of dopamine-
induced stimulation of cyclic AMP formation was observed
in the presence of either domperidone or (-)-sulpiride,
indicating the absence of DA2 dopamine receptors, coupled
to the inhibition of adenylate cyclase, in this preparation.
Some previous investigators have suggested that vascular
tissues may express DA2 dopamine receptors (Missale et al.,
1988; Munch et al., 1991). However, it should be noted that
both groups performed radio ligand binding studies on mem-
brane preparations derived from homogenized arteries. It is
highly probable, therefore, that neuronal and endothelial cell
types, possibly expressing the DA2 dopamine receptor sub-
types, were also present. Detailed autoradiographic imaging
indicates that dopamine DA2 receptors are likely to be
located within the adventitia and endothelium, having no
direct association with vascular smooth muscle cells
(Amenta, 1990). Our own data would strongly support these
findings, indicating localization of a DA, dopamine but not a
DA2 dopamine receptor on vascular smooth muscle cells.
Vascular smooth muscle cells derived from the rat

mesenteric arterial-tree also express P-adrenoceptors both in
vivo (Nichols & Hiley, 1985) and in vitro (Hall et al., 1992).
For this reason all dopamine receptor characterization
studies were performed in the presence of the P-adrenoceptor
antagonist propranolol (10-6 M). In contrast with in vivo
observations, isolated vascular smooth muscle cells in culture
do not express functional a-adrenoceptors (Bobik, 1987). No

adequate explanation for this interesting observation has yet
been proposed. However, irrespective of the mechanism, the
absence of a-adrenoceptors in our system conveniently avoids
the need for an a-adrenoceptor antagonist to prevent
dopamine interactions at these sites.
We have observed that 6,7-ADTN is a full agonist at the

vascular dopamine receptor, equipotent to dopamine, and
with a Ka apparent value in the micromolar range. This is
consistent with previous reports for dopamine receptors,
coupled to adenylate cyclase, derived both from the
periphery (Kotake et al., 1981; Bryson et al., 1992) and also
those derived from the central nervous system (Balmforth et
al., 1988b). The vascular dopamine receptor expressed in our
experimental system demonstrated a greater affinity for DI/
DA, dopamine receptor selective agonists, SKF 38393 and
fenoldopam, than for either 6,7-ADTN or dopamine, giving
the following relative potency series, SKF 38393> fenol-
dopam> 6,7-ADTN = dopamine. However, both SKF 38393
and fenoldopam stimulated much lower maximal levels of
cyclic AMP formation than either dopamine or 6,7-ADTN
giving the relative efficacy series 6,7-ADTN = dopamine>
fenoldopam> SKF 38393. Our potency series is consistent
with those reported for radioligand binding and second
messenger studies of the centrally derived DI dopamine
(Balmforth et al., 1988b; Anderson et al., 1990; Sibley &
Monsma, 1992), and also the peripherally derived DA,
dopamine receptors (Hughes & Sever, 1989; Bryson et al.,
1992). However, these contrast with the potency series
reported for the DA, dopamine receptor when studied using
the physiological endpoint of vasorelaxation (Cavero et al.,
1982; Hilditch & Drew, 1985; Anderson et al., 1990). Though
at first this would appear to represent a discrepancy, further
consideration suggests that it is not. Both SKF 38393 and
fenoldopam act as partial agonists at the vascular DA,
dopamine receptor in this, as in most other in vitro experi-
mental systems. For example Hilditch & Drew (1985) report
that SKF 38393 produced no detectable relaxation of isolated
rabbit splenic arteries. However, by using SKF 38393 as an
antagonist instead, they were able to confirm the DA,
dopamine receptor of the high affinity for this compound.
A further explanation of the discrepancy between our own,

and previous reported agonist potency series for the DA,
dopamine receptor, concerns the contrasting use of the a-
adrenoceptor antagonist phenoxybenzamine. Many in vitro
and in vivo experiments have been performed following
exposure to large concentrations of phenoxybenzamine
(3 x 10-0M for up to 60 min; Goldberg & Kohli, 1979;
Brodde, 1982). This compound has often been used in
preference to alternative more selective a-adrenoceptor
antagonists as it also inhibits reuptake of noradrenaline into
sypathetic nerve terminals and thereby prevents the confoun-
ding effects of endogenous catecholamine release (Cuceddu et
al., 1974). However, we have observed that phenoxyben-
zamine produces potent and specific inhibition of the
vascular dopamine receptor (Hall et al., 1993). Possible
alkylation of DA, dopamine receptor sites by phenoxyben-
zamine, would be expected to result in a reduction of recep-
tor number. Because the maximum response produced by a
partial agonist requires occupation of all expressed receptors,
the effects of fenoldopam and SKF 38393 may be markedly
attenuated as a result. In contrast the effect produced by the
full agonists dopamine and 6,7-ADTN might be expected to
remain relatively intact, if spare receptors were present.
The potency series for both antagonists and agonists which

we have observed in this series of investigations, are consis-
tent with those described for the centrally derived human
glial cell DI dopamine receptor, and the peripherally derived
rat glomerular mesangial DA, dopamine receptor (Balmforth
et al., 1988b; Bryson et al., 1992) previously characterized by
members of our group using identical experimental techni-
ques. Furthermore, our results are consistent with radio-
ligand binding studies performed on membrane preparations
derived from homogenates of the rat striatum (Stoof &
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Kebabian, 1984) and also from the human renal cortex
(Hughes & Sever, 1989). This leads us to the conclusion that
rat mesenteric artery vascular smooth muscle cells in culture
express a dopamine receptor coupled to cyclic AMP forma-
tion, which has the pharmacological profile, characteristic of
the DI dopamine receptor subfamily (Sibley & Monsma,
1992).
Attempts to identify mRNA of the recently sequenced,

centrally derived, dopamine DI and D5 receptor subtypes, in
homogenized tissues derived from the rat liver, heart, kidney,
lung, and spleen, have so far been unsuccessful (Dearry et al.,
1990; Monsma et al., 1990; Sunahara et al., 1990; 1991). It
remains unclear however, whether this failure has been due
to a lack of resolution in the techniques which have been
employed in these studies, or whether it has been due to the

absence of the DI and D5 dopamine receptor subtypes within
the periphery. Such data suggest, that despite identical phar-
macological profiles, the peripherally derived vascular
dopamine receptor may be structurally distinct from cyclic
AMP, stimulating dopamine receptors expressed within the
central nervous system. The continued though perhaps tem-
porary, use of the DA, dopamine receptor nomenclature
therefore provides a helpful distinction when describing the
vascular dopamine receptor. However, were future work to
confirm that the DA1 dopamine receptor is structurally dis-
tinct from both the DI (DIA) and the D5 (DIB) subtypes, then
adoption of the D,c receptor nomenclature proposed by
Sibley & Monsma (1992) would become much more appro-
priate.
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Characterization of receptors for endothelins in the perfused
arterial and venous mesenteric vasculatures of the rat
'Pedro D'Orleans-Juste, Audrey Claing, *Timothy D. Warner, tMitsuo Yano & Sabine
elemaque

Department of Pharmacology, Medical School, Universite de Sherbrooke, Sherbrooke (Quebec) JiH 5N4, Canada; *The
William Harvey Research Institute, St. Bartholomew's Hospital Medical College, Charterhouse Square, London ECIM 6BQ
and tBanyu Pharmaceutical Co., Ltd., Tsukuba Research Institute, Tsukuba Techno-Park Ohu, Okubo 3, Tsukuba 300-33,
Japan

1 Endothelin-I and -3 induced marked arterial and venous constrictions in the perfused mesenteric
vasculature of the rat with endothelin-3 being at least 20 times less active than endothelin-l, on both
arterial and venous sides of the vasculature.
2 Two ETB selective agonists, BQ-3020 and IRL 1620 (500 pmol), induced weak constrictions of the
venous mesenteric vasculature and were inactive in the arterial side at doses up to 1000 pmol.
3 In mesenteric vasculatures precontracted with either methoxamine (arterial side) or the thromboxane
A2-mimetic, U46619 (venous side), acetylcholine or bradykinin produced vasodilatations of both arterial
and venous vessels, whereas endothelin-3 induced vasodilatations only on the arterial side.
4 A selective ETA receptor antagonist, BQ-123, blocked, in a concentration-dependent and reversible
fashion, the vasoconstrictions induced by endothelin-1 on both sides of the mesenteric circulation (IC50;
arterial side: 0.013 pM; venous side: 0.032 gM).
5 In contrast, the vasodilator responses induced by endothelin-3 on the arterial side of the precon-
tracted mesenteric vasculature were not affected by BQ-123.
6 The present study illustrates the presence of ETA receptors which are responsible for vasoconstriction
by endothelins in the arterial and venous mesenteric vasculatures. Furthermore, we suggest that the
vasodilatations induced by endothelin-3 in the arterial vasculature uniquely, are ETB receptor-mediated.

Keywords: Endothelin-l; endothelin-3; vascular effects; antagonist; BQ-123; endothelin receptors; mesenteric vasculature; IRL
1620; BQ-3020

Introduction

The responses of the venous and arterial portions of the
mesenteric vasculature of the rat to the potent vasoactive
peptides, endothelin-I and endothelin-3, were recently des-
cribed (Warner et al., 1989; Warner, 1990). In these two
studies, endothelin-1 was shown to be a potent vasoconstric-
tor of both sides of the rat mesenteric perfused vasculature.
In addition, various groups have shown that endothelins
have transient depressor properties in vivo in conscious and
anaesthetized rats as well as in the mesenteric vasculature of
the rat in vitro (de Nucci et al., 1988; Yanagisawa et al.,
1988; Warner et al., 1989; Gardiner et al., 1990; Le Monnier
de Gouville et al., 1990; Douglas & Hiley, 1991). The release
of vasodilator factors by endothelin-I in this vascular bed is
in accordance with the finding that the vasopressor effects of
endothelins are modulated by the release of vasodilator fac-
tors, such as endothelium-derived nitric oxide (EDNO) and
prostacyclin (de Nucci et al., 1988).

The recent cloning of at least two distinct receptor types,
namely ETA (Arai et al., 1990) and ETB (Sakurai et al.,
1990), has prompted studies to characterize which receptors
are involved in the various effects of endothelins. For in-
stance, ETA receptor activation has been initially associated
with the vasoconstrictor effect of endothelins, whereas it was
suggested that ETB receptors were responsible for the release
of EDNO (Webb, 1991). However, these concepts have been
recently challenged as the vasoconstriction of some venous

blood vessels as well as the rabbit pulmonary artery have
been shown to be mediated via the activation of ETB recep-
tors (Ihara et al., 1992b; Moreland et al., 1992). ETB-
mediated vasoconstrictions in the rabbit pulmonary artery
were further characterized by the use of the selective ETB

' Author for correspondence.

receptor agonists, IRL 1620 (Suc-[Glu9,Ala"'5]-endothelin-
1(8-21); Takai et al., 1992) and BQ-3020 ([Ala""']-endo-
thelin-1(6-21); Ihara et al., 1992b).

Ihara et al. (1992a) have shown that the potent, selective
ETA receptor antagonists, BQ-153 and BQ-123, markedly
suppress the pressor effects of endothelin-1 in conscious rats
without affecting its initial hypotensive effect. Furthermore,
this group suggested that the pressor response to endothelin-
1 is due to the activation of ETA receptors whereas its initial
hypotensive effect, which is perhaps due to the release of
EDNO (Whittle et al., 1989) and which remained unaffected
by the ETA-receptor antagonists, is mediated by ETB recep-
tors (Ihara et al., 1992a). These observations were confirmed
by Bigaud & Pelton (1992) and Douglas et al. (1992). Inter-
estingly, both groups demonstrated that BQ-123 not only
reduced the pressor effect but also potentiated the initial
depressor response to endothelin-1 in conscious (Bigaud &
Pelton, 1992) as well as in anaesthetized rats (Douglas et al.,
1992). In addition, the ETB receptor-mediated vasodilator
properties of endothelins have very recently been charac-
terized in rat aortic rings by Karaki et al. (1993) using a
selective ETB receptor antagonist, IRL 1038.

In contrast to the ETB-mediated vasodilator properties of
endothelin-l, we have recently shown that the endothelin-
induced release of prostacyclin from rat perfused lung is
mediated via the activation of ETA receptors (D'Orleans-
Juste et al., 1992). This suggests that even though both ETA
and ETB receptors are present in pulmonary tissues
(D'Orleans-Juste et al., 1992; Nakamichi et al., 1992), the
production of endogenous modulators of the vascular effects
of endothelin-1 may be triggered by receptors other than
ETB.
As the haemodynamic effects of endothelins are clearly due

to a series of interconnected events including the production
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of additional vasorelaxant factors, such as EDNO and pros-
tacyclin, the use of an isolated segmental vasculature, such as
the perfused mesenteric bed, is useful in allowing the phar-
macological delineation of the constrictor and EDNO-
releasing properties of various peptides including the
endothelins (Warner, 1990; D'Orleans-Juste et al., 1991;
Claing et al., 1992). Hence, this model was chosen to quan-
tify the receptors involved in the responses of the rat
mesenteric vasculature to endothelin-I and endothelin-3.

Methods

The rat mesenteric vascular bed perfused simultaneously
through the arterial and venous vasculatures

The rat mesentery was prepared as described previously
(Warner, 1990). Male albino Wistar rats (250-350 g) were

killed by stunning and exsanguination. The abdomen was

opened and the ileocolic and colic branches of the superior
mesenteric artery were tied. The portal mesenteric vein was

freed of connective and adipose tissues and was then can-

nulated (Portex tube size 3FG) 1.0- 1.3 cm distal to the
portal mesenteric junction. The superior mesenteric artery
was cannulated as described previously (McGregor, 1965).
Warm (37°C), oxygenated (95% 02: 5% C02) Krebs solution
(concentration in mM: NaCl 117.5, KCI 4.7, KH2PO4 1.2,
CaC12 2.5, MgSO4 1.2, NaHCO3 25, glucose 5.5) containing
heparin (100 u ml-') was then perfused through the
mesenteric artery at a flow of 2 ml min-' for 5 min. Follow-
ing this initial perfusion period, the mesentery was separated
from the intestine by cutting close to the intestinal border.
The venous and arterial vasculatures were subsequently per-

fused independently at flow rates of 2 ml min-' with Krebs
solution containing indomethacin (5 pM). The pressor res-

ponses to the endothelins, angiotensin II and noradrenaline,
as well as the vasodilatations induced by endothelins, acetyl-
choline and bradykinin were measured with pressure trans-
ducers (Statham, model P-23A) and recorded on a Grass
physiograph (model 7D).

Venous and arterial contractions of the mesenteric
vasculature in response to endothelin-J, endothelin-3,
angiotensin II and noradrenaline

Following an equilibration period of 45 min, the vasocons-
trictor effects of endothelin-1, endothelin-3, BQ-3020,
IRL 1620, angiotensin II and noradrenaline were measured
on both sides of the mesenteric vasculature. Agonists were
administered by bolus injections in volumes of 1 jlA. Individ-
ual drugs (maximum of four different drugs on each prepara-
tion) were administered consecutively at time intervals vary-
ing from 10 min (angiotensin II, noradrenaline) to 45 min
(endothelin-1, endothelin-3) to avoid tachyphylaxis. After the
first administration of the different agonists, BQ-123
(cyclo[D-Asp-L-Pro-D-Val-L-Leu-D-Trp]) (0.01-1FIM) was
infused starting from 15min before the second administra-
tion of the agonists. The IC_% of the antagonist was estimated
by monitoring the pressor responses of endothelin-I at the
highest dose (arterial: 100 pmol, venous: 25 pmol) in the
presence of increasing concentrations of BQ-123 (0.001 -1 ItM).

Endothelium-dependent vasodilatation

In order to quantify endothelium-dependent relaxations, the
perfusion pressures on both sides of the mesenteric circula-
tion were increased by infusing a sympathoinimetic, methox-
amine (100 pM), on the arterial side and a thromboxane
A2-mimetic, U46619 (0.5LM), on the venous side (Warner,
1990). The perfusion flow rate was increased to S ml min-'
on the arterial side to reduce spontaneous activity (Warner,
1990). When a steady elevation in perfusion pressure was
reached on both sides, endothelium-dependent vasodilators

of the arterial and venous mesenteric vasculature of the rat
(bradykinin, acetylcholine or endothelin-3: Warner et al.,
1989; Warner, 1990; D'Orleans-Juste et al., 1991; Claing et
al., 1992) were administered as bolus injections. In some
experiments, BQ-123 (0.1 ZlM) was infused starting from
15 min before the administration of bradykinin, acetylcholine
or endothelin-3.

Drugs

Endothelin-I and endothelin-3 were purchased from Penin-
sula Laboratories (Belmont, CA, U.S.A.). Bradykinin and
angiotensin II were synthesized in the laboratory of Dr D.
Regoli (Department of Pharmacology, Universite de Sher-
brooke, Sherbrooke, Quebec, Canada). Acetylcholine, indo-
methacin, noradrenaline and methoxamine were purchased
from Sigma (St. Louis, MO, U.S.A.). U46619 (9,11-dideoxy-
9ac,11a-methanoepoxy prostaglandin F20) was purchased
from Cayman Chemical Company (Ann Arbor, U.S.A.). The
ETA receptor antagonist, BQ-123 and the ETB receptor
agonist, BQ-3020, were synthesized at Banyu Pharmaceutical
Company (Tsukuba, Japan). The ETB receptor agonist, IRL
1620, was synthesized at Ciba-Geigy (Takarazuka, Japan).

Endothelin-1, endothelin-3, BQ-3020, IRL 1620 and BQ-
123 were dissolved in phosphate-buffered saline (pH: 7.4,
Sigma, St. Louis, MO, U.S.A.). All other agents were dis-
solved in saline (NaCl: 0.9%) or distilled water, except for
indomethacin which was dissolved in Trizma base (pH: 7.4,
0.2 M, Sigma).

Statistics

Results are shown as mean values ± s.e. mean for n
experiments. Statistical differences between and within groups
were compared by analysis of variance (ANOVA; Wallen-
stein et al., 1980). Statistical significance was assumed when
P< 0.05.

Results

Effects of BQ-123 on endothelin-l-induced arterial and
venous pressor responses

The basal perfusion pressures of the arterial and venous sides
of the mesenteric vasculature were 5.7 ± 0.9 mmHg (n = 11)
and 1.8 ± 0.3 mmHg (n = 7), respectively, when perfused at
2 ml min-'. Increasing the perfusion flow to S ml min-' in-
creased the perfusion pressure of the arterial vasculature to
14.3 ± 1.1 mmHg (n = 14).

Infusion of BQ-123 had no effect on the basal perfusion
pressure of either side of the vasculature while it markedly
reduced the increases in perfusion pressures induced by
endothelin-1 (25 pmol) (control, arterial side: 3.4 ± 0.3 mmHg,
venous side: 10.9 ± 0.8 mmHg; + BQ-123 (0.1 tLM), arterial
side: 0.7 ± 0.1 mmHg, venous side: 1.9 ± 0.3 mmHg, n = 6-8,
P<0.001; Figure 1). The response to endothelin-I was
almost restored to control values, 30 min after stopping the
infusion of the antagonist (arterial side: 2.6 ± 0.8 mmHg,
venous side: 8.0 ± 1.0 mmHg, n = 6-8, not significantly
different from control).

Characteristically, endothelin-l was 5-10 times less active
in the arterial (Figure 2a) mesenteric vasculature than in the
venous vessels (Figure 2b) (e.g. arterial side, 25 pmol:
2.7 ± 0.2 mmHg, 50 pmol: 4.6 ± 0.6 mmHg, n= 11: venous
side, 5 pmol: 3.0 ± 0.3 mmHg, 10 pmol: 8.0 ± 0.6 mmHg,
n = 7). BQ-123 (0.01 -1 liM) induced a concentration-depen-
dent antagonism (50 ± 5% to 100 ± 1%, n = 5 -8, P< 0.001)
of the contractions evoked by endothelin-1 (25- 100 pmol) on
the arterial side of the mesenteric vasculature (Figure 2a).
The IC50 value of BQ-123, estimated against the highest dose
of endothelin-l used in the present study (100 pmol), was
0.013 LM. In addition, 30 min after the cessation of the



ET RECEPTORS IN THE RAT MESENTERIC VASCULATURE 689

a
5

BQ-123 (0.1 ylM)
20min 20minn

- 25 25 25 ET-1 (pmol)

(Arn

o b
, 25 - BQ-123 (0.1 FAM)

(L 202min 20minin_

0- $

25 25 25 ET-1 (pmol)

5 min

Figure 1 Typical trace illustrating the pressor effect of endothelin-l (ET-1: 25 pmol) in the absence and presence of BQ-123
(0.1 M, 15 min) in the arterial (a) and venous (b) mesenteric vasculatures of the rat. This trace is representative of 7 other
experiments.

infusion of BQ-123 (0.01-0.1 tM), the responses of arterial
a mesenteric vasculature were completely recovered for the

30 - smaller doses of endothelin-1 (25 pmol: 2.6 ± 0.7 mmHg,
50 pmol: 4.0 ± 1.0 mmHg), but only partially for the highest
dose (100 pmol: 15.2 ± 4.1 mmHg). However, at the highest
concentration of BQ-123 (1 pM), the response was only par-

20 - tially restored, 30 min after the cessation of the infusion
(50 ± 8%, n = 5 of control values for each dose of endothe-

/* lin-1 tested, results not shown).
BQ-123 (0.01-1 fLM) induced a concentration-dependent

10- antagonism (35± 9 to 90± 2%, n = 5-7, P<0.001) of thevasoconstrictions induced by endothelin-1 (5-25 pmol) in the
j /* venous vasculature (Figure 2b). The ICso value for BQ-123,

I. . | C---s */_ _estimated against the dose of 25 pmol of endothelin-1 was
E ** +* * 0.032 IM. The response to endothelin-I (5-25 pmol) was
E o- vs v5 100 totally restored 30 min after the cessation of the infusion of

25 50 100 the lower concentrations of the antagonist (0.01-0.1 I M:
U) ET-1 (pmol) 8.0± 1.0 mmHg for the dose of 25 pmol of ET-1), but for

BQ-123 given at 1 tIM, the response was restored to only
50 ± 10% of the control value for the three doses of ET-1.

o b Endothelin-3 increased the perfusion pressures of both
cl 1 5-sides of the rat mesenteric vasculature (arterial side,

t 1000 pmol: 3.8 ± 0.6 mmHg, venous side, 200 pmol:
0- 8.0 ± 1.1 mmHg, n = 5). However, doses of endothelin-3, 20

times higher than endothelin-1, were required to obtain
10 - similar vasoconstrictions (endothelin-1; arterial side, 50 pmol:

4.3 ± 1.1 mmHg, venous side, 10 pmol: 7.9 ± 0.6 mmHg, n =
5-8).
BQ-3020 or IRL 1620, caused only small increases in the

5 - / / perfusion pressure on the venous side (BQ-3020, 500 pmol:
1.1 ± 0.1 mmHg; IRL 1620, 500 pmol: 1.8 ± 0.4 mmHg, n =
4-5), and were inactive as vasoconstrictors, even at doses of
1000 pmol on the arterial mesenteric vasculature.

0O
5 10 25

ET-1 (pmol) Lack of effect of BQ-123 on the pressor responses
induced by angiotensin II or noradrenaline

Figure 2 The dose-dependent effect of endothelin-l in absence (0) BQ-123 (1 pM) did not affect the vasoconstrictions induced
and presence of BQ-123 (*: 0.01 gM, 0: 0.1 gM, A: I tAM) on the by angiotensin II (100 pmol: venous, control: 8.4 ± 0.2
arterial (a) and venous (b) mesenteric vasculatures of the rat. Each mmHg; + BQ-123: 9.4 ± 0.5 mmHg, n = 4; Figure 3b) or
point is the mean ± s.e. mean of 5-8 determinations. *P<0.001. noradrenaline (1000 pmol: control, arterial side:
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Figure 3 Typical trace illustrating the effect of endothelin-l (ET-1: 25 pmol), angiotensin II (All: 100 pmol) and noradrenaline
(NA: 1000 pmol) in the absence and presence of BQ-123 (1 fLM) in the arterial (a) and venous (b) mesenteric vasculatures of the rat.
This trace is representative of 3 other experiments.
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Figure 4 The dose-dependent effect of endothelin-3 (ET-3:
10-300 pmol) and the vasodilator effects of acetycholine (ACh:
100pmol) and bradykinin (BK: 1000pmol) on the precontracted
arterial (methoxamine, 10011M) and venous (U46619, 0.5pM) vas-

culature in the absence (open columns) or presence (solid columns)
of BQ-123 (0.1 jtM). Columns indicate the mean with s.e. mean of
4-8 determinations. *P<0.01; **P<0.001.

8.1 ± 1.3 mmHg, venous side: 4.6 ± 1.0 mmHg; + BQ-123,
arterial side: 9.5 ± 3.1 mmHg, venous side: 5.1 ± 0.8 mmHg,
n = 4: Figure 3a and b), while it markedly decreased those
induced by endothelin-I (25 pmol) on both sides of the
mesenteric vasculature (Figures 3a and b).

Comparison of the vasoconstrictor and vasodilator
effects of endothelin-3 in the perfused mesenteric
vascular bed

Infusions of methoxamine (100 JLM, arterial side) or U46619
(0.5 gM, venous side) increased the perfusion pressures by
35.1 ± 3.2 mmHg (n = 14) and 12.3 ± 0.9 mmHg (n = 12),
respectively (Figure 4). Endothelin-3 (10-300 pmol) induced
dose-dependent vasodilatations of the arterial vessels, and
vasoconstrictions of the venous side of the mesenteric vas-
culature. In addition, acetylcholine (100 pmol) and
bradykinin (1000 pmol) induced marked vasodilatations of
the arterial and venous portion of the mesenteric bed, respec-
tively (20 ± 3% and 18 ± 3%, n = 5-6). BQ-123 (0.1 liM)
had no significant effect on the vasodilator response of the
arterial vessels to endothelin-3, but significantly reduced its
venoconstrictor effects. The antagonist had no effect on the
vasodilatation induced by acetylcholine (100 pmol: 19 ± 3%)
in the arterial vasculature nor by bradykinin (1000 pmol:
16 ± 2%) in the venous vasculature (Figure 4).

Discussion

Bolus i.v. administration of endothelin-I induces a prolonged
pressor response preceded by an initial transient depressor
response in conscious and anaesthetized rats (de Nucci et al.,
1988; Yanagisawa et al., 1988; Gardiner et al., 1990). The
selective ETA receptor antagonists, BQ-153 and BQ-123,
significantly reduce the pressor response to endothelin-1 in
conscious rats, yet do not alter its initial hypotensive effect
(Ihara et al., 1992a). The latter observation strongly suggests
that while the pressor response to endothelin-1 is
predominantly mediated by the activation of ETA receptors,
the initial hypotensive response may be due to the activation

a)

,) mCoC._
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0-
-
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of ETB receptors (Ihara et al., 1992a) and the possible release
of EDNO (Whittle et al., 1989).

In order to examine this possibility, we have tested the
endothelins in the double perfused mesenteric bed of the rat,
in which it is possible to assess separately the EDNO-
releasing and vasoconstrictor properties of various peptides
and autacoids (Warner, 1990).
The present study shows that the selective ETA receptor

antagonist, BQ-123, markedly reduced in a specific and
concentration-dependent fashion, the constrictor effects of
endothelin-l in both the arterial and venous sides of the
mesenteric circulation of the rat. This confirms that
endothelin-1 vasoconstricts the mesenteric bed via the activa-
tion of ETA receptors. In addition, our results show that
BQ-123, even at high concentrations, did not affect the
vasodilatations induced by endothelin-3. This peptide was
used as a vasodilator agent, instead of endothelin-1, since it
is a less potent vasoconstrictor agent within this preparation
and so more readily permits the characterization of the
vasodilator properties of endothelins, which have been
reported in vivo and in various vascular beds (Warner et al.,
1989; Lidbury et al., 1990).

Spinella et al. (1991) have reported the antagonist proper-
ties of an endothelin analogue ([D-Asp']-endothelin-l), which
markedly reduced the vasoconstrictive properties of
endothelin-I in the rat perfused lung. In addition, this group
has shown that the antagonist was selective for endothelin-I
and did not affect the increase in perfusion pressure induced
by endothelin-3 in the same experimental model. In contrast,
in the present study, we have shown that BQ-123 also mark-
edly reduced the vasoconstrictions induced by endothelin-3 in
the rat perfused mesenteric bed. The recent cloning of two
endothelin receptor subtypes, namely ETA (Arai et al., 1990)
and ETB (Sakurai et al., 1990), has included the observation
that the endothelins (endothelin-1, 2 and 3) show different
orders of potency on these two receptor subtypes. On the
ETA receptor, endothelin-I is much more potent than endo-
thelin-3, whereas on the ETB receptor, both peptides are

equipotent (Arai et al., 1990; Sakurai et al., 1990). As shown
in the present study, endothelin-1 was found to be 20 to 40
times more active than endothelin-3 at constricting both sides
of the rat mesenteric vasculature, thus suggesting that the
vasoconstrictor effects of endothelin-I in this vasculature are
mediated by the activation of ETA receptors. This hypothesis
is confirmed by experiments using BQ-123, which markedly
reduced the vasoconstrictor responses to endothelin-I and -3.
The increase in perfusion pressure caused by BQ-3020 or
IRL 1620, two highly selective ETB receptor agonists (Ihara
et al., 1992b; Takai et al., 1992) in the venous mesenteric
vasculature, illustrates the presence of a relatively small pro-
portion of non-ETA receptors in the mesenteric vasculature,
as initially reported by Randall et al. (1989) in the blood
perfused mesenteric bed of the rat.
Our data also indicate that endothelins release EDNO via

the activation of ETB receptors in the arterial mesenteric
vasculature. This conclusion is reinforced by the observations
of Karaki et al. (1993) who have reported ETB-mediated
vasodilator properties of endothelin-3 in rat aortic rings. It is
also noteworthy that endothelin-3 induced marked vasodilat-
ation in the arterial, but not in the venous portion of the
mesenteric vasculature, even though the veins responded
to bradykinin with endothelium-dependent vasodilatations
(Warner, 1990).

In conclusion, we have shown that endothelin- 1 and
endothelin-3 induced arterial and venous constrictions via the
activation of ETA receptors and arterial vasodilatation via
the activation of BQ-123-insensitive receptors, probably of
the ETB type, in the mesenteric vasculature of the rat.
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Identification of both NK1 and NK2 receptors in guinea-pig
airways
Katherine T. McKee, Lorna Millar, Ian W. Rodger & 'Kathleen M. Metters
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1 NK, and NK2 receptors have been characterized in guinea-pig lung membrane preparations by use of
[251I-Tyr8]-substance P and [251I]-neurokinin A binding assays in conjunction with tachykinin-receptor
selective agonists ([Sar9Met(02)"]substance P for NK, and [PAla8]neurokinin A (4-10) for NK2) and
antagonists (CP-99,994 for NK, and SR48968 for NK2).
2 The presence of high affinity, G-protein-coupled NK, receptors in guinea-pig lung parenchymal
membranes has been confirmed. The rank order of affinity for competing tachykinins was as predicted
for an NK, receptor: substance P = [Sar9Met(02)"]substance P>substance P-methyl ester=phy-
salaemin>neurokinin A= neurokinin B>>[PAla8]neurokinin A (4-10). The novel NK, antagonist
CP-99,994 has a Ki of 0.4 nM at this NK, site.
3 In order to characterize [125I]-neurokinin A binding to guinea-pig lung, the number of [12511]
neurokinin A specific binding sites was increased 3-4 fold by purification of the parenchymal memb-
ranes over discontinuous sucrose gradients. The rank order of affinity determined for NK,- and
NK2-receptor agonists and antagonists in competition for these sites showed that the majority (80%) of
[251I]-neurokinin A specific binding was also to the NK, receptor.
4 Under conditions where the guinea-pig lung parenchymal NK, receptor was fully occupied by a
saturating concentration of either [Sar9Met(02)1"]substance P (1I M) or CP-99,994 (2.7 PM), residual
['251]-neurokinin A specific binding was inhibited in a concentration-dependent manner by both
[PAla8]neurokinin A and SR48968. This result shows that the NK2 receptor is also present in these
preparations.
5 Similar studies using guinea-pig tracheal membranes demonstrated that [125I1-neurokinin A specific
binding was composed of a NK,-receptor component (60%), inhibited by both [Sar9Met(02)1']substance
P and CP-99,994, and a significant NK2-receptor component, inhibited by both [PAla8]neurokinin A and
SR48968.
6 In summary, these data demonstrate that guinea-pig lung parenchyma and guinea-pig trachea
express both NK, and NK2 receptors.

Keywords: Tachykinin; substance P; CP-99,994; SR48968; guinea-pig airways; neurogenic inflammation; radioligand binding

Introduction

Substance P (SP), neurokinin A (NKA) and neurokinin B
(NKB) form part of the mammalian tachykinin family of
biologically active peptides (Maggio, 1988). The wide spec-
trum of neuronal and non-neuronal physiological events
involving tachykinins are receptor-mediated. These peptides
all share the conserved carboxyl-terminal sequence (Phe-X-
Gly-Leu-Met-NH2) which is essential for receptor activation,
while their diverse amino terminal domains are thought to
govern receptor selectivity (Krause et al., 1992). Substance P,
NKA and NKB have been shown to interact preferentially
with NKI, NK2 and NK3 receptors, respectively, three dis-
tinct G-protein-coupled receptor types which have now been
cloned and sequenced (Masu et al., 1987; Yokoto et al., 1989;
Shigemoto et al., 1990).
The results of in vitro and in vivo studies show that

tachykinins are mediators of bronchoconstriction, plasma
extravasation, mucous production and vasodilatation, all
characteristic of neurogenic inflammation in the respiratory
tract (Barnes et al., 1990). These peptides are released from
sensory nerve fibres originating in the airway epithelium in
response to a variety of noxious stimuli (Solway & Leff,
1991), producing pronounced spasmogenic effects on res-
piratory smooth muscle. In addition, SP and NKA are
known to modulate immune cell function through their
effects on T-lymphocytes, B-lymphocytes, macrophages, mast
cells and monocytes (Casale, 1991). It has been proposed,

' Author for correspondence.

therefore, that the tachykinins may contribute to the
pathogenesis of certain respiratory disease states such as
bronchial asthma, both by decreasing airway calibre and
modulating the cells involved in the inflammatory response.
The precise role played by the individual tachykinins and

their receptor types in pulmonary pathophysiology is cur-
rently being elucidated. It has been demonstrated that plasma
extravasation in guinea-pig upper airways (trachea and main
bronchi) is mediated via NK, receptors (Murai et al., 1992),
whereas in lower airways (secondary bronchi and intraparen-
chymal airways) plasma extravasation is mediated via both
NK, and NK2 receptors (Tousignant et al., 1993a,b). Simi-
larly, bronchoconstriction in guinea- pig airways appears to
be mediated via both NK, and NK2 receptor types (Regoli et
al., 1987). In support of these functional studies suggesting
that guinea-pig respiratory tissues contain multiple tachy-
kinin-receptor types, several groups have characterized NK,
receptors in guinea-pig lung membranes by radioligand bind-
ing techniques (Coats & Gerard, 1989; Aharony et al., 1991;
Geraghty et al., 1992). However, as yet, NK2 receptors have
not been identified unambiguously to be present in these
preparations.

Delineating the receptor types present in guinea-pig lung is
complicated by the non-selectivity of the endogenous
tachykinins normally used as probes and, in addition, the
extreme susceptibility of these peptides to metabolism by a
variety of proteases. These problems have been partially
alleviated by the development of metabolically stable and
highly selective peptide agonists {[Sar9,Met(02)"]-SP (Regoli

'." Macmillan Press Ltd, 1993Br. J. Pharmacol. (1993), 110, 693-700
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et al., 1988) at the NK, site and [P-Ala8]NKA (4- 10)
(Rovero et al., 1989) at the NK2 site} and non-peptide
antagonists {CP-99,994 (McLean et al., 1992) at the NK, site
and SR48968 (Emonds-Alt et al., 1992) at the NK2 site}. In
this paper we have used these selective agonists and
antagonists, in conjunction with radioligand binding techni-
ques, to identify both NK, and NK2 receptors in guinea-pig
lung parenchyma and trachea.

Methods

Guinea-pig lung parenchymal and tracheal membrane
preparation

Guinea pigs (male; 350 g) were killed by cervical dislocation
and the lung tissues removed. All subsequent procedures
were performed either on ice or at 4°C. The tracheae were
removed and processed as described below. The remaining
connective tissue, major airways and large blood vessels were
then dissected away and the lung tissue (principally paren-
chyma) was finely minced prior to homogenization in 10
volumes of 10 mM HEPES/KOH, pH 7.4, containing 0.25 M
sucrose, 2 mM EDTA, 2 mM phenylmethylsulphonyl fluoride,
1I0 g ml-' pepstatin, 10 tig ml-' leupeptin, and 10 JAM E-64,
using 5 s bursts of a Polytron homogenizer (Brinkman In-
struments). The homogenate was then subjected to differ-
ential centrifugation at 1,000 g for 10 min, at 10,000 g for
15 min, and finally at 100,000 g for 40 min. The resulting
pellets were washed by resuspension in 20 vol of 10 mM
HEPES/ KOH, pH 7.4, followed by centrifugation at 150,000
g for 40 min. The final membrane pellets were resuspended in
50 mM Tris/HCI, pH 7.4, at a final concentration of 7- 10 mg
ml-' of membrane protein and stored at - 80°C.

For the ['25I]-NKA binding assays, the guinea-pig lung
membranes were further purified over discontinuous sucrose
gradients. The 100,000 g membrane fraction was resuspended
in 10 mM HEPES/KOH, pH 7.4, containing 10% (w/v) suc-
rose, at a final protein concentration of 1-2 mg ml-'. The
tissue suspension was then carefully layered over 10 mM
HEPES/KOH, pH 7.4, containing 40% (w/v) sucrose in a 3:2
(v/v) ratio. The discontinuous sucrose gradient was cen-
trifuged in a swinging bucket rotor at 83,000 g for 60 min.
The membrane fraction located at the interface of the sucrose
gradient layers was recovered using an automated pump
(Buchler Instruments) and then washed by a 10 fold dilution
in 10 mM HEPES/KOH, pH 7.4, followed by centrifugation
at 150,000 g for 40 min. The final membrane pellets were
again resuspended in 50 mM Tris/HCI, pH 7.4, at a final
concentration of 3-5 mg ml-' of membrane protein and
stored at -80°C.

Guinea-pig tracheal membranes were prepared by homo-
genization, as described for the parenchymal preparations.
The homogenate was initially centrifuged at 1,000 g for
15min, and then at 100,000g for 40min. The membrane
pellets were resuspended at 50mM Tris/HC1, pH 7.4, at a
final concentration of 3-8mgml ' of tracheal membrane
protein and stored at -80°C.

['251]-neurokinin radioreceptor binding assays

['25I]-neurokinin (['25I]-NK) binding assays were routinely per-
formed in 50 mM Tris/HCI, pH 7.4, containing 0.01% (w/v)
bovine serum albumin, 200 JAM chymostatin, 10011M leupep-
tin, 100 JiM phosphoramidon, 100 JAM captopril, 250 JAM bes-
tatin, and 0.005% (v/v) 2-mercaptoethanol. For the guinea-
pig lung parenchymal ['25I-Tyr8]-SP binding assay, the 250 Jll
incubations also included 1 mM MnCl2, 20-25 pM [125I-Tyr8]-
SP and 75 jg of membrane protein. Non-specific binding was
determined in the presence of 1 JLM SP. For the guinea-pig
lung parenchymal ['25I]-NKA binding assay, the 500 AlI
incubations also included 3 mM MnCl2, 20-25 pM ['25I]-NKA
and 250 fg of sucrose-purified membrane protein. For the

guinea-pig tracheal ['25I]-NKA binding assay the 500 JAl
incubation also included 10 mM MnCl2, 50 pM [125I]-NKA
and 300-500yg of membrane protein. Non-specific binding
was determined in the presence of 1 JAM NKA. Aliquots of
frozen membrane preparations were initially resuspended in
the presence of EDTA, to give a final concentration of 1 mM
in the incubation medium.

Incubations were conducted for 1 h for [251I-Tyr8]-SP bin-
ding assays and 2 h for [251I]-NKA binding assays, both at
room temperature. Bound and free radioligand was then
separated by rapid filtration, under vacuum, through What-
man GF/B filters presoaked for 4 h, at 4°C, in 20 mM Tris/
HCI, pH 7.4, containing 0.1% polyethylenimine and 0.01%
(w/v) bovine serum albumin (BSA). The filters were washed
with approximately 16 ml of 20 mM Tris/HCI, pH 7.4, con-
taining 0.01 % (w/v) BSA and the residual radioactivity
bound to the filters determined by gamma counting, with an
efficiency of approximately 80%.

In all experiments specific binding was defined as the
difference between total binding and non-specific binding,
determined in the presence of an excess (> 10000 fold) of the
appropriate unlabelled competing ligand. Specific binding
was linear with respect to both membrane protein concentra-
tion and radioligand concentration, and routinely represented
70-90% of the total radioligand bound to the membrane
protein.

Data calculation

The first-order dissociation rate constant (k_,) was deter-
mined as the slope obtained by linear regression analysis of
plots of ln B/Bo on the y-axis, versus incubation time in min
on the x-axis, where B is the amount of radioligand bound at
a given incubation time and Bo is the amount of radioligand
bound at time zero. This analysis was also employed to
determine the observed association rate constant (k.bS) which
was then expressed as k0b,/[radioligand].

Scatchard plot analysis was performed by linear transfor-
mation of saturation binding curves using Accufit Saturation-
One Site data analysis software (Beckman Instruments Inc.)
based on the linear transformation of Scatchard (1949) and
Rosenthal (1967). Hill coefficients were determined as the
slope obtained by linear regression analysis of plots of log
B/(Bmax-B) (y-axis) versus log [radioligand] (x-axis), where B
is the amount of specific binding at a given radioligand
concentration and Bmax is the maximum specific binding
observed (Hill, 1910).

Sigmoidal equilibrium competition curves were analysed by
custom designed software employing a non-linear least-
squares curve fitting routine based on a four parameter
logistic equation to determine IC50 values and slope factors
(apparent Hill coefficients). The corresponding Ki values were
calculated from the equation Ki = IC50/1 + ([radioligand]/KD).

Reverse phase high performance liquid chromatography

Reverse phase high performance liquid chromatography (r.p.-
h.p.l.c) was employed to assess the stability of the ['251]-NKs
under radioreceptor binding assay conditions. [125I]_
neurokinin binding assays were performed in a final incuba-
tion volume of 500 JAl of 50 mM Tris/HCl, pH 7.4, essentially
as described above, but omitting MnCl2, which was found to
interfere with r.p.-h.p.l.c. analysis. The incubation medium
also contained different combinations of the following
inhibitors: leupeptin (0-100 JM), phosphoramidon (0-
1I00 JM), captopril (0-100 JAM), chymostatin (0-200 JM) and
bestatin (0-250 JM). Control incubations were performed
both in the absence of inhibitors and the absence of mem-
branes.

Following a 1 h or 2 h incubation at room temperature for
['25I-Tyr8]-SP and ['25I]-NKA binding assays, respectively, the
membranes were recovered by centrifugation at 150,000 g for
15 min, at 4°C. The supernatant containing the unbound
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radioligand was removed, the resulting membrane pellet
resuspended by sonication in 250 I of 0.1% (v/v) trifluoro-
acetic acid (TFA) and the supernatant containing the bound
radioligand recovered by a second centrifugation, conducted
under the same conditions. Unbound and bound radioligand
fractions were analysed by r.p.-h.p.l.c., using a Nova Pak C18
column (0.39 x 15 cm; Waters Associates) equilibrated in
0.1% (v/v) TFA. Following the initial 5 min wash with 0.1%
(v/v) TFA, the ['251]-peptide(s) was eluted with a linear
gradient from 0 to 60% (v/v) acetonitrile in 0.1% TFA,
developed over 60 min, at a flow rate of 1 ml min-'. The
radioactivity profile was monitored by on-line solid scintilla-
tion counting using a flow-through h.p.l.c. radioactivity
monitor. The recovery following r.p.-h.p.l.c. was 100%.

Protein determination

Protein concentration was determined by monitoring the
absorbance at 562 nm produced by the formation of protein-
Cu' +-bicinchoninic acid complexes in alkaline solution
(Smith et al., 1985), with BSA used as the standard.

Materials

Guinea-pigs were obtained from Charles River (LaSalle
Quebec, Canada); ['25I-Tyr8]-SP (2200 Ci mmolP') and [125I]-
NKA (2200 Ci mmol ') were from New England Nuclear
(Mississauga, Ontario, Canada); SP, NKA, neurokinin B, SP
methyl ester, physalaemin, [Sar9,Met(02)"]SP, and [P-Ala8]-
NKA (4-10) were from Peninsula Laboratories, Inc. (Bel-
mont, CA, U.S.A.); MEN 10,376 (H-Asp-Tyr-(D)Trp-Val-
(D)Trp-(D)Trp-Lys-NH2) was from IAF BioChem (Montreal,
Quebec, Canada); CP-99,994 ((+),(2S,3S)-3-(2-methoxybenzyl-
amino)-2-phenylpiperidine), L-736,322 ((-),(2R,3R)-3-(2-meth-
oxybenzylamino)-2-phenylpiperidine), RP67580 (7,7-diphenyl-
2 [I -imino -2(2-methoxyphenyl) -ethyl]perhydroisoindol -4 -one
(3aR,7aR)), RP68651 (7,7-diphenyl-2[1-imino-2(2-methoxy-
phenyl)-ethyl]perhydroisoindol-4-one (3aS,7aS)) and SR49868
((S)-N-methyl-N4-(4-acetylamino-4-phenyl piperidino)-2-(3,4-
dichlorophenyl)butyl]benzamide) were synthesized by Merck
Research Laboratories; E-64 and GTPyS were from Boeh-
ringer Mannheim (Laval, Quebec, Canada); eledoisin, senk-
tide, bestatin, captopril, chymostatin, leupeptin, pepstatin,
phosphoramidon, phenylmethylsulphonyl fluoride, EDTA
and polyethylenimine were from the Sigma Chemical Com-
pany (St. Louis, Missouri, U.S.A.); the protein determination
kit was from Pierce (Rockford, U.S.A.). All other reagents
were of analytical grade.

Results

['25I]-neurokinin metabolism

Both ['25I-Tyr8]-SP and ['251]-NKA were completely degraded
when incubated with guinea-pig lung parenchymal mem-
branes, in the absence of protease inhibitors, under the con-
ditions used for ['25I]-NK binding assays (Figure 1). Both
radioligands were stable when incubated in the absence of
membranes. Extensive r.p.-h.p.l.c. analysis of binding assay
incubations was conducted in order to establish the precise
inhibitor mixture necessary to prevent ['25I]-NK metabolism.
Protease inhibitors effective against different classes of
enzymes were evaluated over a concentration range up to
500 JAM, both singly and in various combinations. The follow-
ing inhibitors were all found to be essential in blocking a
component of ['25I]-NK degradation at the concentration
indicated, and were routinely included in [251I]-NK binding
assay incubations: phosphoramidon (100 AM) for neutral
endopeptidase (EC 3.4.24.11), bestatin (250 JM) for amino-
peptidase, captopril (100 AM) for angiotensin coverting
enzyme (EC 3.14.5.1), chymostatin (200 JAM) for chymo-
trypsin-like serine proteases, and leupeptin (100 JM) for
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Figure 1 R.p.-h.p.l.c. analysis of [X25I-Tyr8]-substance P ([ 251I-Tyr8]-
SP) and ['251]-neurokinin A ([1251]-NKA) metabolism. The stability of
['251-Tyr8]-SP and ['25I]-NKA during radioreceptor binding assays
was assessed by r.p.-h.p.l.c., as described in the Methods. (a) and (c)
show the elution positions of the ['25I-Tyr8]-SP and ['25I]-NKA stan-
dards; (b) and (d) show the profile of unbound radiolabelled material
following incubation of ['25]-Tyr8]-SP and ['25I]-NKA in the absence
(---) and presence ( ) of an inhibitor mixture of leupeptin
(100 gM), phosphoramidon (100 JAM), captopril (100 gM), chymostatin
(200 IM) and bestatin (250 JM). The profile obtained for bound
radiolabelled material was essentially the same (data not shown).

trypsin-like serine proteases. Thiorphan, a specific neutral
endopeptidase inhibitor, was found to be equipotent with
phosphoramidon in inhibiting ['l25]-NK breakdown, while the
cysteine protease inhibitor E-64 and the aspartic protease
inhibitor pepstatin had no effect. Analysis by r.p.-h.p.l.c.
showed that the chosen mixture inhibited over 90% of the
['251]-NK degradation previously observed, in both the
unbound and bound radioligand fractions, over the binding
assay incubation period (Figure 1). The inhibitor mixture
also blocked over 95% of the metabolism of ['l25]-NKA by
guinea-pig tracheal membranes.

Characterization of the NK, receptor in guinea-pig lung
parenchymal membranes

Enhancement by divalent cations ['251I-Tyr8]-SP specific bind-
ing to guinea-pig lung parenchymal membranes was enhanc-
ed in the presence of divalent cations with Mn2 > Mg2"
>> Ca2' (Figure 2). The optimum divalent cation concent-
ration was 1 mM for Mn2", which resulted in a 5-6 fold
increase in [125I-Tyr8]-SP specific binding, from a baseline
level of 595 ± 71 c.p.m. to 3450 ± 170 c.p.m. (n = 3). Diva-
lent cation concentrations greater than 10 mM proved
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Analyses by Scatchard and Hill plot ['25I-Tyr8]-SP specific
binding to guinea-pig lung parenchymal membranes was
saturable, as demonstrated by incubation with an increasing
concentration (2-200 pM) of ['251I-Tyr8]-SP, in the presence
and absence of 1 tLM unlabelled SP. Scatchard analysis of the
deduced specific binding saturation curve demonstrated that
['25I]-Tyr8]-SP specific binding conformed to a single binding
site model, with a KD of 46 ± 4 pM (n = 3) and a maximum
number of binding sites (Bmax) of 67 ± 6 fmol mg'l of mem-
brane protein (n = 3). Analysis of the specific binding data by
Hill plot gave a straight line, with a Hill coefficient of
0.96 ± 0.01 (n = 3), close to unity. This confirms that [12511
Tyr8]-SP was binding in an independent manner to a site, or
sites, with one apparent affinity in these preparations, with
no evidence for cooperativity.

Equilibrium competition curves Tachykinin-receptor agonists
and antagonists were used to compete for [I251-Tyr8]-SP

10 100 specific binding to guinea-pig lung parenchymal membranes
(mM) (Table 1). The most potent competing ligands were the NK1

preferring SP and the selective NK, agonist [Sar9Met(02)T]-
-substance p ([12511 SP, which were equipotent, with IC50 values of approximately
branes. [251I-Tyr8]- 0.1 nM. Substance P-methyl ester and the amphibian peptide
n the Methods, in physalaemin, which also interact preferentially with NK,
i) and CaCl2 (i) receptors, were only 10-20 fold less potent than SP. In

ntative data from comparison, NKA, NKB and eledoisin, which bind preferen-
tially to NK2 and NK3 receptors, respectively, were less
effective in competing for ['25I-Tyr8]-SP specific binding to
guinea-pig lung parenchymal membranes, being 300-600 fold
less potent than SP. Most strikingly, the highly selective NK2

Tyr8]-SP specific agonist [LAla8]NKA (4-10) was considerably less potent
when competing for these ['25I-Tyr8]-SP specific binding sites,
with an IC5o value of 4.4 gM, while the NK3-selective agonist

Lte of association senktide (Wormser et al., 1986) was inactive.
ymal membranes In agreement with the profile obtained for tachykinin-
e constant (kobs! receptor agonists the selective NKI-receptor antagonist CP-
1-l M-1 (n = 2). 99,994 was a potent competing ligand for [251I-Tyr8]-SP
on period. Addi- specific binding to guinea-pig lung parenchymal membranes,
eting SP (1 gtM) with an IC50 value of 0.6 ± 0.1 nM (Table 1). The related
of [251I-Tyr8]-SP, 2R,3R enantiomer L-736,322 was 1,000 fold less potent with
istant (k_,) of an IC50 value of 633 ± 118 nM. In contrast, the NK1 anta-
GTP1S with the gonist (-)-RP67580 (Garret et al., 1991) was 300 fold less
dissociation of potent than CP-99,994 in competition assays, with an IC50 of

Is within 1 min 181 ± 31 nM. In this case, the related (+)-enantiomer
RP68651 was totally inactive at concentrations up to 20 ELM.
In comparison, the NK2-selective antagonists SR48968 and
MEN 10,376 (Maggi et al., 1991) were poor competitors for
[251I-Tyr8]-SP specific binding to these preparations, with IC 5
values of 1.1ILM and >1O ELM, respectively.

Characterization of ['25I]-neurokinin A specific binding
to guinea-pig lung parenchymal membranes

Enhancement by divalent cations Initial binding assays inves-
tigating the effect of divalent cations on ['251]-NKA specific
binding to guinea-pig lung parenchymal membranes were
conducted using the 100,000 g membrane fraction. Under the
experimental conditions there was no detectable ['251]-NKA
specific binding to these preparations in the absence of diva-
lent cations, but [i2sI]-NKA specific binding was substantially
increased in the presence of both Mg2+ and Ca2". Further

20 80
I experiments demonstrated, however, that Mg2+- and Ca2"-

0 20 40 60 80 100 120 enhanced ['251]-NKA specific binding was not inhibited by
Incubation time (min) GTP'S, neurokinins, other than NKA, nor by receptor

antagonists, and did not, therefore, represent specific binding
Association and dissociation of [1251I-Tyr8]-substance P to a tachykinin receptor (data not shown).

']-SP) binding to guinea-pig lung membranes. The rates of In contrast to the results with Mg2' and Ca2+, only a
in of total (@) and non-specific (U) binding of ['251-Tyr8]- slight enhancement of [1251I]-NKA specific binding to guinea-
nea-pig lung parenchymal membranes were followed, at the
time intervals, by removing and filtering 250p1l aliquots pig lung parenchymal membranes was observed in the
nogeneous binding assay mixtures incubated in the absence presence of Mn . Further purification of the guinea-pig
tresence (U) of I gLM SP. At 60 min the rate of dissociation parenchymal lung membranes over discontinuous sucrose
binding was monitored, in the same manner, following gradients, however, resulted in a 3-4 fold increase in the
of either 1 jAM SP (0), or 1 p1M SP with 100 j.M GTPyS (E). number of Mn2+-dependent, [I251]-NKA specific binding sites,

I " . I
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Table 1 Competition curves: tachykinin-receptor agonists and antagonists were used to compete for ['25l-Tyr8]-substance P
(['25I-Tyrl]-SP) specific binding to guinea-pig lung parenchymal membranes and [I25I]-neurokinin A (['2'I]-NKA) specific binding to
sucrose-purified guinea-pig lung parenchymal membranes

Competing ligand

Agonist
NK,
SP
[Sar9Met(02)"]SP
SP-methyl ester
Physalaemin
NK2
NKA
[P-Ala8]NKA (4-10)
NK3
NKB
senktide
Antagonist
NK,
CP-99,994
L-736,322
RP67580
RP68651
NK2
SR48968
MEN 10376

[125ITy,AISP
IC50 (nM) Slope factor

0.083 ± 0.004 (10)
0.11±0.01 (3)
1.35± 0.09 (3)
1.5 ± 0.4 (3)

31±5 (3)
4393 ± 472 (3)

28.4 ± 0.3 (3)
>10000 (3)

0.6± 0.1 (3)
633± 118 (3)
181 ± 31 (3)
>20000 (2)

1170 ± 202 (3)
> 10000 (3)

0.98 ± 0.02 (9)
0.92 ± 0.03 (3)
0.85 ± 0.03 (3)
1.1 ± 0.2 (3)

0.74 ± 0.04 (3)
0.73 ± 0.1 (3)

0.83 ± 0.04 (3)

1.03 ± 0.02 (3)
1.05 ± 0.06 (3)
0.93 ± 0.03 (3)

0.92 ± 0.07 (3)

[1251]-NKA
IC50 (nM) Slope factor

0.17± 0.09 (3)
0.12±0.01 (6)*
0.84 ± 0.42 (3)

0.3 (1)

1.25 ± 0.05 (3)
0.96 ± 0.12 (5)
0.58 ± 0.04 (3)

0.73 (1)

2.3 ± 0.3 (4) 0.96 ± 0.07 (4)
87 ± 11 (3) 0.69 ± 0.09 (3)

9 (2)
> 10000 (3)

0.47 ± 0.05 (4)*
447 (2)*
ND
ND

617±71 (3)
7763 ± 872 (3)

0.79 (2)

0.64±0.11 (4)
0.53 (2)

0.66±0.11 (3)
0.57 ± 0.06 (3)

ICm values and slope factors (apparent Hill coefficients) were determined as described in the Methods and are shown ± s.e.mean with
the number of observations given in parentheses. ND = not determined. Maximum specific binding was defined as the difference
between total binding and non-specific binding determined in the presence of 1 JuM of SP or NKA, respectively. The maximum
inhibition of specific binding (Im.) was 100% in all cases except for the inhibition of ['25l]-NKA specific binding by [Sar9Met(02)"]SP,
CP-99,994 and L-736,322 where Im, was 80% (*). The ICM values and slope factors for these three competing ligands were calculated
with non-specific binding determined in the presence of I JLM of [Sar9Met(02)"]SP or CP-99,994 or 30 lJM L-736,322, respectively.

from 0.59 ± 0.03 to 1.87 ± 0.06 fmol of ['25I]-NKA bound
mg-' membrane protein (n = 3). The optimal Mn2" concen-
tration for both purified and non-purified membrane pre-
parations was 3 mM. In addition, Mn2+-enhanced ['251I]-NKA
specific binding fulfilled the criteria for binding specifically to
a tachykinin receptor(s), as described in the following sec-
tions.

Rates of association and dissociation The profile obtained
for the association and dissociation of ['25I]-NKA specific
binding to sucrose-purified parenchymal membranes was
directly comparable to the profile previously observed for
[251I-Tyr8]-SP specific binding to guinea-pig lung parenchymal
membranes. The rate of association of Mn2+-dependent [1251]_
NKA specific binding to sucrose-purified parenchymal mem-
branes was very slow (k.b,/[radioligand] = 0.8 x 109 min-'
M-1, n = 2). In this case equilibrium was attained over a 2 h
incubation at room temperature. The rate of dissociation
provoked by addition of excess competing NKA (1 JAM) was
also slow (k- = 0.01 min-', n = 2), while the addition of
GTPyS (100 gM) with the NKA, again resulted in the rapid
and complete dissociation of ['25I]-NKA binding to non-
specific levels.

Equilibrium competition curves Selected tachykinin-receptor
agonists and antagonists were used to compete for [125I]-
NKA specific binding to sucrose-purified guinea-pig lung
parenchymal membranes. The rank order of potency observed
for the peptide agonists was SP = [Sar9Met(02)"1]SP> SP-
methyl ester>NKA>NKB>> [PAla8]NKA (4-10), with
senktide inactive at concentrations up to 10LM. This was
directly comparable with the rank order of potency deter-
mined for these ligands in competition for ['251I]-Tyr8]-SP
specific binding to guinea-pig lung parenchymal membranes
(Table 1).
The results for inhibition of [251I]-NKA specific binding to

sucrose-purified guinea-pig lung parenchymal membranes by
NKI- and NK2-receptor antagonists were also comparable
with the data obtained for inhibition of [125I-Tyr8]-SP specific

binding to guinea-pig lung parenchymal membranes by these
compounds. Thus, the NKI-selective CP-99,994 was the most
potent competing ligand, displaying an IC50 value of
0.47 ± 0.05 nM, with the related stereoisomer L-736,322 again
1000 fold less potent. The NK2-selective SR48968 and MEN
10,376, however, were still relatively poor in competition for
['251I]-NKA specific binding to these preparations, displaying
IC50 values of 0.62 ± 0.07 JAM and 7.8 ± 0.9 JAM, respectively
(Table 1).
The highly NKI-selective [Sar9Met(02)"]SP and CP-99,994,

however, only inhibited approximately 80% of the [125I]_
NKA specific binding to sucrose-purified guinea-pig lung
parenchymal membranes (Figure 4). ['251]-NKA binding
assays were therefore conducted in the presence of saturating
concentrations of [Sar9Met(02)"]SP (1 JM) or CP-99,994
(2.7 JM) to abolish the NKI-receptor binding component.
Under these conditions, the remaining ['25I]-NKA specific
binding could be completely inhibited in a concentration-
dependent manner by both [PAla8]NKA (4-10) and SR48968,
with IC50 values of 27 ± 7 nM (n = 3) and 0.23 ± 0.04 nM
(n = 4), respectively (Figure 4), while the NK3-selective
agonist senktide was inactive at concentrations up to 1O JAM.

Characterization of ['251]-neurokinin A specific binding
to guinea-pig tracheal membranes

['25I]-NKA binding assay Due to the relatively low amount
of membrane protein obtained from guinea-pig tracheal
preparations, a limited series of experiments was conducted
to identify the tachykinin-receptor types present in this tissue.
The characteristics of [125I]-NKA specific binding to guinea-
pig tracheal membranes were essentially the same as those
observed for sucrose-purified guinea-pig lung parenchymal
membranes. ['25I]-NKA specific binding was enhanced by
Mn2+ ions, although in this case the optimum cation concen-
tration was 10 mM. In addition, the equilibrium for [125I]_
NKA specific binding to guinea-pig tracheal membranes was
reached over a 2 h incubation period, and the dissociation of
the radioligand provoked by addition of excess competing
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Figure 4 Competition for [125 ]-neurokinin A (['25I]-NKA) specific
binding to sucrose-purified guinea-pig lung parenchymal membranes
by selective tachykinin-receptor agonists and antagonists. ['251]-NKA
binding assays were performed, as described in the Methods, in the
presence of 3 pM-300 nm of either [Sar9,Met(02)"JSP (O), (a), or

CP-99,994 (0). Residual ['251]-NKA specific binding was then com-

peted for with 0.3 nM- 10M [P-Ala5]NKA (4-10) (U, in the
presence of I gtM [Sar',Met(02)"]SP, (a), or 30 pM-30 nM SR48968
(0), in the presence of 2.7 1LM CP-99,994 (c). The inhibition curves

for [P-Ala8]NKA (4-10) and SR48968 expressed as a function of the
percentage maximum specific binding determined in the presence of
1 ytM [Sar9,Met(02)']SP and 2.7 FAM CP-99,994, respectively, are

shown in (b) and (d). The IC50 values for competing NK1- and
NK2-receptor agonists and antagonists were calculated on the basis
of the maximum specific binding to the individual NKI- and NK2-
receptor components.

NKA was significantly increased by simultaneous addition of
100 gM GTPyS.

Equilibrium competition curves Approximately 60% of [125I]_
NKA specific binding to guinea-pig tracheal membranes
could be inhibited in a concentration-dependent manner by
the NKI-selective [Sar9Met(O2)"]SP and CP-99,994, with IC50
values of 0.2 nM (n = 2) and 0.5 nM (n = 2), respectively
(Figure 5). The remaining ['251I]-NKA specific binding compo-
nent could then be completely inhibited in a concentration-
dependent manner by either the NK2-selective agonist
[pAla8]NKA (4-10) or antagonist SR-48968, with IC50 values
of 88 nM and 0.9 nM (n = 2) (Figure 5).
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Figure 5 Competition for ['251]-neurokinin A (['25I]-NKA) specific
binding to guinea-pig tracheal membranes by tachykinin-receptor
selective agonists and antagonists. [125I]-14" binding assays were
conducted as described in Figure 4. (a) Shows the concentration-
dependent inhibition of ['251I]-NKA specific binding by
[Sart,Met(02)"]SP (0), and also [i-Ala8]NKA (4-10) (U) when
competed for in the presence of 1 gLM [Sar9,Met(02) ]SP. (c) Shows
the concentration-dependent inhibition of ['251]-NKA specific binding
by CP-99,994 (0) and also by SR48968 (0) when titrated in the
presence of 2.7 jAM CP-99,994. The inhibition curves for [P-Ala8]NKA
(4-10) and SR48968 expressed as a function of the percentage
maximum specific binding in the presence of 1 pM [Sar9,Met(02)"]SP
and 2.7fLM CP-99,994, respectively, are shown in (b) and (d). The
ICo values for competing NK1- and NK2-receptor agonists and
antagonists were calculated on the basis of the maximum specific
binding to the individual NKI- and NK2-receptor components.

Discussion

[251I-Tyr8]-substance P and ['251I]-NKA binding assays were
employed to characterize NK, and NK2 receptors in guinea-
pig lung parenchymal and tracheal membrane preparations.
Both radioligands were completely degraded by peptidases
present in the tissue preparations. It is well established that
neutral endopeptidase inactivates neurokinins in a variety of
tissues, including guinea-pig airways (Dusser et al., 1988;
Devillier et al., 1988; Webber, 1989). Inhibition of this
enzyme alone, however, was insufficient to prevent meta-
bolism of radiolabelled neurokinins under our experimental
conditions. Thus, it was essential to include inhibitors of

a
120-1

100-

cmC
c 80-

E
E 40

E

20

120-

100 -

.cmS

.' 80-

.0

E
- 40

E

20 -j

n ,

,sl w|l - II*s-- ---s,

l0-Alas] NKA (41 10) (nm)

10



NK, AND NK2 RECEPTORS IN GUINEA-PIG LUNG 699

angiotensin converting enzyme, aminopeptidase and several
serine-protease activities. These results are in contrast to
previous studies where neutral endopeptidase inhibitors either
alone (Aharony et al., 1991), or in combination with low
concentrations of serine-protease inhibitors (Coats & Gerard,
1989; Geraghty et al., 1992), appeared sufficient to maintain
integrity of the radioligands used. In several studies this
difference may be explained by the use of the radiolabel
['25I-Bolton-Hunter]SP, which is more resistant to proteolysis,
particularly by aminopeptidase. In this case, however, it is
highly likely that the unlabelled competing peptides will be
degraded and, consequently, their potency underestimated.
The specific binding of ['25I-Tyr8]-SP to guinea-pig lung

parenchymal membranes was found to be of high affinity,
saturable, enhanced by Mn2", dissociated by the GTP
analogue GTPyS, and inhibited by tachykinin-receptor
agonists with the following rank order of potency:
SP = [Sar9Met(02)1"]SP> SP-methyl ester = physalaemin>
NKA>> [PAla8]NKA (4-10)>>senktide. These results
are consistent with previous studies describing the NK,
receptor in a variety of systems, including the NK,
monoreceptor dog carotid artery preparation (Regoli et al.,
1988) and in expression systems for the cloned rat and
human NK, receptors (Hershey et al., 1990; Takeda et al.,
1991). Our data convincingly demonstrate, therefore, that
['25I-Tyr8]-SP binds to the NK, receptor in guinea-pig lung
parenchyma.
Of particular interest is the observation that two struc-

turally different NKI-receptor antagonists, CP-99,994
(McLean et al., 1992) and RP67580 (Garret et al., 1991),
display a 300 fold difference in potency at the guinea-pig lung
NK, receptor, with Ki values of 0.4 nM and 127 nM, respec-
tively. CP-99,994 is structurally related to CP-96345, the first
selective non-peptide NK, antagonist to be described (Snider
et al., 1991). CP-96345 is approximately 100 fold more potent
in competition for binding to the guinea-pig NK, receptor
than with the rat NK, receptor. In contrast, RP67580 is a
potent antagonist at the rat NK, receptor, with a Ki of
4.16 nM (Watling, 1992), but, as shown in this study, is 30
fold less active at the guinea-pig NK, receptor. These results,
therefore, support the proposal that there is a distinct
species-dependent structure-activity relationship for NK,
antagonists (Garret et al., 1991; Snider et al., 1991; Appell et
al., 1992).

In order to characterize the NK2 receptor in guinea-pig
lung the number of detectable ['25I]-NKA specific binding
sites in parenchymal membranes was increased 3-4 fold by
purification over discontinuous sucrose gradients. The ability
of tachykinin-receptor agonists and antagonists to compete
for ['25I]-NKA specific binding was directly comparable to
their potency in competition for [251I-Tyr]-SP specific binding
to parenchymal membranes. Thus, both the rank order of
potency and the determined ICm values were almost iden-
tical, demonstrating that the majority of [1251]-NKA specific
binding to sucrose-purified guinea-pig lung parenchymal
membranes was also to the NK, receptor.

Notwithstanding this conclusion, the NKI-receptor selec-
tive ligands [Sar9Met(02)"]SP and CP-99,994 were observed
to inhibit only 80% of the ['251I]-NKA specific binding to
sucrose-purified guinea-pig lung parenchymal membranes. In
addition, the NK2-preferring agonists NKA and [LAla8]NKA
(4-10) were more potent in competing for ['25I]-NKA specific
binding than for ['25I-Tyr]-SP specific binding. Therefore, the
possibility that ['25I]-NKA was also binding to the NK2
receptor in sucrose-purified guinea-pig lung parenchymal
membranes was investigated. When ['251I]-NKA binding

assays were conducted in the presence of saturating concent-
rations of NKI-selective ligands in order to fully occupy the
NK1 receptor, the remaining ['251]-NKA specific binding sites
could be inhibited in a concentration-dependent manner by
the NK2-selective ligands [LAla8]NKA (4-10) and SR48968,
but not by the NK3-selective agonist senktide. The IC50
values determined for L[Ala8]NKA (4-10) and SR48968 in
the presence of NK, ligands were in agreement with the
potencies of these ligands at the NK2 receptor (Emonds-Alt
et al., 1992). These data, therefore, strongly suggest the
presence of a small population of NK2 receptors in guinea-
pig parenchyma and are consistent with the recent descrip-
tion of NK2-mediated plasma extravasation in guinea-pig
intraparenchymal airways (Tousignant et al., 1993a).

Similar results were obtained investigating ['251I]-NKA
specific binding to guinea-pig tracheal membranes. The
profile of partial inhibition by selective ligands shows that
this tissue contains a dual population of NK, and NK2
receptors. The identification of both these tachykinin-
receptor types supports similar conclusions from phar-
macological studies which concluded that tachykinin-
mediated contraction of guinea-pig trachea occurs as a result
of activation of both NK, and NK2 receptors (Ireland et al.,
1991).

In addition to the reports demonstrating that the NK,
receptor type displays profound species differences, there are
many studies supporting the hypothesis that species
homologues of the NK2 receptor also exist (for review see
Maggi et al., 1993). The rank order of potency of NK2-
receptor antagonists has led to the broad classification of the
guinea-pig, rabbit and human receptors as NK2A where MEN
10,207> L-659877> R396, and the hamster and rat recep-
tors as NK2B, where this order of potency is reversed. This
classification of NK2A and NK2B receptors is, however,
somewhat misleading as it is, as yet, essentially a reflection of
species differences rather than the existence of true NK2
receptor subtypes. Whereas there are several studies suggest-
ing that subtypes of both NK, and NK2 receptors exist
within the same species, including the guinea-pig, the
evidence is principally pharmacological and awaits clarifi-
cation at the molecular level (Carruette et al., 1992; Maggi et
al., 1993). In this report the small population of NK2 recep-
tors present in guinea-pig airways, combined with the low
amounts of membrane available from tracheal tissue, has
limited the study to the identification of the tachykinin recep-
tor types present in these tissues and has precluded a detailed
pharmacological characterization of these binding sites.

In summary, this paper confirms the presence of the NK,
receptor in guinea-pig lung parenchymal membranes and, in
addition, demonstrates that these tissues also express detec-
table levels of NK2 receptors. We also provide evidence for
the presence of both NK, and NK2 receptors in guinea-pig
trachea. These results are entirely consistent with functional
studies describing NKI- and NK2-mediated events in guinea-
pig airways at the level of both the parenchyma and the
trachea. While the presence of mRNA coding for both NK,
and NK2 receptors in human lung has already been shown
(Hopkins et al., 1991; Graham et al., 1991), this is the first
unambiguous identification of NK2 receptors in airway tis-
sues by use of radioligand binding techniques.

The authors would like to thank Jeffrey Hale for the synthesis of
SR49868, Simon Owen for the synthesis of CP-99,994, L-736,322,
RP67580 and RP68651 and Barbara Sholzberg for secretarial assis-
tance.
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Modulation of adjuvant arthritis by endogenous nitric oxide
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1 The role of endogenous nitric oxide (NO) in adjuvant arthritis in Lewis rats has been studied by use
of L-arginine, the amino acid from which NO is synthesized, and N0-nitro-L-arginine methyl ester
(L-NAME), an inhibitor of NO synthase. Prolonged modulation (35 days) of the L-arginine: NO
pathway in rats was achieved by dissolving test compounds in the drinking water (L-arginine: 3, 10 and
30mgml_'; L-NAME: 0.1, 1 and lOmgml-').
2 Arthritis was exacerbated by L-arginine and suppressed by L-NAME in a dose-related fashion.
Combined treatment with L-NAME (1 mg ml-') and L-arginine (30 mg ml-') did not modify the arthritis.
3 Reduced weight gain, which is a feature of adjuvant arthritis, was modified by these compounds so
that L-arginine reduced weight gain whereas L-NAME increased weight gain compared with that in
control animals.
4 D-Arginine (30 mg ml'), N0-nitro-D-arginine methyl ester (D-NAME: 1 mg ml-') and L-lysine
(30 mg ml-'), an amino acid not involved in the generation of NO, were without effect on either arthritis
or body weight gain.
5. Antigen-stimulated proliferation of T-lymphocytes as well as generation of nitrite (NO2-) and
release of acid phosphatase from macrophages were all enhanced in L-arginine-treated arthritic rats and
reduced in L-NAME-treated animals.
6 These results suggest that endogenous NO modulates adjuvant arthritis, possibly by interfering with
the activation of T-lymphocytes and/or macrophages.

Keywords: Adjuvant arthritis; L-arginine; lymphocyte proliferation; macrophage activation; N0-nitro-L-arginine methyl ester

Introduction

Adjuvant-induced arthritis in the rat is an experimental
immunopathy that is thought to share many features with
human rheumatoid arthritis and, as such, is one of the most
widely used models for studying the anti-inflammatory/
antirheumatic properties of compounds (for review see Billing-
ham & Davies, 1979). Chronic polyarthritis is induced in the
rat by intradermal injection of an oil emulsion of dead
mycobacteria, usually M. tuberculosis.
Although the aetiology and pathogenesis of adjuvant

arthritis are not yet fully understood, there is substantial
evidence that immunological mechanisms are involved and
that T-lymphocytes play a major role (for review see Cohen,
1991). L-Arginine exerts a trophic effect on the thymus and
improves host immunity. Thus it has been shown that L-
arginine enhances the lymphocyte cell count of the thymic
gland, blastogenesis of these lymphocytes in response to
mitogens, skin allograft rejection and tumour regression (for
review see Barbul, 1986).
The biosynthesis of nitric oxide (NO) from L-arginine is a

pathway for the regulation of cell function and communica-
tion (for review see Moncada et al., 1991). In all cell types so
far studied, NO is generated following oxidation and
cleavage of the terminal nitrogen atom(s) of L-arginine by an
enzyme, the NO synthase. At least two types of NO synthase
have been identified so far. The enzyme found in endothelial
cells and brain is constitutive, Ca2+-dependent and releases
picomolar amounts of NO for a short period following recep-
tor stimulation. In contrast, the enzyme found in the mac-
rophage is induced following stimulation with cytokines or
endotoxin, is Ca2"-independent, and releases nanomolar
amounts of NO for a long period.

Nitric oxide produced by the constitutive enzyme
modulates various functions, such as vascular tone and
neurotransmission in the central nervous system, via activa-
tion of the soluble guanylate cyclase. The production of NO
by the inducible enzyme has been identified as a major

' Author for correspondence.

mechanism of the cytostatic/cytotoxic action of activated
macrophages on target cells. This occurs as a result of com-
bination of NO with iron-sulphur centres in key enzymes of
the respiratory cycle and of the pathway for DNA synthesis
in the target cells (Hibbs et al., 1990).
The NO synthase is inhibited in vitro and in vivo by some

analogues of L-arginine (Rees et al., 1990; McCall et al.,
1991). The identification of these inhibitors has provided an
important pharmacological tool for investigating the
relevance of NO in biological processes.

In this study we have investigated the effect of L-arginine
and of N0-nitro-L-arginine methyl ester (L-NAME), an
inhibitor of NO synthase, on adjuvant arthritis in the rat. We
have also studied the effects of D-arginine, N0-nitro-D-
arginine methyl ester (D-NAME) and L-lysine, an amino acid
not involved in the biosynthesis of NO. The possible involve-
ment of the L-arginine: NO pathway in T-lymphocyte pro-
liferation and macrophage activation in arthritic rats was
also studied, since it has been shown that murine T-
lymphocyte clones express the inducible NO synthase and
generate NO following stimulation with cytokines (Kirk et
al., 1990).
Some of these results were presented at the meeting of The

British Pharmacological Society held in Cambridge on 5-7th
January, 1993.

Methods

Animals

Male Lewis rats (Nossan, Italy) weighing 160-180g were
used for this study. Animals were housed in propylene cages
with food and water ad libitum. The light cycle was auto-
matically controlled (on 07 h 00 min; off 19 h 00 min) and the
room temperature thermostatically regulated to 22 ± 1°C.
Prior to the experiments animals were housed in these condi-
tions for 6-8 days to become acclimatized.

Br. J. Pharmacol. (I 993), 110, 701 706 'PI Macmillan Press Ltd, 1993
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Treatments

Prolonged modulation of NO production in Lewis rats was
achieved by spontaneous ingestion of test compounds dis-
solved in drinking water. The water intake of a Lewis rat was
found in pilot experiments to be 26-28 ml day-'. When the
tap water was replaced with the solution of test compounds a
transient (3-4 days) reduction (23-24 mlday-') in water
intake was observed, after which it returned to normal
values.

Animals were divided into several groups. Two groups
were given tap water: one of these did not receive any
treatment and was used for recording weight gain and other
parameters in normal animals during the time of the
experiments (naive rats), the other served as control of the
adjuvant arthritis (control rats). Other groups were given
solutions of test compounds in various concentrations or
combinations (see Results). In preliminary experiments it was
established that Lewis rats given solutions of test compounds
at the concentrations described, gained weight at the same
rate as rats given tap water to drink.

Arthritis

Four days after the start of treatment, adjuvant arthritis was
induced in all rats (except the naive group) by a single
intradermal injection (0.1 ml) into the right foot pad of
0.3 mg heat-killed M. tuberculosis in Freund's incomplete
adjuvant.
The magnitude of the inflammatory response was

evaluated by measuring the volume of the contralateral (non-
injected) hind paw (secondary lesion). The paw volume was
determined by plethysmometry (Basile, Italy) immediately
after immunization and every 7 days for a period of 35 days.
Weight gain, a further parameter of severity of arthritis
(Newbold, 1963), was also recorded on these days. Eight
animals were used per group for measurement of arthritis
and weight gain.

Splenocyte and macrophage collection

Three groups of 15 animals were used for these studies; one

served as a control group, the others were treated with either
L-arginine (30 mg ml-') or L-NAME (I mg ml-'). Three rats
from each group were killed at weekly intervals, i.e. on day 7,
14, 21, 28, 35. On the same days three naive rats were also
killed in order to evaluate the splenocyte and macrophage
activities (see below) in non-arthritic rats. The spleens were

removed and single cell suspensions were prepared in Dulbec-
co's modified Eagle's medium supplemented with 2 mM
glutamine, 25 mM HEPES, penicillin (100 units ml-'), strep-
tomycin (100figml-') and 10% foetal calf serum (complete
medium).
Lymphocytes of each spleen were separately isolated from

cell suspension by density-gradient centrifugation using
Ficoll-Paque and then resuspended (106 cells ml-') in com-

plete medium. Cell viability, assessed by the trypan blue dye
exclusion method, was 93-95%.
At the same time as removal of the spleen, peritoneal cells

were also collected by washing the cavity with 8 ml sterile
phosphate-buffered saline (PBS, pH 7.2) containing heparin
(50 u ml-'). Cells were washed twice and plated onto 35 mm
Petri dishes (4-5 x 106 cells per dish) containing complete
medium (see above). After 3 h at 37°C in 5% CO2 humidified
air, nonadherent cells were removed by washing with sterile
PBS containing 1 mM EDTA.
Macrophages (80-85% of total cells) were removed from

the culture dishes by vigorous pipetting, centrifuged (300 g
for 10 min) and resuspended in complete medium at a con-

centration of 106 cells ml-'. Macrophage viability (95-98%)
was determined by exclusion of trypan blue.

T-lymphocyte proliferation
T-lymphocyte proliferation assays were carried out in trip-
licate and performed in 96-microwell plates. Cells (105 cells
per well) were stimulated with M. tuberculosis (final concen-
tration 5 ytg ml ') and incubated for 7 days at 370 in 5% CO2
humidified air. One iLCi of [3H]-thymidine (47 Ci mmol ')
was then added to each well. After a 6 h incubation at 37°C,
cultures were harvested on glass fibre strips and [3H]-
thymidine incorporation was measured in a beta counter.
The data are expressed as mean total c.p.m. ± s.e.mean.

Macrophage activation

Macrophages were plated in 24 well culture plates at a
concentration of 2.5 x 105 cells ml-' and incubated for 24 h.
Aliquots of the medium were then collected for assay of
nitrite (NO2-), acid phosphatase (AP) and lactic dehydro-
genase (LDH). Each assay was carried out in triplicate.

Nitrite levels were measured with Griess reagent as
previously described (Di Rosa et al., 1990) and results were
expressed as nmol of NO2- generated by 106 cells in 24 h.
AP activity was evaluated with P-glycerophosphate as a

substrate and measuring the amount of inorganic P released
in 30 min by 100 yl of medium, according to the method of
Gianetto & De Duve (1955). Results are expressed as timol
of inorganic P liberated in 30 min by the enzyme released in
24h by 106 cells.
LDH activity was assayed by measuring the amount of

pyruvic acid reduced to lactic acid by 100 LIl of medium in
30 min, according to the method of Cabaud & Wroblewski
(1958). Results are expressed as tsmol of pyruvic acid trans-
formed in 30 min by the enzyme released in 24 h by 106 cells.

Statistics

Data are expressed as the mean ± s.e.mean; statistical
analysis of the data was performed using a Pharm/PCS
computer programme. Means were compared by Student's
test for unpaired data.

Drugs

M. tuberculosis and PBS were obtained from Difco. All
reagents for cell culture except foetal calf serum (Flow Labs)
were from Gibco. [3H]-thymidine was obtained from Amer-
sham and Ficoll-Paque from Pharmacia. D-NAME was syn-
thesized by Bachem (Switzerland) and all other chemicals
were purchased from Sigma.

Results

Arthritis

In each group of rats (n = 8) a single intradermal injection of
adjuvant to the right hind paw resulted in a gradual increase
in volume of the left paw (secondary lesion), which reached a
peak value 21 days after immunization (Figure 1). In the rats
given L-arginine (30 mg ml-') arthritis was exacerbated
throughout the time course of the development of the
arthropathy while in aminals receiving L-NAME (1 mg ml-')
the process was greatly suppressed (Figure 1).

Rats given L-arginine had a dose-related increase in paw
swelling throughout the time course of the arthritis (Figure
2). The greatest response (+ 44%, P< 0.01) was observed in
rats drinking 30 mg ml-' L-arginine. Rats given L-NAME
showed a dose-related reduction in paw swelling throughout
the time course of the arthritic reaction (Figure 2). The
greatest reduction (- 50%, P<0.01) was observed in rats
drinking 10 mg ml-' L-NAME. Rats given a combination of
L-arginine (30mg ml-') and L-NAME (1 mg ml-') had a
foot volume increase that was slightly, but not significantly,
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Figure 1 Effect of L-arginine and NG-nitro-L-arginine methyl ester
(L-NAME) on adjuvant arthritis (secondary lesion). The control
group (L) was given tap water. Other groups were given L-arginine
30mg ml-' (0) or L-NAME 1 mg ml-' (A) dissolved in drinking
water. Data are expressed as mean ± s.e.mean from 8 animals.
*P< 0.01 vs control group.

above the control value (Figure 2). The arthritis occurring at
day 21 in rats given D-arginine (30 mg ml-'), D-NAME
(1 mg ml-') and L-lysine (30 mg ml-') was similar to that
observed in control rats.

Weight gain

In all groups of rats (n = 8) the average weight gain was
related to the severity of arthritis. At the time of the peak
foot volume increase (day 21) the average weight gain of
naive rats was 73 ± 4 g whereas control arthritic rats gained
only 51 ± 3 g (P <0.01 vs naive). The effects of the various
test compounds on weight gain mirrored their effect on the
severity of the arthritis so that on day 21 weight gain was
significantly reduced compared with the control group in
those rats drinking L-arginine while it was significantly
greater in those drinking L-NAME. The effects of L-arginine
and L-NAME on weight gain were dose-related (Figure 3).

In contrast, in rats given D-arginine, D-NAME and L-
lysine the weight gain was not significantly different from
that of the control group, neither was the weight increase of
rats given a combination of L-NAME (1 mg ml-') and L-
arginine (30 mg ml-' Figure 3).

Proliferation of T-lymphocytes

The proliferation of T-lymphocytes stimulated with M. tuber-
culosis (5 jig ml-') was evaluated at weekly intervals in three
rats from the control, the L-arginine (30mgml-')- and L-
NAME (1 mg ml-')-treated groups. In each group the pro-
liferative response observed at day 7 increased up until day
21 (peak response) and then decreased to approximately the
initial value (day 7) at day 35 (Figure 4). Thus, in each group
the time course of the proliferative response paralleled the
development of arthritis. The proliferation of T-lymphocytes
taken from L-arginine-treated animals was always greater
than that observed in those from control rats. The difference
between the two groups was significant (P <0.01) at days 14,
21, 28 and 35. The proliferation of T-lymphocytes collected
from L-NAME-treated rats was always less than that in cells
from control rats and was significantly reduced (P<0.01) on
days 14, 21 and 28 (Figure 4). The incorporation of [3H]-
thymidine in stimulated T-lymphocytes from naive rats
ranged from 13,296 to 15,019 c.p.m. (n = 15) (Figure 4).
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Figure 2 Adjuvant arthritis (secondary lesion) on day 21 post
adjuvant challenge. The control group was given tap water and the
other groups were given solutions of test compounds at the concen-
trations (mgmlI) shown inside the columns. L-Arg and D-Arg: L-
and D-arginine; L-NAME and D-NAME: NG-nitro-L-arginine methyl
ester and NG-nitro-D-arginine methyl ester; L-Lys=L-lysine. Data
are expressed as mean ± s.e.mean from 8 animals. *P<0.01 vs
control group.
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challenge. The naive and control groups were given tap water and
the other groups were given solutions of test compounds at the
concentrations (mgml-') shown inside the columns: compounds as
in Figure 2. Data are expressed as mean ± s.e.mean from 8 animals.
°°P<0.01 vs naive group; **P<0.01; *P<0.05 vs control group.

50[-

4AA-

x
30

ci.
20

10

-l
7 14 21 28

Time (days)
35
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(L-NAME) on antigen-stimulated [3H]-thymidine incorporation in
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Macrophage activation

During the development of the arthritis, peritoneal macro-
phages were collected at weekly intervals from those rats
used for evaluation of T-lymphocyte proliferation (see
above). Macrophages were incubated in complete medium
for 24 h in order to evalue NO2- production, as well as the
release of both AP and LDH. These biochemical parameters
were also evaluated in macrophages from naive rats.

Nitrite production These results are shown in Figure 5. In
the control group the NO2- production increased from day 7
to day 14 and day 21. Thereafter the NO2- production
declined on day 28 and was further reduced on day 35.
Macrophages from the L-arginine-treated group produced
larger amounts of NO2-, although the time course of NO2-
generation followed a pattern similar to that exhibited by the
cells from the control group. In contrast, NO2- production
by macrophages from the L-NAME-treated group was
greatly decreased when compared to that of the control
group. Furthermore, in this group the time course of N02-
production did not have the clear bell shape observed in the
other two groups. The difference between the control group
and those treated with L-arginine or L-NAME was significant
(P <0.01) at each time. The amount of NO2- produced by
macrophages from naive rats ranged from 8.8 to 10.5
(n = 15) (Figure 5).
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Figure 6 Effect of L-arginine and N0-nitro-L-arginine methyl ester
(L-NAME) on the release of acid phosphatase from peritoneal mac-
rophages collected at different times from arthritic rats. The control
group (O) was given tap water and the other groups were given
L-arginine 30mgml- (0) or L-NAME 1 mgml-' (A) dissolved in
drinking water. Each point represents the mean value ± s.e.mean of
inorganic P (pmol) liberated in 30min by the enzyme released in
24 h by 106 cells separately collected from 3 rats. The acid phos-
phatase released by cells from naive rats (n = 15) lay within the
dotted lines. **P<0.01; P<0.05 vs control group.

Acid phosphatase These results are shown in Figure 6. In
the macrophages from the control group the release of AP
gradually increased from day 7 to day 14 and day 21.
Thereafter the release of AP declined on day 28 and was
further reduced on day 35.
The AP release from the macrophages collected from the

L-arginine-treated group was greater than that occurring in
the cells from the control rats at each time interval. The
difference between the two groups was significant (P<0.05)
on day 21. Macrophages from L-NAME-treated rats always
released smaller amounts of AP than the respective control
cells. The difference between the two groups was significant
on days 21 (P<0.01) and 28 (P<0.05). The AP release
from naive rat macrophages ranged from 45 to 52 (n = 15)
(Figure 6).
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Figure 5 Effect of L-arginine and N0-nitro-L-arginine methyl ester
(L-NAME) on nitrite (NO2-) generation by peritoneal macrophages
collected at different times from arthritic rats. The control group (0)
was given tap water and the other groups were given L-arginine
30mgml ' (0) or L-NAME mgml-' (A) dissolved in drinking
water. Each point represents the mean value of N02- (nmol pro-
duced in 24 h by 106 cells separately collected from 3 rats). Standard
errors were always less than 5% of the respective means and are not
shown because they are covered by the symbols. The production of
N02- by cells from naive rats (n = 15) lay within the dotted lines.
*P<0.01 vs control group.

Lactic dehydrogenase The release of LDH (expressed as
lmol of pyruvic acid transformed in 30 min by the enzyme
released by 106 cells in 24 h) from macrophages of the three
groups was virtually the same at any time. Thus it ranged
from 67.2 to 69.2 (n = 15) in macrophages from control rats,
from 66.4 to 69.6 (n = 15) in cells from the L-arginine-treated
group and from 67.6 to 70.4 (n = 15) in the L-NAME-treated
group. These values were virtually identical to the LDH
release by macrophages from naive rats, which ranged from
65.2 to 67.8 (n = 15).

Discussion

Our results show that the L-arginine:NO pathway plays a
role in adjuvant arthritis induced in the rat. Thus, ingestion
of L-arginine, but not D-arginine or L-lysine, dose-
dependently exacerbated the arthritis, which was reduced by
L-NAME and unaffected by D-NAME. A combination of
L-arginine and L-NAME led to an arthritic process similar to
that in control animals.
Adjuvant arthritis is an experimental immunopathy which

involves a T-lymphocyte-mediated delayed hypersensitivity
reaction (Cohen, 1991). The disease is transferable to naive
recipient rats by inoculation of specific T cells from treated
animals and the proliferative response of these cells correlates
with the incidence and severity of the arthritis (Holoshitz et
al., 1982; 1984).
Throughout the time course of the syndrome, T-lympho-

cytes from L-arginine-treated rats exhibited an enhanced pro-
liferative response, whereas this was markedly depressed in
L-NAME-treated animals. Furthermore, macrophages from
L-arginine-treated rats generated greater amounts of N02-
and released higher levels of AP than those from the control
group, whereas both NO2- generation and AP release were
significantly reduced in cells from L-NAME-treated rats. The
cytoplasmic enzyme LDH remained unaltered in macro-
phages during the development of arthritis, showing that
lysosomal enzyme release was selective and not due to non-
specific cell damage. Thus, manipulation of the L-
arginine:NO pathway in the whole animal results in cellular
changes which parallel the severity of the arthritis.

It has been shown that L-arginine improves host immunity,
since it augments the number of thymic lymphocytes and the

11
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response of T cells to mitogens, as well as enhancing tumour
regression (Barbul et al., 1980; 1985; Reynolds et al., 1987).
Furthermore, dietary supplements of L-arginine increase the
activity of both natural-killer and lymphokine-activated-killer
cells in healthy volunteers (Park et al., 1991) and enhance
development and interleukin (IL)-2 receptor expression in
cytotoxic T-lymphocytes of mice (Reynolds et al., 1988). It is
therefore possible that increased lymphocyte proliferation
leads to enhanced macrophage activation and thus an
amplification of the general immunological response. The
role of the L-arginine:NO pathway in lymphocytes is at
present unclear. However, it has recently been observed that
stimulated murine T-lymphocytes generate NO following
induction of NO synthase (Kirk et al., 1990).
The interaction of T cells with macrophages results in the

production by both types of cells of several cytokines includ-
ing IL-1, interferon-'y (IFN-y) and tumour necrosis factor-x
(TNF-m) which have been implicated in immune arthritis and
are known to play a role in macrophage activation (Cooper
et al., 1988; Hom et al., 1988; Thorbecke et al., 1992). It has
been shown that the leishmanicidal activity of macrophages
correlates with their ability to express NO synthase following
activation with IFN-y or TNF-a (Liew et al., 1991).
Macrophage-derived NO is not only cytotoxic for invading
micro-organisms and tumours, but may also produce host
tissue damage (Kolb et al., 1991; Kroncke et al., 1991).
Furthermore, cytokines might lead to induction of NO syn-
thase in tissues other than the macrophages, including
endothelial cells and chondrocytes, all of which may con-
tribute to the general inflammatory response.
Although we did not measure cytokine levels in our

experiments, it is interesting that the weight gain of arthritic
rats given L-arginine was significantly lower than in control
animals while L-NAME caused a significant and dose-
dependent increase in weight gain. It is well known that
TNF-a or cachectin is closely linked to the loss in weight
occurring in animals suffering from chronic inflammation
and/or infection (Beutler & Cerami, 1989). The effects of
L-arginine and L-NAME on weight gain, which appear to be

correlated to their respective pro- and anti-inflammatory
actions, may possibly involve a modulatory role of these
agents on the formation and/or the effects of TNF-a in
arthritic rats.

In vitro inhibition of the L-arginine:NO pathway by L-
NMMA has been reported to cause an increase in T cell
proliferation induced by mitogens or alloantigens, suggesting
an inhibitory role for NO in these models of T cell activation
(Hoffman et al., 1990; Albina et al., 1991). The reasons for
the apparent discrepancy between these in vitro and our in
vivo findings and those described above, which indicate an
enhancing role for NO in the immune system, need to be
reconciled.
Although our results point towards an effect of the

different treatments in the cellular immunological mechanism,
it is important to recognize that L-NAME induces increases
in blood pressure and reduction in blood flow in different
organs (Gardiner et al., 1990). Furthermore, L-arginine may
increase vasodilatation and vascular permeability at the
inflammatory site, as we have recently shown in some models
of acute inflammation (Ialenti et al., 1992). These vascular
effects may also influence the development of the arthritic
process in a way which remains to be determined.
Glucocorticoids inhibit the induction of NO synthase in

macrophages, thus part of the anti-inflammatory and
immunosuppressive actions of these steroids is due to this
inhibition (Di Rosa et al., 1990). It may be that the well-
known suppressive effect of glucocorticoids in adjuvant
arthritis may depend, at least in part, on a similar
mechanism, i.e. the inhibition of the induction of NO syn-
thase in T-lymphocytes and/or macrophages. It is also possi-
ble that selective inhibitors of the inducible NO synthase(s)
that is expressed in stimulated macrophages and T-
lymphocytes may represent a new class of antirheumatic-
immunosuppressive agent.

The authors wish to thank Annie Higgs for her assistance in the
preparation of the manuscript.
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Activation of protein kinase C potentiates postsynaptic
acetylcholine response at developing neuromuscular synapses

'Wen-Mei Fu & Jiann-Liang Lin

Pharmacological Insititute, College of Medicine, National Taiwan University, Taipei, Taiwan

1 Phorbol 12-myristate 13-acetate (TPA, 1 JAM) and phorbol 12,13-dibutyrate (PDBu, 2 JAM), activators
of protein kinase C (PKC), increased the mean amplitude and decay time of the spontaneous synaptic
currents of Xenopus nerve-muscle coculture, whereas, 4a-phorbol (2 JAM) which is an inactive phorbol
analogue had no effect.
2 Staurosporine (0.5 ILM) and H-7 (10 JM), inhibitors of PKC, inhibited the potentiation effects of TPA
on the spontaneous synaptic currents.
3 Effects of TPA on the postsynaptic acetylcholine (ACh) sensitivity were examined by iontophoresis
of ACh to the surface of embryonic muscle cells of 1-day-old Xenopus cultures. TPA increased both the
amplitude and decay time of ACh-induced whole-cell currents in isolated myocytes.
4 TPA concentration-dependently increased the mean open time of low-conductance ACh channels but
did not affect those of high-conductance ACh channels. PDBu but not 4a-phorbol exhibited similar
effects to TPA. Staurosporine and H-7 inhibited the increasing effects of TPA.
5 These results suggest that activation of PKC might be involved in synaptogenesis at developing
neuromuscular synapses by the postsynaptic potentiation of ACh sensitivity.

Keywords: Phorbol 12-myristate 13-acetate (TPA); protein kinase C; ACh response; embryonic myocyte

Introduction

The characteristics of postsynaptic nicotinic acetylcholine
(ACh) receptor channels determine the property of synaptic
transmission at the neuromuscular junction. It has also been
suggested that protein phosphorylation (one of the principal
mechanisms of regulation of cellular metabolism) plays a
major role in the regulation of synaptic function (Greengard,
1978), a fundamental event in signal transduction is receptor
phosphorylation (Nestler & Greengard, 1984). Protein phos-
phorylation has been correlated with modulation of receptor
activity by either enhancing or terminating the action of
ligand (Hemmings et al., 1989). The principal effect of
adenosine 3':5'-cyclic monophosphate (cyclic AMP)-depen-
dent processes on muscle and electric organ AChRs has been
reported to be an enhancement of the receptor phosphoryla-
tion as well as the rate of agonist-induced receptor desen-
sitization (Huganir et al., 1986; Middleton et al., 1986; 1988;
Mulle et al., 1988). On the other hand, phorbol 12-myristate
13-acetate (TPA), an activator of protein kinase C, has also
been reported to reduce ACh sensitivity in cultured myotubes
(Eusebi et al., 1985). The physiological role of desensitization
or reduction of sensitivity of AChR remains unclear.

Recently, we have provided the first evidence that mem-
brane permeable analogues of cyclic AMP and forskolin
increased the ACh responses in the embryonic myocytes of
Xenopus cell cultures (Fu & Poo, 1991). Furthermore, cal-
citonin gene-related peptide (CGRP) which is released from
the nerve terminals and elevates postysynpatic cyclic AMP
has also been shown to potentiate spontaneous synaptic cur-
rents and increase mean open time of ACh channels in
Xenopus embryonic myocytes (Lu et al., 1993). The involve-
ment of cyclic AMP-dependent protein kinase (PKA) in the
action of CGRP was implicated, since intracellular loading of
a PKA inhibitor into the myocyte prevented the CGRP
effects. In the present study, we examined further the effect of
activation of protein kinase C (PKC) on the properties of
ACh channels and the synaptic currents during the early
phase of neuromuscular synaptogenesis. We found that
agents activating PKC increased the synaptic currents and

' Author for correspondence.

iontophoretic ACh-induced currents in these embryonic myo-
cytes. The present findings suggest that PKC and released
trophic factors which activate PKC may be important in the
physiological modulation of synaptic function during the
early phase of synaptic development.

Methods

Culture preparations

Xenopus nerve-muscle cultures were prepared as previously
described (Spitzer & Lamborghini, 1976; Anderson et al.,
1977; Sanes & Poo, 1989). Briefly, the neural tube and the
associated myotomal tissue of 1-day-old Xenopus embryos at
stage 20-22 (Nieuwkoop & Faber, 1967) were dissociated in
the Ca2+- and Mg2+-free Ringer solution supplemented with
EDTA. The cells were plated on clean glass coverslips and
were used for experiments after 24 h incubation at room
temperature (20-22°C). The culture medium consisted of
50% (vol/vol) Ringer solution (composition mM: NaCl 115,
CaCI22, KC1 2.5, HEPES 10, pH 7.6), 49% L-15 Leibovitz
medium (Sigma), and 1% foetal bovine serum (GIBCO).
Most of the experiments utilized the spherical myocytes in
these cultures. Previous studies have shown that synapses
formed between spinal neurones and these spherical myocytes
have structural and functional properties similar to those
observed in vivo (Evers et al., 1989).

Electrophysiology

Whole-cell and cell-attached patch-clamp recording methods
were similar to those described previously (Hamill et al.,
1981; Evers et al., 1989). Whole-cell recording method was
used in voltage-clamp configuration to monitor membrane
currents induced by iontophoresis of ACh at isolated myo-
cytes and synaptic currents at innervated myocytes. The solu-
tion inside the whole-cell recording pipettes contained mM:
KCI 150, NaCl 1, MgCI2 1 and HEPES 10 (pH 7.2). Ionto-
phoresis of ACh was applied to the surface of the myocyte
by conventional glass microelectrodes filled with 3 M ACh

'." Macmillan Press Ltd, 1993Br. J. Pharmacol. (1993), 110, 707-712
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Figure 1 Potentiation of synaptic activity by phorbol 12-myristate 13-acetate (TPA). (a) Continuous trace depicts membrane
current measured by gigaohm-seal, whole-cell recording method from an innervated myocyte in 1-day-old Xenopus culture. The
myocyte was voltage-clamped at - 60 mV. Spontaneous synaptic currents (SSCs) appear as random downward deflection (filtered
at 150 Hz). TPA was applied to the culture at time marked by the arrow. Samples of synaptic currents before and after drug
application were superimposed and shown below the trace at higher time resolution (filtered at 10 kHz). Note the increase in the
average amplitude and decay time of the synaptic currents after TPA treatment. Bars: 30 s, 170 pA and 3 ms, 150 pA for slow and
fast traces, respectively. (b,c) Histograms of amplitude distribution for all SSC events before (b) and after (c) TPA application at
the same synapse as in (a). (e,f) Histograms of decay time distribution for all SSC events before (e) and after (f) TPA application.
(d,g) % cumulative frequency of amplitude (d) and decay time (g) distribution of all SSC events obtained from 4 cells. The
difference between two sets of data obtained from control (0) and TPA-treated (0) is significant (P<0.05, two-tail t test).

chloride (resistance 100-200 Ma). The iontophoretic current
of 2 ms duration was supplied by a Grass stimulator (SD9)
through a microelectrode amplifier (Getting M5), which pro-
vided a braking current between 2 to 10 nA. For single
channel recording, the patch pipettes were coated with Syl-
gard (Dow Corning) before polishing to reduce the capaci-
tance of the electrode and the noise of the current recordings.
The pipette was filled with Ringer solution containing low
concentrations of ACh (1-5 nM). Single channel activities
were recorded with a patch clamp amplifier (Dagan 8900)
and the current signal was filtered at 3 kHz. The data were
digitized by a digitizing unit (Neuro-Corder DR390) and
stored on a videotape recorder for later playback on a

storage oscilloscope (Tektronix 5113) and on oscillographic
recorder (Gould RS3200) or for anlysis by a microcomputer.
For single channel analysis, the current signals were digitized
at either 50 or 100 ys intervals and analysed with PClamp

programme (Axon Inst.). The amplitude and duration of
individual events were measured and stored in the computer.
Events corresponding to opening of more than one channel
were excluded from the open time analysis. Events with open
time shorter than 500 ts were not analysed because of pos-
sible attenuation and distortion. Open duration histograms
were fitted with a single exponential and the amplitude histo-
grams were fitted with Gaussian distribution curves, using
least-squares method in both cases. All recordings were made
at room temperature in culture medium. The results are

expressed as the mean ± s.e.mean. The statistical significance
was evaluated by Student's t test.
The following chemicals were used: acetylcholine (ACh),

TPA (phorbol 12-myristate 13-acetate), PDBu (phorbol 12,
13-dibutyrate) and 4a-phorbol (Sigma), staurosporine (Boeh-
ringer) and H-7 (1-(5-isoquinolinesulphonyl)-2-methylpipera-
zine dihydrochloride) (Seikagaku Kogyo Co., Japan).

I:*Ji

tent

U. 9

usm

l;. .1 ..
-i -



PROTEIN KINASE C POTENTIATES ACh RESPONSE 709

Results

Effects ofprotein kinase C (PKC) activators on
spontaneous synaptic currents

In nerve-muscle cultures prepared from 1-day-old Xenopus
embryos, synaptic contacts are established between disso-
ciated spinal neurones and myotomal myocytes within the
first day of culture. Spontaneous synaptic currents (SSCs) are
readily detectable from the innervated myocytes by whole-cell
voltage-clamp recording. These currents have been shown to
be caused by spontaneous pulsatile ACh secretion from the
neurone, since they were abolished by bath application of
(+ )-tubocurarine and unaffected by tetrodotoxin (Xie &
Poo, 1986). Figure la depicts the recording of SSCs from an
innervated myocyte before and after application of TPA
(1 SAM). Bath application of TPA increased the frequency and
the amplitude and decay time of the SSCs. The change in
amplitude and decay time distribution was apparent on com-
paring the amplitude and decay time histograms of SSCs
before and after exposure to TPA in the same cell (Figure
lb,c,e and f). Figure Id and g show the cumulative frequency
(%) obtained from 4 cells. TPA treatment shifted the curves
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to the right. PDBu, another PKC activator, also increased
both amplitude and decay time of the SSC currents, but
4x-phorbol, an inactive phorbol analogue, had no effect
(Figure 2). Figure 3 summarizes the results obtained with
these phorbol ester analogues on the amplitude and decay
time of the SSCs and also showed that staurosporine and
H-7 (both PKC inhibitors), inhibited the potentiating effects
of TPA. The increase in SSC frequency induced by TPA
resulted from presynaptic potentiation of spontaneous ACh
secretion. The increase in amplitude, on the other hand,
could be caused by a higher amount of transmitter molecules
in the ACh quanta or by an elevated sensitivity of the muscle
cell membrane toward ACh. In the following experiment, we
tested directly the effect of TPA on ACh sensitivity of emb-
ryonic myocytes.

Potentiation of muscle acetylcholine sensitivity by TPA

Gigaohm-seal, whole-cell recording of single non-innervated
myocyte in 1-day-old Xenopus cultures was performed in
voltage-clamp mode. Identical ACh pulses were applied re-
petitively by focal iontophoresis at the muscle surface, and
the ACh-induced membrane currents were recorded. Figure 4
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Figure 2 Effects of phorbol analogues on the spontaneous synaptic currents. Continuous traces in (a) and (d) depict membrane
current measured by whole-cell recording from an innervated myocyte which was voltage-clamped at - 60 mV. Spontaneous
synaptic currents (SSCs) appear as random downward deflections. Samples of synaptic currents were shown below at higher time
resolution. Note that phorbol 12,13-dibutyrate (PDBu) (a) but not 4oa-phorbol (d) increased the amplitude and decay time of the
synaptic currents. Bars: 30 s, 160 pA and 3 ms, 150 pA for slow and fast traces, respectively. (b,c,e and f) % cumulative frequency
of amplitude (b,e) and decay time (c,f) distribution of all SSC events obtained from 4 cells. The difference between two sets of data
points obtained from control (0) and PDBu-treated (@) is significant (P<0.05, two-tail t test). There is no significant difference
between control (0) and 4ax-phorbol-treated (0) groups (P>0.05).
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Figure 3 Effects of protein kinase C activation on the spontaneous
synaptic currents. Phorbol 12-myristate 13-acetate (TPA, 1 pLM) and
phorbol 12,13-dibutyrate (PDBu, 2 jAM) which are protein kinase C
activators increased the amplitude and decay time of the spon-
taneous synaptic currents, but 4kx-phorbol (2 jAM), an inactive phor-
bol analogue, had no effect. Staurosporine (0.5 jAM) and H-7 (10 jAM),
both protein kinase C inhibitors, inhibited the potentiation effects of
TPA. (n = 5 -8).

b 30 min after TPA treatment

Figure 4 Effects of phorbol 12-myristate 13-acetate (TPA) on the
acetylcholine (ACh) sensitivity of isolated myocyte. Identical ion-
tophoretic pulses of ACh were applied to the surface of an isolated
myocyte in a 1-day-old Xenopus culture, and the membrane current
of the myocyte was recorded by whole-cell voltage-clamp recording
(Vc: - 60 mV). Oscilloscopic traces of 10 superimposed consecutive
ACh-induced currents of control (a) and TPA-treated (b) are shown
below. Note the increase in the amplitude and decay time of the
membrane currents 30 min after TPA (1 gM) treatment. Scale bars:
8 s, 320 pA and 10 ms, 200 pA for slow and fast traces, respectively.

depicts the recording of ACh-induced membrane currents
before and 30 min after TPA application. Similar to the
effects of TPA on synaptic currents, both the peak amplitude
and the decay time of ACh-induced currents were

significantly increased. The mean amplitude and decay time
of ACh-induced current after TPA treatment was 198.1 +
20.8% and 149.0 ± 19.6% (n = 9) that of the control (prior
to the TPA treatment), respectively.
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Figure 5 Effects of phorbol 12-myristate 13-acetate (TPA) on the
properties of single acetylcholine (ACh) channel. Recordings were
made at + 60 mV applied potential from cell-attached patches. The
pipette was filled with Ringer containing 1 nM of ACh. (a) Samples
of recordings of single ACh channel currents before (left panel) and
after (right panel) bath application of 1 jAM TPA were obtained from
different cell-attached patches of the same myocyte. Bars: 7 ms and
8 pA. (b) and (c) show the mean open time of low- and high-
conductance ACh channels before (left panels) and after (right
panels) application of 1 jAM TPA.

Effects ofprotein kinase C activators on single ACh
channel

Single channel recordings were made on isolated myocyte to
investigate the mechanism of action of TPA on the muscle
membrane ACh sensitivity. Cell-attached patch recording of
ACh channels with micropipettes containing 1-5 nM ACh
was used to examine the ACh channel properties before and
after extracellular exposure of the myocyte to TPA. Figure
5a shows samples of single channel events observed before
and after TPA exposure from different patches of the same
myocyte when myocyte was hyperpolarized + 60 mV from
rest. ACh channels on these embryonic muscle cells can be
distinguished as two major types, low- and high-conductance
channels; the current amplitudes were 5.07 ± 0.04 pA and
7.51 ± 0.05 pA (n = 6), respectively. We found that the amp-
litude of single channel currents for both types of ACh
channels remained unchanged after TPA treatment (5.09 ±
0.02 pA and 7.52 ± 0.04 pA for low- and high-conductance
ACh channels, respectively, n = 6). However, the mean chan-
nel open time of the low-conductance but not high-con-
ductance ACh channels was increased after TPA treatment
(Figure 5b and c). TPA concentration-dependently increased
the mean open time of low-conductance ACh channels
(Figure 6). The involvement of protein kinase C activation as
the mechanism of action of TPA was further supported by
the inhibitory effect of staurosporine and H-7 (both PKC
inhibitors) on the action of TPA (Figure 7). Furthermore,
PDBu but not 4a-phorbol increased the mean open time of
low-conductance ACh channels (Figure 7).
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Figure 6 Concentration-dependent increase of mean open time of
single acetylcholine (ACh) channel by phorbol 12-myristate 13-
acetate (TPA). Each data point is obtained from at least 7 patches at
each concentration. Note that TPA concentration-dependently in-
creased the mean open time of low-conductance (0) but not high-
conductance (0) ACh channels.
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Figure 7 Effects of protein kinase C activation on the mean open

time of single acetylcholine (ACh) channel. Phorbol 12-myristate
13-acetate (TPA, 1 ALM) and phorbol 12, 13-dibutyrate (PDBu, 2 AM)
which are protein kinase C activators increased the mean open time
of low-conductance (open columns) but not high-conductance (hat-
ched columns) ACh channels, but 4a-phorbol (2 AM), an inactive
phorbol analogue, had no effect. Staurosporine (0.5 AM) and H-7
(10 AM), both protein kinase C inhibitors, inhibited the increasing
effect of TPA.

Discussion

The characteristics of postsynaptic nicotinic acetylcholine
(ACh) channels determine the property of synaptic transmis-
sion at the neuromuscular junction. Phosphorylation reac-

tions are known to be able to modulate synaptic transmission
both pre- and post-synaptically (Kennedy, 1983; Nestler et

al., 1984). Phosphorylation of the muscle ACh receptor
(AChR) has been implicated in playing a role in the regula-
tion of the receptor ion channelling. Cyclic AMP-elevating
agents, which act presumably by activating cyclic AMP-
dependent protein kinase (PKA) were shown to enhance
receptor desensitization (Albuquerque et al., 1986; Middleton
et al., 1986). On the other hand, many important phos-
phorylation reactions are mediated by protein kinase C
(PKC) (Nishizuka, 1986; Huganir & Greengard, 1987; Nishi-
zuka, 1988), which can be specifically activated by the phor-
bol ester, TPA. TPA was shown to enhance spontaneous
ACh secretion in this experiment, in accordance with pre-

vious reports showing that TPA enhanced neurotransmitter
release presynaptically at motor nerve terminals (Eusebi et

al., 1986; Haimann et al., 1987; Murphy & Smith, 1987;
Shapira et al., 1987; Caratsch et al., 1988). Although there is
growing evidence that PKC can modulate the activity of
voltage-dependent Ca2", Cl- and K+ conductance (Kacz-

marek, 1987; Shearman et al., 1989), reports of effects of
PCK on ligand-gated channels are rare. Recently, it was
reported that the effects of PKC on the postsynaptic sen-
sitivity of AChR showed species differences. TPA causes a
transient decrease in ACh sensitivity at the junctional AChRs
of adult frog muscle fibres (Caratsch et al., 1986) and a
sustained decrease in ACh sensitivity accompanied by a
decrease in both channel conductance and opening pro-
bability at the extrajunctional AChRs of embryonic chick
myotubes (Eusebi et al., 1985; 1987). On the other hand,
TPA causes an early decrease followed by a delayed increase
and again a decrease to below pretreatment level in rat
skeletal muscle (Caratsch et al., 1989). In the present study,
we obtained evidence that activation of PKC increases post-
synaptic ACh responses in embryonic myocytes.

In this work, we have demonstrated that TPA and PDBu
potentiate ACh responses in the embryonic myocyte of 1-
day-old Xenopus culture. The involvement of PKC in this
effect is further supported by the inhibitory effect on the
action of TPA of staurosporine and H-7 (both PKC in-
hibitors) together with the lack of potentiating effect of 4cr-
phorbol, which does not activate PKC (Castagna et al.,
1982). Developmental changes of ACh receptor channels
have been studied extensively in Xenopus muscle cells in vitro
(Brehm et al., 1984a; Rohrbough & Kidokoro, 1990) as well
as in vivo (Kullberg et al., 1981; Brehm et al., 1984b; Owens
& Kullberg, 1989). Shortly after the initial insertion of ACh
receptor channels, the majority of channels are an embryonic
type (low-conductance channels) which have a prolonged
mean open time and lower conductance. The adult-type
channels (high-conductance channels) are rare at the early
stages but they are detectable from the beginning. They have
about 50% greater unitary conductance than embryonic-type
channels and shorter mean open time. During development,
the relative population of the adult-type channels increases
(Kidokoro & Gruener, 1982; Brehm et al., 1984a). The
results of this study demonstrate that application of TPA
increased the amplitude and decay time of iontophoretic
ACh-induced whole-cell current. Measurement of single ACh
channel activity was consistent with this result. The open
duration and opening probability of low-conductance ACh
channels but not those of high-conductance channels were
increased by the application of TPA. These potentiating
effects of PKC on ACh channels of Xenopus embryonic
myocytes appear very similar to those observed in PKA
modulation (Fu & Poo, 1991). It is possible that the muscle
cells used in previous studies may have reached a more
mature stage of development and their ACh channels lost
their susceptibility to potentiation, as we found for older
Xenopus myocytes (unpublished data). In vitro studies indi-
cate that all four subunits of the AChR from Torpedo electric
organ and rat muscle can be phosphorylated by several
kinases (Huganir & Greengard, 1983; Huganir et al., 1984;
Steinbach & Zempel, 1987). PKA phosphorylates the r and 6
subunits, PKC phosphorylates the a and 6 subunits. Their
results show that the rate of desensitization was enhanced for
the phosphorylated AChRs. It remains to be determined
whether the potentiation of AChR response by PKC in
Xenopus embryonic myocytes is mediated by the phosphory-
lation of the receptor subunits and which phosphorylated
subunits are responsible for this potentiating action.

Spontaneous synaptic activity begins soon after nerve-
muscle contact. This early activity is known to be responsible
for inducing spontaneous muscle contractions during the
early phase of synaptogenesis. Kidokoro & Saito (1988) have
found that spontaneous synaptic activity is responsible for
the accelerated development of striation in the innervated
myocyte. Maturation of synaptic specialization could also be
influenced by the presence of the activity and the increase of
intracellular Ca2+ concentration through the influx from
AChR channels. Thus this work provides an indication that
extracellular agents such as primary neurotransmitters, co-
transmitters or hormones which are capable of activating
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PKC, may regulate synaptic ion channels and synaptic
maturation at embryonic developing neuromuscular synap-
ses.

This work was supported by a grant from National Science Council
of Taiwan (NSC82-0412-B002-95).
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Enhancement of D2 receptor agonist-induced inhibition by DI
receptor agonist in the ventral tegmental area

Toshihiko Momiyama, *'Masashi Sasa & Shuji Takaori

Department of Pharmacology, Faculty of Medicine, Kyoto University, Kyoto 606-01, and *Department of Pharmacology,
Hiroshima University School of Medicine, Hiroshima 734, Japan

1 A microiontophoretic study was performed on chloral hydrate-anaesthetized rats to examine the role
of DI receptors in the ventral tegmental area (VTA) neurones, which are inhibited by autoreceptor and
D2 receptor agonists.
2 Inhibition by microiontophoretic application of quinpirole (a D2 agonist) of antidromic spikes
elicited by stimulation of the nucleus accumbens in dopaminergic neurones of the VTA, was significantly
enhanced by simultaneous application of SKF 38393 (DI agonist), although SKF 38393 alone had little
effect on the neurones.
3 In addition, quinpirole-induced inhibition was antagonized by iontophoretic application of
domperidone (D2 antagonist), but was not affected by SCH 23390 (Di antagonist).
4 Furthermore, SKF 38393-induced enhancement of inhibition by quinpirole was antagonized by
simultaneous application of SCH 23390.
5 These results suggest that activation of DI receptors located on the VTA dopaminergic neurones or
on non-dopaminergic nerve terminals is not essential for inducing inhibition of the dopaminergic
neurones, but enhances D2 receptor-mediated inhibition directly or indirectly via inhibitory neurones.

Keywords: Ventral tegmental area; DI receptor; D2 receptor; SKF 38393; quinpirole; domperidone; SCH 23390

Introduction

The ventral tegmental area (VTA) is composed of dopamine-
containing neurones and non-dopaminergic neurones. Both
neurone types project to limbic areas such as the nucleus
accumbens (Acc) and frontal cortex (Anden et al., 1966;
Beckstead et al., 1979; Simon et al., 1979). The spontaneous
and/or glutamate-induced firing of VTA dopaminergic
neurones are reported to be inhibited by dopamine as well as
dopamine agonists such as apomorphine, LY 141865, (+)-
amphetamine and quinpirole (LY 171555), through
dopamine autoreceptors (Aghajanian & Bunney, 1977; Wang,
1981b; White & Wang, 1984a,b). Recently, we have also
found that dopamine, a D2 agonist, talipexole (B-HT 920)
and a dopamine autoreceptor agonist, OPC-4392, produced
D2 receptor antagonist-reversible inhibition of the antidromic
spike induced by stimulation of the Acc in dopaminergic
neurones of the VTA (Momiyama et al., 1990; 1991). Similar
results in the VTA neurones were also obtained by Seutin et
al. (1990) with systemic injection of talipexole. However, an
autoradiographic study shows that in addition to D2 recep-
tors, D, receptors also exist in the VTA of man and rats
(Boyson et al., 1986; Dawson et al., 1986; 1988; Cortes et al.,
1989). Furthermore, a recent biochemical study has demon-
strated that neurones, probably in the ventral tegmental area,
superio-medial to the lateral mammillary nuclei, express
mRNAs of a subtype of the DI receptor (DIB) (Tiberi et al.,
1991). Therefore, a microiontophoretic study was performed
to elucidate the role of D, receptors in the VTA.

Methods

Twenty-eight male Wistar rats weighing 270-350 g were
anaesthetized with chloral hydrate (400mgkg-', i.p.). After
tracheal cannulation, the animals were fixed in a stereotaxic
apparatus and immobilized with gallamine triethiodide
(80 mg/animal, i.p.) under artificial respiration. ECG (II lead)
was continuously recorded to monitor the anaesthetic condi-

' Author for correspondence.

tion of the animal. When the experiments exceeded 5 h, a
supplemental dose of 200 mg kg-' chloral hydrate was
administered. Gallamine triethiodide (40 mg/animal) was also
given when required. Lignocaine was sprayed on all pressure
points and incision sites repeatedly throughout the
experiments. Body temperature was maintained between
36.5-37.5°C with a heating pad.
A bipolar stimulating electrode with a tip 0.1 mm in

diameter was inserted into the Acc (1.7-2.2 mm anterior to
bregma, 1.5 -2.0 mm lateral to midline, 7.5 -8.0 mm from the
cortical surface) (Paxinos & Watson, 1986) ipsilateral to the
recording site to activate the VTA neurones antidromically.
A stimulus composed of a rectangular pulse (0.1 ms duration
and 0.1 -0.3 mA) was applied to the Acc every 1.6 s. The
stimulus intensity was 1.5 times higher than the threshold
which was the minimum current to produce an antidromic
action potential in the VTA neurone. Single neuronal
activities were extracellularly recorded in the VTA
(4.7-5.0 mm posterior to bregma, 0.5-1.0mm lateral to
midline, 7.5-8.8mm from the cortical surface) (Paxinos &
Watson, 1986) using a glass-insulated silver wire microelec-
trode (electrical resistance; 1-2 MQ) attached along a seven-
barreled micropipette with an outer diameter of 3 -5 gm. The
distance between the tips of the recording electrode and
micropipette was 20-30 im.
Each seven-barreled micropipette was filled with 0.2 M

dopamine hydrochloride (Sigma, pH 5.5), 30 mM SKF 38393
(2, 3, 4, 5-tetrahydro- 1 -phenyl-1 H-3-benzazepine-7,8-diol
hydrochloride; Smith Kline and French Lab., pH 6.0), 10 mM
quinpirole (LY 171555; Eli Lilly Co., pH 5.5), 5 mM SCH
23390 ((R)-( + )-8-chloro-2, 3, 4, 5-tetrahydro-3-methyl-5-
[phenyl-1H-3-benzazepine-7-ol hemimaleate; Schering Corp.,
dissolved in 0.3% tartrate, pH 4.0), 30 mM domperidone
(Kyowa Hakko, dissolved in 1% lactate, pH 4.5), 1 M
monosodium L-glutamate (Sigma, pH 7.4) and 3 M NaCl.
These chemicals were applied iontophoretically to the
immediate vicinity of the target neurone being recorded, with
a microiontophoresis programmer (WP-I, model 160). NaCl
solution (3 M) was used for automatic current-balancing and
for checking the current effects. Retaining currents of ap-
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proximately - 20 nA were used between application periods
for all these drugs except L-glutamate, which was retained
with a + 20 nA current and applied as an anion.
The successive responses to Acc stimulation displayed on

an oscilloscope (Nihon-Kohden VC-1 1) were photographed.
The mean number and latency of spikes produced by Acc
stimulation in each neurone were obtained by 10 successive
responses before and during iontophoretic application of
each drug; then, the mean spike number and latency of each
group of neurones were calculated from the mean value of
each neurone. The statistical significance of the data was
determined by the paired t test. The positions of the
stimulating and recording electrode tips were marked by
passing a direct current of 0.3 mA for 10 s and 20 tLA for
2 min, respectively, and histologically checked by staining
with cresyl violet. Typical examples of the locations of recor-
ding and stimulating electrodes are shown in Figure 1 a and
b, respectively. Other details of the experiment have been
previously reported (Akaike et al., 1984; Momiyama et al.,
1990; 1991).

Results

Forty-five neurones were antidromically activated by Acc
stimulation. Of these 45 neurones, 39 were histologically
confirmed to be located in the VTA. As previously reported
(Momiyama el al., 1990; 1991), VTA neurones activated by
antidromic Acc stimulation were classified into type I and II
neurones according to their responses to Acc stimulation;
presumably corresponding to dopaminergic and non-
dopaminergic neurones, respectively, since they had long and
short latencies of the antidromic spike, respectively (Figure
2a and b).

Effects of agonists

The effects of microiontophoretic application of dopamine,
quinpirole and SKF 38393 were examined in 16 type I
neurones and 13 type II neurones. In 15 of 16 type I
neurones, antidromic spike generation was inhibited by
dopamine at a current of 40 nA, although that of the remain-
ing one neurone was not affected (Figure 3b). When
dopamine (40 nA) was applied for 60 s, the mean spike
number of 16 type I neurones significantly (P<0.01)
decreased to 0.41 ± 0.05 from the control (1.06 ± 0.02), while
the spike latency was not affected (Table la). Quinpirole also
inhibited antidromic spike generation current-dependently in
type I neurones without affecting the spike latency; the
inhibition of the antidromic spike generation during applica-
tion of 20, 40 and 70 nA of quinpirole was seen in 7, 11 and
14 of 16 type I neurones, respectively (Figure 3c,d and e).
The mean spike number of 16 type I neurones upon Acc
stimulation current-dependently and significantly (P<0.01)
decreased from 1.06 ± 0.02 to 0.83 ± 0.04, 0.68 ± 0.05 and
0.43 ± 0.06 during application of quinpirole at currents of 20,
40 and 70 nA, respectively (Table la). However, SKF 38393
at a current of 40 nA did not significantly affect antidromic
spikes in 15 of 16 type I neurones, although an inhibition of
the spike generation was seen in the remaining neurone and
at a current of 70 nA, the drug did not affect any of the 16
type I neurones tested (Figure 2f and g). The mean spike
number of 16 type I neurones was unaffected by SKF at a
current of 40 or 70 nA, (Table la). In contrast, simultaneous
application of SKF 38393 with quinpirole enhanced the
quinpirole-induced inhibition of antidromic spikes of type I
neurones upon Acc stimulation without affecting the spike
latency. When SKF 38393 at a current of 70 nA was simul-
taneously applied, significant (P< 0.05) enhancement of
quinpirole (20 nA)-induced inhibition was observed in 6 of 16
type I neurones, compared with the spike number during
application of quinpirole alone at a current of 20 nA (Figure

Figure 1 (a) The location of the recording electrode (arrow) within
the ventral tegmental area (VTA). (b) The location of stimulating
electrode (arrow) within the nucleus accumbens (Acc). Abbrevia-
tions: CN, caudate nucleus; SNC, substantia nigra pars compacta;
SNR, substantia nigra pars reticulata. Calibration bar: 1.0 mm.

a b

wvI
ON.$

I A I
Figure 2 Spikes of type I (a) and type 11 (b) neurones in the ventral
tegmental area elicited by stimulation of the nucleus accumbens
antidromically: (A) indicate stimulus artifacts. Calibration: 5 ms,
1 mV.
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Table 1 Effects of dopamine, quinpirole (LY 171555) and
SKF 38393 on antidromic spikes elicited by stimulation of
the nucleus accumbens in type I (a) and type II (b) neurones
of the ventral tegmental area

a Type I neurone

Control
DA (40 nA)a
LY (20 nA)
LY (40 nA)
LY (70 nA)
SKF (40 nA)
SKF (70 nA)

SKF (70 nA)
+ LY (20 nA)
SKF (40 nA)
+ LY (40 nA)

b Type II neurone

Control
DA (40 nA)a
LY (20 nA)
LY (40 nA)
LY (70 nA)
SKF (40 nA)
SKF (70 nA)

SKF (70 nA)
+ LY (20 nA)
SKF (40 nA)
+ LY (40 nA)

(n= 16)
Number of
spikes

1.06 ± 0.02
0.41 ± 0.05*
0.83 ± 0.04*
0.68 ± 0.05*
0.43 ± 0.06*
1.03 ± 0.06
1.05 ± 0.05

Latency
(ms)

9.36 ± 0.40
9.34 ± 0.40
9.36 ± 0.40
9.35 ± 0.43
9.35 ± 0.43
9.37 ± 0.40
9.36 ± 0.40

(15)b

(7)
(1 1)
(14)
(1)
(0)

0.46± 0.06t (I3)b
(6)c

0.44 ± 0.06t (14)b
(3)c

(n= 13)

1.08 ± 0.08
1.05 0.09 (I)b
1.06 0.10 (0)
0.98 0.10 (2)
0.98 0.10 (2)
1.03 ±0.09 (1)
1.04 0.09 (1)

0.98 ±0.10 (2)b
(M)C

0.95 ±0.12 (2)b
(1)C

9.36 ± 0.40

9.35 ± 0.43

2.85 ± 0.43
2.85 ± 0.43
2.85 ± 0.42
2.79 ± 0.50
2.79 ± 0.50
2.85 ± 0.43
2.85 ± 0.43

2.88 ± 0.43

2.83 ± 0.55

Each value represents the mean ± s.e.
Each drug was applied iontophoretically for 60 s.
aCurrent applied; bnumber of neurones, in which spike
generation by stimulation of the nucleus accumbens was
significantly (P<0.05) inhibited, when tested in 16 type I
and 13 type II neurones; cnumber of neurones in which
quinpirole-induced inhibition was enhanced by SKF, when
tested in 16 type I and 13 type II neurones.
*P<0.01, significantly different from control;
tP<0.01, significantly different from LY (20 nA) or LY
(40 nA) alone.
DA: dopamine, LY: quinpirole, SKF: SKF 38393.
SKF + LY: simultaneous application of SKF 38393 and
quinpirole.

3h, Table 2). The inhibition of the antidromic spike genera-
tion was seen in 13 of 16 type I neurones when SKF 38393
at a current of 70 nA and quinpirole at a current of 20 nA
were simultaneously applied (Tables la and 2). Similar effects
were observed during simultaneous application of SKF 38393
at a current of 40 nA with quinpirole at a current of 40 nA
(Figure 3i, Table 2). The mean spike number of 16 type I
neurones significantly (P< 0.01) decreased from 0.83 ± 0.04
to 0.46 ± 0.06 during simultaneous application of SKF 38393
(70 nA) and quinpirole (20 nA), and from 0.68 ± 0.05 to
0.44 ± 0.06 with SKF 38393 (40 nA) plus quinpirole (40 nA),
compared with the controls by quinpirole alone (Tables la
and 2). However, when dopamine (40 nA), quinpirole (20, 40
and 70 nA) or SKF 39393 (40 and 70 nA) alone was given to
13 type II neurones, there were no effects on the antidromic

a b c d e
L.20-2

0
10

E
100

o 5 10 0 5 10 0 5 10 0 5 10 0 5 10
Latency (ms)

20 - h i
a.2CO
0

10

E

o 5 10 o 5 10 o 5 10 0 5 10

Latency (ms)

Figure 3 Effects of microiontophoretic application of dopamine,
quinpirole and SKF 38393 on antidromic spikes elicited by stimula-
tion of the nucleus accumbens in a type I neurone in the ventral
tegmental area. The poststimulus latency histogram was obtained
from 20 successive responses of the neurones. (a) Control; (b) during
iontophoretic application of dopamine at a dose of 40 nA; (c), (d)
and (e): during application of quinpirole at doses of 20, 40 and
70 nA, respectively; (f) and (g) during application of SKF 38393 at
doses of 40 and 70 nA; (h) and (i) simultaneous application of SKF
38393 (70 nA) with quinpirole (20 nA) and SKF 38393 (40 nA) with
quinpirole (40 nA), respectively.

Table 2 Effects of quinpirole (LY) in the presence of SKF 38393 (SKF) on number of antidromic spikes elicited by stimulation of the
nucleus accumbens in type I neurones in the ventral tegmental area

Neurone
no.

2
3
4
S
6
7
8
9
10
11
12
13
14
15
16

LY LY SKF (70 nA) SKF (40 nA)
Control (20 nA) (40 nA) + L Y (20 nA) + L Y (40 nA)

1.on
1.0
1.2
1.0
1.0
1.0
1.1
1.2
1.0
1.0
1.0
1.2
1.0
1.0
1.0
1.2

1.0
0.7*
0.7*
0.9
0.4**
0.8
0.6*
1.1
0.9
0.9
1.0
0.8*
0.8
0.7*
1.0
0.9*

0.8
0.7*
0.6**
0.7*
0.5**
0.6*
0.5**
0.9
0.5**
0.6*
1.0
0.7**
0.9
0.3**
1.0
0.6*

0.5**
0.4**
0.4**
0.2**
0.5**
0.4**
0.3**
0.4**
0.2**
0.3**
0.9
0.4**
0.8
0.3**
0.9
0.5**

Mean 1.06 0.83** 0.68** 0.46tt
s.e. 0.02 0.04 0.05 0.06

n: mean spike number of 10 successive responses.
*P<0.05, significantly different from the control. **P<0.01, significantly different from the control.
t'P<0.01, significantly different from LY (20nA) or LY (40nA) alone.

0.5**
0.4**
0.2**
0.6*
0.2**
0.4**
0.3**
0.4**
0.3**
0.3**
0.7*
0.4**
0.8
0.1I**
0.9
0.6**

0.44tt
0.06
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spike elicited by Acc stimulation in most of the neurones
examined, although the inhibition was seen in 1-2 neurones
(Figures 4b-g, Table lb). In addition, SKF 38393 given
simultaneously with quinpirole had no effect on the anti-
dromic spikes in 12 of 13 type II neurones tested, although
enhancement of the inhibition was seen in the remaining one
neurone (Figure 4h and i, Table lb).

Effects of antagonists

When domperidone (40nA) was applied 30s prior to the
application of quinpirole (40 nA), the quinpirole-induced
inhibition was antagonized during application of
domperidone in 5 of 10 type I neurones (Figure 5a-d). The
mean spike number of 10 type I neurones significantly
(P<0.01) decreased to 0.69 ± 0.03 from 1.09 ± 0.05 during
microiontophoretic application of quinpirole, and then in-
creased to 1.07 ± 0.05 in the presence of domperidone (Table
3).
To examine whether or not activation of DI receptors by

intrinsic dopamine enhances the inhibition resulting from D2
receptor stimulation in the VTA type I neurones, the effects
of SCH 23390 (Di antagonist) on the quinpirole-induced
inhibition were investigated. When SCH 23390 at currents up
to 70 nA was applied 30 s prior to, and then simultaneously
with quinpirole (40 and 70 nA), quinpirole-induced inhibition
was not antagonized in any of 10 type I neurones (Figure Se
and f). There was no significant difference in the mean spike
number between application of SCH 23390 plus quinpirole
and quinpirole alone (Table 3).

Effect ofSCH 23390 on SKF 38393-induced
enhancement

SCH 23390 at a current of 40 nA was applied iontophor-
etically for 30 s and then SKF 38393 and quinpirole at a
current of 40 nA were given simultaneously in the presence of
SCH 23390. Under these conditions, an enhancement by
SKF 38393 of quinpirole-induced inhibition of antidromic
spike generation in VTA type I neurones was antagonized by

a) a b c d e
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Figure 4 Effect of microiontophoretic application of dopamine,
quinpirole and SKF 38393 on antidromic spikes elicited by nucleus
accumberns stimulation in a type II neurone in the ventral tegmental
area. The poststimulus latency histogram was obtained from 20
successive responses of the neurone. (a) Control; (b) during ion-
tophoretic application of dopamine at a dose of 40 nA; (c), (d) and
(e) during application of quinpirole at doses of 20, 40 and 70 nA,
respectively; (f) and (g) during application of SKF 38393 at doses of
40 and 70nA; (h) and (i) simultaneous application of SKF 38393
(70 nA) with quinpirole (20 nA) and SKF 38393 (40 nA) with quin-
pirole (40 nA), respectively.

SCH 23390. As shown in Table 4, the mean number of
antidromic spikes of 10 type I neurones tested was
significantly (P<0.01) decreased by iontophoretic applica-
tion of quinpirole (40nA) from 1.13±0.08 to 0.68±0.06
(Table 4). The inhibitory effect induced by quinpirole was
significantly (P<0.01) enhanced from 0.68 ± 0.06 to
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Figure 5 Antagonistic effects of domperidone and SCH 23390 on
quinpirole-induced inhibition of antidromic spikes elicited by
stimulation of nucleus accumbens in a type I neurone in the ventral
tegmental area. The poststimulus latency histogram was obtained
from 20 successive responses of the neurone. (a) Control; (b) and (c)
during iontophoretic application of quinpirole at doses of 40 and
70 nA, respectively; (d) simultaneous application of domperidone at
a dose of 40 nA with quinpirole (40 nA); (e) during simultaneous
application of SCH 23390 at a dose of 40 nA with quinpirole
(40 nA); (f) during simultaneous application of SCH 23390 (70 nA)
and quinpirole (70 nA).

Table 3 Effect of quinpirole (LY) on antidromic spikes of
type I neurones in the VTA upon Acc stimulation, and
antagonistic effects of domperidone (Dom) and SCH 23390
(SCH) on quinpirole-induced inhibition of the spike

Control
LY (40 nA)a
LY (70 nA)

Dom (40 nA)
+ LY (40 nA)

SCH (40 nA)
+ LY (40 nA)
SCH (70 nA)
+ LY (70 nA)

Number of
spikes

1.09 ± 0.05
0.69 ± 0.03* (9)b
0.41 ± 0.04* (10)

1.07 ± 0.05t (0)

0.68 ± 0.05* (9)

0.36±0.04* (10)

Latency
(ms)

10.01 ± 0.43
10.05 ± 0.40
10.07 ± 0.40

10.12 ± 0.39

10.06 ± 0.40

10.06 ± 0.41

n= 10
Each value represents the mean ± s.e.
Each drug was applied iontophoretically for 60 s.
*P<0.01, significantly different from control.
tP<0.01, significantly different from LY alone.
aCurrent applied; bnumber of neurones, in which spike
generation by stimulation of the nucleus accumbens was
significantly (P<0.05) inhibited.
Dom + LY and SCH + LY: simultaneous application of
domperidone with quinpirole, and SCH 23390 with
quinpirole, respectively.
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Table 4 Effect of SCH 23390 (SCH) on SKF 38393 (SKF)
-induced enhancement of inhibition by quinpirole (LY) in
type I neurones

Control
DA (40 nA)a
LY (40 nA)
SKF (40 nA)

SKF (40 nA)
+ LY (40 nA)

SCH (40 nA)
+ SKF (40 nA)
+ LY (40 nA)

Number of
spikes

1.13 ± 0.08
0.46 ± 0.05*
0.68 ± 0.06*
1.08 ± 0.06

0.46 ± 0.04"t

0.73 ± 0.08t

Latency
(ms)

11.39 ± 0.59
11.44 ± 0.59
11.51 ± 0.56
11.46 ± 0.54

11.56 ± 0.55

11.43 ± 0.56

n = 10.
Each value represents the mean ± s.e.
Each drug was applied iontophoretically for 60 s.

*P<0.01, significantly different from control.
ttP<0.01, significantly different from LY alone.
tP<0.01, significantly different from the value without
SCH.
aCurrent applied.
SKF + LY: simultaneous application of LY with SKF.
SCH + SKF + LY: simultaneous application of SCH with
SKF and LY.

0.46 ± 0.04 by simultaneous application of SKF 38393
(40 nA) with quinpirole (Table 4). Furthermore, when quin-
pirole (40 nA), SKF 38393 (40 nA) and SCH 23390 (40 nA)
were simultaneously applied to these 10 type I neurones, the
mean number of antidromic spikes was significantly
(P<0.01) increased from 0.46 ± 0.04 to 0.73 ± 0.08, com-
pared with the value without SCH 23390 (Table 4).

Discussion

The present study confirmed the previous findings that the
VTA neurones projecting to the Acc are composed of two
types (Wang, 1981a; Momiyama et al., 1990; 1991): type I
and type II neurones, probably corresponding to dopaminer-
gic and non-dopaminergic neurones, respectively, since in the
former neurones, an antidromic spike elicited by Acc stimula-
tion had a long duration and latency while the latter
neurones, in contrast, had a short duration and latency
(Grace & Bunney, 1980; Wang, 1981a; Momiyama et al.,
1990; 1991).

Microiontophoretically applied dopamine and quinpirole
inhibited antidromic spikes elicited by Acc stimulation in
type I neurones. The quinpirole-induced inhibition was

antagonized by simultaneous application of domperidone,
suggesting that this inhibition is mediated by D2 receptors
located in dopaminergic neurones of the VTA, as shown in
our previous studies (Momiyama et al., 1990; 1991). These
results are also in accordance with those obtained by White
& Wang with D2 agonists, LY 141865 and bromocriptine, as

well as a D2 antagonist, sulpiride, on spontaneous firing of
the VTA neurones (White & Wang, 1984a,b).
On the other hand, microiontophoretic application of SKF

38393 alone had little effect on antidromic spikes of type I
neurones. The quinpirole-induced inhibition of the anti-
dromic spikes was not affected by blocking DI receptors with
SCH 23390. This suggests that DI receptors alone in the
VTA are not essential for dopamine-mediated inhibition of
dopaminergic neurones. However, the inhibitory effects of

quinpirole were significantly enhanced in the presence of
SKF 38393, suggesting that activation of DI receptors
induces synergistic effects on D2 receptor-mediated inhibition
in the VTA. Similar synergistic effects by activation of both
DI and D2 receptors have also been found in globus pallidus
neurones (Walters et al., 1987), the caudate nucleus and the
Acc neurones (Wachtel et al., 1989), although the effects of
DI and D2 receptor activation were opposite in some caudate
nucleus neurones in our studies (Akaike et al., 1987; Ohno et
al., 1987). However, Wachtel et al. (1989) have reported that
the ability of dopamine agonists to stimulate D2 receptors in
the VTA neurones was not altered by manipulation of DI
receptor occupation. These differences are probably due to
the low currents of the DI agonist applied in the presence of
the D2 agonist. Furthermore, in the present study, enhance-
ment of quinpirole-induced inhibition by SKF 38393 was
antagonized by simultaneous application of SCH 23390, a
selective DI antagonist, indicating that this enhancement by
SKF 38393 is mediated by DI type receptors. Our electro-
physiological study suggests that DI type receptors are dis-
tributed in the VTA which have some modulatory function,
although it is not as essential as that of D2 receptors. One
possibility suggested by our results is that under normal
conditions, dopamine acts on the D2 receptors located on the
dendrites of dopaminergic neurones in the VTA, and that
excess dopamine released from dendrites may also activate
DI receptors, thereby enhancing the D2 receptor-mediated
inhibitory effects, although activation of the DI receptors is
not always necessary to inhibit these neurones.

However, contradictory results have been reported regar-
ding the existence of DI receptors in the VTA. One
autoradiographic study found no DI receptors in the pars
compacta of the substantia nigra or the VTA (Alter &
Hauser, 1987); however, other autoradiographic studies
indicated the existence of both DI and D2 receptors in the
VTA (Boyson et al., 1988; Dawson et al., 1986; 1988; Cortes
et al., 1989). In situ hybridization histochemistry studies have
demonstrated that the DI receptor mRNA was not expressed
in the VTA dopaminergic neurones (Dearry et al., 1990;
Sunahara et al., 1990; Weiner et al., 1991; Meador-Woodruff
et al., 1992). Recently, however, Mansour et al. (1992) have
reported that there are marked discrepancies between DI
receptor binding and mRNA in some brain regions; DI
receptor binding can be observed in the VTA, but no DI
receptor mRNA can be detected there. They have discussed
whether these discrepancies may be due to technical problems
such as ligand and probe sensitivity, and to specific transport
of dopamine receptors synthesized. Therefore, conflicting
results - that DI receptors in the VTA dopaminergic
neurones are observed by autoradiographic studies, but their
mRNA cannot be detected by in situ hybridization - appear
not always to mean the lack of DI rceptors.

However, iontophoretically applied SKF 38393 does not
influence only the neurone recorded, but also affects other
neuronal elements in the vicinity of the iontophoretic pipette.
Therefore, it is possible that the SKF 38393-induced response
is mediated by non-dopaminergic elements within the VTA
e.g. it may activate DI type receptors located on the ter-
minals of GABAergic neurones originating in the Acc and
enhance release of GABA, eventually potentiating D2
receptor-mediated inhibition.
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Protection by oestradiol against the development of
cardiovascular changes associated with monocrotaline
pulmonary hypertension in rats

Michel Y. Farhat, Ming-Fong Chen, Tahira Bhatti, Azhar Iqbal, Seedabarum Cathapermal &
'Peter W. Ramwell

Department of Physiology and Biophysics, Georgetown University Medical Center, Washington D.C. 20007, U.S.A.

1 We studied the effects of oestradiol 17p on the development of pulmonary vascular changes and right
ventricular (RV) hypertrophy in response to monocrotaline in male Sprague-Dawley rats.
2 Rats were treated with either placebo or oestradiol 17p (1O mg) in the form of slow release pellets
implanted subcutaneously 48 h before monocrotaline administration. Rats were injected with either
saline or a single dose of monocrotaline (60 mg kg-', i.m.). Pulmonary vascular changes and RV
hypertrophy were studied at 4 weeks following monocrotaline administration.
3 Monocrotaline induced a significant increase in the ratio of right ventricle (RV) to left ventricle-plus-
septum (LV + S) weights. Monocrotaline-treated rats also showed significant myointimal proliferation in
small pulmonary arteries, decrease of arterial numbers and increase in the number of abnormal alveolar
macrophages.
4 Oestradiol 17p attenuated myointimal hyperplasia in pulmonary vessels, decreased the RV/(LV + S)
ratio in monocrotaline-treated rats. Oestradiol 1713 had no significant effect on control animals.
5 Oestradiol treatment prevented the increase in lung wet to dry weight ratio, observed 7 days post
monocrotaline administration.
6 These results suggest that oestradiol 17p protects against the pulmonary vascular remodelling and
RV hypertrophy associated with monocrotaline-induced pulmonary hypertension in the rat. Oestradiol
also protects against microvascular leak observed in the early days of lesion.

Keywords: Oestrogen; monocrotaline; myointimal hyperplasia; right ventricular hypertrophy; pulmonary hypertension; micro-
vascular leak

Introduction

Monocrotaline-induced pulmonary hypertension is an impor-
tant model for the study of the pathogenesis of chronic
inflammatory pulmonary conditions that involve the inter-
stitium and vessels of the lung. Endothelial cell damage
produced early by the metabolites of monocrotaline is
thought to lead to the development of structural and func-
tional changes (Butler, 1970; Roth & Reindel, 1991; Schultze
et al., 1991). A single monocrotaline injection causes pul-
monary oedema, inflammatory lung parenchyma changes,
pulmonary hypertension and right ventricular hypertrophy
(Meyrick et al., 1980; Ghodsi & Will, 1981; Roth & Reindel,
1991). The pulmonary vascular lesions are characterized by
medial hyperplasia and hypertrophy of muscular pulmonary
arteries and capillary endothelial cell changes (Meyrick et al.,
1980; Ghodsi & Will, 1981; Meyrick & Reid, 1982).
The development of monocrotaline-induced pulmonary

hypertension appears to be sexually differentiated (Kiyatake
et al., 1992). Female rats treated with monocrotaline develop
a lower degree of pulmonary hypertension than their male
counterparts, suggesting a possible protective role of oes-

trogen in this animal model. Oestradiol has been shown to
inhibit myointimal proliferation in the aorta of renal
hypertensive rats (Wolinsky, 1972), prevent the development
of atherosclerosis in the rabbit aorta (Fischer & Swain,
1985), and decrease the size of atherosclerotic plaque in
monkeys and rabbits via changing the cholesterol metabolism
(Kushwaha & Hazzard, 1981; Williams et al., 1990). Oes-
tradiol treatment also blunts pulmonary vascular responses
to pressor agonists and inhibits hypoxic pulmonary vaso-
constriction (Gordon et al., 1986). However, the effect of

' Author for correspondence.

oestrogen on the pathogenesis and development of different
forms of pulmonary vascular injury, including mono-
crotaline-induced pulmonary hypertension remains unclear.
The purpose of this study was to evaluate the effect of

oestrogen treatment on the structural changes in the right
heart and pulmonary vasculature observed in monocrotaline-
induced pulmonary hypertension in the rat.

Methods

Animals and treatment protocol

Ten week old male Sprague-Dawley rats (weighing between
250 to 300 g; Charles River Laboratories, Willmington, MA,
U.S.A.) were treated with a single intramuscular injection of
saline or monocrotaline (60 mg kg-'). An aqueous solution
of monocrotaline was prepared as described by Hayashi et al.
(1967) wherein, 200 mg was dissolved in 1.2 ml of 1 N HCl,
diluted with distilled water to about 5 ml and neutralized
with 0.5 N NaOH; the volume was then adjusted to 10 ml
with distilled water.

All animals were treated with either placebo or oestradiol-
17P (10 mg) in the form of slow release pellets, implanted
subcutaneously 2 days before monocrotaline injection. Pellets
were purchased from Innovative Research of America
(Toledo, OH, U.S.A.) and were fused and compressed
individually with filter material including cholesterol, micro-
crystalline cellulose, az-lactose, di- and tricalcium phosphate,
calcium and magnesium stearate, and stearic acid (Osborne
et al., 1985). The pellet doses were chosen so as to sustain rat
blood oestradiol levels of about 10 ng ml-'. The development
of pulmonary vascular changes and right ventricular (RV)
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hypertrophy both in the presence and absence of oestradiol
treatment was studied at 4 weeks following monocrotaline
administration. All of the animals were housed at constant
temperature and kept in a 12 h light-dark cycle in the
Research Resources Facility of Georgetown University
Medical Center, where they had free access to food and
water.

Preparation of tissues

At the end of the study period, rats were anaesthetized with
pentobarbitone (60 mg kg-', i.p.). The trachea was can-
nulated and rats were ventilated with room air at a tidal
volume of 2.5 ml and a frequency of 60 breaths min-', using
a small animal respirator (Model 680, Harvard Apparatus
Co., Dover, MA, U.S.A.). A blood sample was collected
from the abdominal aorta for the determination of plasma
oestradiol levels by radioimmunoassay (Jurjen et al., 1975).
Lungs were perfused in situ from the right ventricle with
heparinized (heparin sodium, 5 units ml-') lactated Ringer
solution for 10 min at a pressure of 20 mmHg, followed by
Karnovsky's fixative (Karnovsky, 1956) for 20 min. The
trachea was then perfused with the same fixative at a pres-
sure of 25 cmH2O for 10 min. The lungs and heart were
removed en bloc. Tissues from both lungs were immersed in
the fixative overnight, then transferred to the 0.1 M sodium-
cacodylate buffer (pH 7.3) and stored at 4°C for 1 week
before structural study.
The development of pulmonary hypertension was con-

firmed by right ventricular hypertrophy which was expressed
as an increase in right ventricular free wall (RV)/left
ventricle-plus-septum (LV + S) in the absence of a change in
(LV + S) weight (Fulton et al., 1952). Both atria, valves and
fatty tissue of the heart were trimmed from the ventricles.
The RV was separated from the LV + S, which were blotted
and weighed separately.

Morphology

Histological sections were prepared from lung tissues and
stained with haematoxylin-eosin as well as with a multiple
stain (ethylene alcohol, methyl alcohol, basic fuchsin, and
toluidine blue) to demonstrate internal and external elastic
laminae for morphometric studies. The number of abnormal
alveolar macrophages was also determined.
Measurement of medial thickness was made on muscular

arteries with an external diameter of 30-100 and 100-
200 jim respectively, with a computerized morphometer (The
Morphometer, Woods Hole Educational Associates, Woods
Hole, MA, U.S.A.). For each artery, medial thickness was
expressed as:

(extemal diameter - luminal diameter)/extemal diameter x 100

The external diameter is the distance between and including
the two external elastic laminae intersected by the diameter.
Because vessels were often not perfectly circular in cross-
section, each vessel was measured twice at right angles to the
first measurements. In each section, ten vessels were
measured, and the average was calculated. To determine the
number of abnormal alveolar macrophages and small arteries
(external diameter< 100,m), macrophages, arteries and
alveoli were counted in 10 consecutive fields at x 500
magnification in each lung section and expressed per 100
alveoli (Meyrick et al., 1980; Ono & Voelkel, 1991).

Histological evaluation was carried out using a double
blind study, in which the treatment status was unknown to
the investigators.

Determination of lung perivascular oedema

In one group of animals, 7 days following monocrotaline or
vehicle administration, lungs were excised as previously des-
cribed, and weighed immediately to the nearest mg to deter-

mine wet weights. Lung samples were then allowed to stand
at room temperature until a stable dry weight was obtained.
The extent of lung oedema was quantified by the ratio of wet
to dry weight (Sugita et al., 1983). These values were com-
pared to those obtained from oestradiol-treated animals.

Statistical analysis

All data were expressed as means ± standard deviations
(s.d.). Data were analysed by unpaired Student's t test and
Fisher's Multiple Comparison Test, to determine significant
differences between various experimental groups.

Significance was achieved at P <0.05.

Materials

Crotaline was purchased from Sigma Chemical Co., St.
Louis, MO, U.S.A.; and heparin sodium Organon Inc., West
Orange, NJ, U.S.A.

Results

Animal behaviour and body weight changes

Monocrotaline-treated (M) rats showed loss of appetite and
failed to gain weight 4 weeks after injection. Two mono-
crotaline-treated rats became lethargic after 3 weeks and
were killed with a high dose of pentobarbitone sodium
(100 mg kg-'). Subsequent autopsy showed severe pulmonary
oedema. Body weight loss was less in oestrogen-treated
animals, and these animals did not show any significant
change in behaviour. Oestradiol-treated control (E) animals
however, exhibited a significant decrease in body weight as
compared to placebo controls (C) (Figure 1). Plasma oes-
tradiol levels in oestradiol-treated animals ranged between
8.1 and 14.6 ng ml-'.

Structural studies

Right ventricular hypertrophy and heart weight index As
shown in Table 1, monocrotaline induced a significant in-
crease in the RV/(LV + S) ratio at 4 weeks (0.48 ± 0.07 vs
0.29 ± 0.04 in C, P <0.05). Oestradiol treatment protected
against monocrotaline-induced increase in ventricular ratio,
but had no effect in placebo-treated animals. There was no
significant difference in the (LV + S)/body weight ratio
among all groups.
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Figure 1 Effect of oestradiol 17p treatment on body weight gain in
monocrotaline-treated male rats. Measurements were made 4 weeks
following monocrotaline administration. C: control. M: mono-
crotaline. E: oestradiol. M + E: monocrotaline + oestradiol-treated
rats. Each value represents the mean ± s.d. from 4 to 6 animals.
ap<0.001 vs C; bP<0.02 vs M and CP<0.02 vs C.
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Table 1 Effect of oestradiol 17p on right ventricular hyper-
trophy in monocrotaline-treated male rats

RV/(LV+ S)

0.29 ± 0.01

0.28 ± 0.05

0.48 ± 0.07ab

0.35 ± 0.05

a

(LV+ S)/BW
(x 10-3)

2.15 ± 0.36

2.13 ± 0.30

2.08 ± 0.15

2.19 ± 0.14

C: control. M: monocrotaline. E: oestradiol. M + E: mono-
crotaline + oestradiol-treated rats. BW: body weight. LV:
left ventricle. RV: right ventricle. S: septum.
apoo.005 vs C; bP<0.01 vs M + E.

Myointimal proliferation Monocrotaline induced a 2 fold
medial thickening in small muscular arteries with external
diameter of less than 200 .lm. The percentage myointimal
thickening was more significant in those arteries with an
external diameter of 30 to 100lim (13.9 ± 2.1 in M vs
7.1 ± 1.5 in C; P <0.05). Oestradiol significantly prevented
monocrotaline-induced medial hypertrophy (Figure 2) 4
weeks after treatment (9.2 ± 1.9 in M + E; P< 0.01 vs M),
but had no significant effect on placebo-treated animals
(Table 2).

Abnormal alveolar macrophages and arterial numbers Sec-
tions of lung tissue from monocrotaline-treated rats showed
an increase in number of inflammatory cells in lung paren-
chyma with perivascular infiltration. Lung histology showed
increased numbers of foamy alveolar macrophages (50.9 ±
14.1/100 alveoli) in intra-alveolar spaces (Table 2). Oestradiol
significantly reduced the numbers of abnormal alveolar
macrophages induced by monocrotaline (30.9 ± 10.7/100
alveoli; P <0.05). Monocrotaline treatment also slightly
reduced the alveolar numbers in each x 500 magnification
field. However, Figure 3 shows that monocrotaline-treated
rats had the least arterial (external diameter< 100 ltm)
density among the four groups studied. Oestradiol 1 7p
significantly protected against the monocrotaline-induced
decrease in arterial density (3.6 ± 0.07 in M vs 5.1 ± 1.1/100
alveoli in M + E; P<0.05).

Microvascular leak Monocrotaline induced a significant in-
crease in water content of the lung. The wet to dry weight
changed from 5.31 ± 0.06 in C to 5.73 ± 0.07 in M
(P <0.001) after 7 days. Oestradiol 17p treatment had no
effect on basal lung weight ratio but significantly (P <0.01)
inhibited the increase in water content induced by mono-
crotaline (Figure 4). There was no significant change in lung
dry weight to body weight ratio in all groups of study.

b

c

Figure 2 Cross-section (x 500) of small pulmonary artery from
lungs of monocrotaline (a), monocrotaline + oestradiol-treated (b),
and control (c) rats at 4-weeks following monocrotaline injection,
showing the protective effect of oestrogen on pulmonary vascular
hypertrophy induced by monocrotaline.

Table 2 Effect of oestradiol 17p on monocrotaline pneumo-
toxicity in male rats

MT (%)
30 to 100 .tm 100 to 200lamDiscussion

Alveoli Macro
Ifield /100 alveoli

This study shows that oestradiol significantly improves sur-
vival and prevents right ventricular hypertrophy as well as
medial hypertrophy in small pulmonary arteries of mono-
crotaline-treated rats. These data suggest that oestradiol may
protect against the development of monocrotaline-induced
pulmonary hypertension.

Monocrotaline induces a dose-dependent injury to pul-
monary vascular endothelium, leading to a time-related pro-
gression of medial proliferation in pulmonary vessels, as well
as right ventricular hypertrophy and pulmonary hypertension
(Ghodsi & Will, 1981; Meyrick & Reid, 1982; Roth &
Reindel, 1991). The delayed and progressive nature of the
injury to endothelial cells seems enigmatic, since reactive
metabolites of monocrotaline bind rapidly to tissue macro-
molecules or are rapidly inactivated in aqueous environments

C 7.1 ± 1.5
(n = 6)
E 6.6 ± 1.0
(n = 6)
M 13.9±2.1
(n = 4)
M+E 9.2± 1.9
(n = 6)

5.9 ± 1.2a 23.8 ± 4.8

5.7± 1.4 22.7± 5.1

bc 11.0± 2.6

0

0

18.4± 4.0 50.9± 14.1

6.6 ± 1.8a 22.0 ± 5.0 30.9 ± 10.7

The parameters measured are: % medial thickness (MT%)
of small pulmonary arteries (external diameters of 30-
100im and 100-200ILm), number of alveoli per magni-
fication field (x 500) and number of abnormal alveolar
macrophages per 100 alveoli. C: control. M: monocrotaline.
E: oestradiol. M + E: monocrotaline + oestradiol-treated
rats.
ap<0.02 vs M; bP<O.005 vs C; CP<0.0I vs M + E.

C
(n = 6)
E
(n = 6)
M
(n = 4)
M+E
(n = 6)
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Figure 3 Effect of oestradiol 1 7, on arterial number in mono-
crotaline-treated male rats. The number of small pulmonary arteries
with external diameter (ED) <100 tim is measured. C: control. M:
monocrotaline. E: oestradiol. M + E: monocrotaline + oestradiol-
treated rats. Oestradiol treatment (M + E) significantly protected
against the decrease in number of arteries observed in mono-
crotaline-treated rats. Each value represents mean ± s.d. from 4 to 6
animals. aP<0.02 vs C.
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Figure 4 Effect of oestradiol 17,B on pulmonary oedema in mono-

crotaline-treated male rats. Oedema is measured as the lung wet to
dry weight ratio, 7 days post monocrotaline administration. C: cont-
rol. M: monocrotaline. E: oestradiol. M + E: mono-

crotaline + oestradiol-treated rats. Oestradiol treatment protected
against monocrotaline-induced increase in lung water content. Each
value represents the mean ± s.d. from 4 to 6 animals. aP<0.01 vs

M + E.

(Roth & Reindel, 1991). In fact, it has been suggested that
monocrotaline metabolites may not be directly toxic to
endothelial cells but may trigger some indirect mechanisms,
such as production and release of endogenous mediators of
injury (e.g. leukotrienes, cytokines) (Rosenberg & Rabin-
ovitch, 1988; Ito et al., 1988; Ono & Voelkel, 1991; 1992), or
inhibit production of endothelium-dependent relaxing factor
and cytoprotective compounds like prostacyclin.
We find that smaller arteries displayed greater medial

proliferation than the larger ones (Table 2), which is in
accordance with previous reports (Meyrick & Reid, 1982;
Ono & Voelkel, 1991). We also find that oestradiol
significantly reduced right ventricular hypertrophy (Table 1)
and decreased pulmonary vascular medial thickening in
oestradiol-treated monocrotaline rats. Since there is, in
general, a positive correlation between progressive pulmonary
hypertension, thickening of the medial wall of the small
pulmonary vessels, and right ventricular hypertrophy (Mey-
rick et al., 1980; Ghodsi & Will, 1981) it is possible that a

reduction of pulmonary hypertension and RV hypertrophy
by oestradiol treatment might also be a consequence of the
reduction in lung vessel thickening.

In addition, the histology of monocrotaline-induced pul-
monary hypertension showed profuse inflammatory cell
infiltration in the lung parenchyma and abnormal macro-
phages in alveolar spaces. Oestrogen treatment however,
reduced the number of abnormal alveolar macrophages per
field (Table 2). Natural and synthetic oestrogens are known
to stimulate phagocytosis and clearance of intravenously
administered particles by tissue elements of the mononuclear
phagocyte system in mice (Loose & Diluzio, 1976; Boorman
et al., 1980). It is not clear whether oestrogen decreases
inflammation in our model by a direct anti-inflammatory
effect or indirectly via attenuating monocrotaline toxicity.

There are several possible mechanisms by which oestradiol
may act to attenuate the monocrotaline-induced pulmonary
vascular remodelling. Firstly, oestradiol may stimulate
angiogenesis (Wolinsky, 1972; Khosla et al., 1981) and hence
increase the overall cross-sectional area of pulmonary vas-
cular bed, changing the flow-resistive characteristics of the
pulmonary vasculature in monocrotaline-treated animals.

Secondly, oestradiol could decrease the smooth muscle
mass in pulmonary vessels, as demonstrated in systemic
arteries of hypertensive rats (Wolinsky, 1972), thus leading to
a blunted response of monocrotaline-induced myointimal
proliferation. We have observed that oestradiol causes a
significant attenuation of cardiac transplant myointimal pro-
liferation (Foegh et al., 1987), and inhibition of [3H]-
thymidine uptake in arterial segments from the left anterior
descending coronary artery of the pig, in vitro (unpublished
observation). On the other hand, we have also shown that in
pulmonary vessels oestradiol potentiates [3H]-thymidine up-
take by vascular smooth muscle cells. This mitogenic effect of
oestrogen however, is abolished in presence of an intact
endothelium, suggesting that endothelial injury or dysfunc-
tion may be important (Farhat et al., 1992).

Thirdly, oestradiol has been shown to cause arterial dilata-
tion in several systemic vascular beds (Rosenfeld et al., 1976),
and to alter the response of isolated systemic vessels to
various vasoconstrictor agents (Colucci et al., 1982). In vivo
studies also show a blunted pulmonary vascular reactivity to
hypoxia, angiotensin II and prostaglandin F2U during preg-
nancy (Moore & Reeves, 1980; Fuchs et al., 1982; Sylvester
et al., 1985), and following oestradiol treatment (Wetzel et
al., 1984). Increased production of prostacyclin or other
endothelial derived vasodilators may be implicated in this
effect (Resnick, 1981). On the other hand, oestradiol 17p has
been shown to increase contractions and increase vascular
sensitivity to catecholamines in bovine isolated radial arteries
(Chan & Kalsner, 1982), rabbit saphenous veins (Rorie &
Muldoon, 1979) and rat small mesenteric arteries (Colucci et
al., 1982). We have also observed that oestradiol treatment
enhances pulmonary vascular response of the rat isolated
perfused lung to the thromboxane-mimetic, U46619 (Farhat
& Ramwell, 1992). These data suggest that oestrogen plays a
role in the regulation of the pulmonary vascular reactivity,
and that the effect of oestrogen may depend on the identity
of the vessel in the experimental model, as well as on the
nature of the agonist used.
On the other hand, endothelial injury by monocrotaline

results in increased permeability, perivascular oedema (Ples-
tina & Stoner, 1972; Roth & Reindel, 1991) and increased
lung weight which occurs within a few hours after mono-
crotaline administration (Reindel et al., 1990). Evidence
indicates that the structural and functional changes observed
at a later stage in the pulmonary arteries and right ventricle
may be secondary to those earlier cellular or subcellular
events (Ghodsi & Will, 1981; Roth & Reindel, 1991). Our
data show that oestradiol treatment prevents monocrotaline-
induced microvascular leakage, suggesting that oestradiol
may protect against endothelial injury by monocrotaline.
Endothelial damage is not caused directly by monocrotaline

I
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but by its metabolic products. Monocrotaline is converted to
reactive pyrroles by the mixed function oxidase system of the
liver (Hilliker et al., 1983). Oestradiol may have a direct
inhibitory effect on the conversion of monocrotaline to its
toxic metabolite, monocrotaline pyrrole. Kiyatake et al.
(1992) have shown that liver homogenates from female rats
produced significantly lower concentrations of monocrotaline
pyrrole than those from males. This was associated with a
lower right ventricular pressure observed in female rats sug-
gesting a gender difference in the severity of monocrotaline-
induced pulmonary hypertension.

In conclusion, chronic treatment with oestradiol signi-
ficantly attenuates pulmonary vascular remodelling and right
ventricular hypertrophy in monocrotaline pulmonary hyper-
tension in the rat. Our data suggest that oestradiol may exert
its protective effect by preventing monocrotaline-induced
endothelial injury. This is the first indication of a protective
effect of oestrogen in this animal model and may open new
avenues to understanding the role of oestrogen in other
forms of pulmonary vascular injury.

This work is supported by NHLBI grant HL 36802.
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Repeated administration of desipramine and a GABAB receptor
antagonist, CGP 36742, discretely up-regulates GABAB
receptor binding sites in rat frontal cortex

'Gerard D. Pratt* & 2Norman G. Bowery

Department of Pharmacology, The School of Pharmacy, 29- 39 Brunswick Square, London WC1N lAX.

1 GABAB receptor binding site densities within laminar regions of the rat frontal cortex were examined
autoradiographically following repeated administration (21 days) of the antidepressants desipramine,
paroxetine and amitriptyline in addition to the GABAB receptor antagonists, CGP 35348 and CGP
36742. ,I-Adrenoceptor autoradiography was studied in parallel with that for GABAB receptor sites.
2 The effects of these compounds were examined concomitantly on the GABAB receptor-mediated
inhibition of forskolin- and enhancement of noradrenaline-stimulated cyclic AMP production.
3 GABAB receptor binding was increased by both desipramine (20mg kg-', p.o. and 10mg kg-', i.p.)
and CGP 36742 (100 mg kg-', i.p.) in the outer laminar region of the frontal cortex by around 50%
above control levels. Conversely, no significant changes were mediated by paroxetine, amitriptyline,
CGP 35348 or the GABAB receptor agonist, baclofen.
4 With the exception of paroxetine, all compounds down-regulated the total P-adrenoceptor population
throughout frontal cortical laminae which was attributable to the ,I-adrenoceptor subtype. In contrast,
the reduction in ,B-adrenoceptors mediated by CGP 35348 and CGP 36742 did not occur as a
consequence of reduced 13-adrenoceptor numbers.
5 Protracted treatment with CGP 35348, failed to influence forskolin-stimulated cyclic AMP produc-
tion; however, a significant increase in the accumulation of cyclic AMP produced in response to
forskolin was seen after treatment with CGP 36742.
6 Such discretely localized changes in GABAB receptor densities induced by desipramine and CGP
36742 may provide an explanation for the discrepancies reported in membrane binding studies and
possibly implicate a role for GABAB receptor antagonists in antidepressant therapy.

Keywords: GABAB receptors; antidepressants; autoradiography; P-adrenoceptors; adenylyl cyclase; GABAB
antagonists

Introduction

Since the introduction of the tricyclic antidepressant, imip-
ramine in 1957, much research has focussed upon attempting
to find a common biochemical denominator from which a
neurochemical inbalance would trigger depression. The
clinical observation that reserpine can produce depression
suggested that the disease may be a consequence of a
monoamine deficit. In support of this, synaptic levels of the
monoamines, noradrenaline (NA) and 5-hydroxytryptamine
(5-HT) are increased by both tricyclic antidepressants and
monoamine oxidase inhibitors by the prevention of either
their uptake or breakdown, respectively. Adaptations to the
populations of central cortical monoamine receptors following
chronic antidepressant administration are now well-document-
ed. Down-regulation of the numbers of both P-adrenoceptors
(Banerjee et al., 1977) and 5-HT2 receptors (Peroutka &
Snyder, 1980) has been consistently found with a variety of
antidepressant classes and is believed to be a prerequisite for
their therapeutic actions.

Focus turned to the GABAergic system following the
observations that the levels of y-aminobutyric acid (GABA)
are reduced in the cerebrospinal fluid (Gold et al., 1980) and
the plasma (Berrettini et al., 1982) of depressed patients. In
addition, since the GABA agonists, progabide and fengabine
have antidepressant actions both in animal models as well as

clinically (Lloyd et al., 1983; Musch & Garreau, 1986), atten-
tion was directed to GABA receptors and in particular to the
possible alterations in the GABAB receptor subtype following
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Gloriastrasse 32, CH-8006, Zurich, Switzerland.
2 Author for correspondence.

chronic antidepressant administration. This stemmed from
observations of increased GABAB receptor binding to rat
cerebral cortical membranes following subcutaneous
infusions of a variety of antidepressants (Pilc & Lloyd, 1984;
Lloyd et al., 1985). These effects were substantiated using
intraperitoneal administration (Szekely et al., 1987) and also
in mouse cortical membranes (Suzdak & Gianutsos, 1986).
Moreover, GABAB receptors are reduced in the frontal cor-
tex following olfactory bulbectomy (Lloyd & Pichat, 1986).
Furthermore, increased GABAB receptor functionality with
respect to baclofen-induced nociception is reduced by chronic
desipramine (Borsini et al., 1986) whereas baclofen-induced
hypothermia and GABAB receptor-mediated inhibition of 5-
HT release (Gray & Green, 1987) are enhanced by repeatedly
administered antidepressants or electroconvulsive therapy
(ECT) (Gray et al., 1987). Additionally, chronic imipramine
treatment enhances the GABAB receptor-mediated potentia-
tion of NA-stimulated adenylyl cyclase activity (Suzdak &
Gianutsos, 1986).
Not all researchers, however, have been able to demon-

strate GABAB receptor up-regulation after such dosing
regimes. Cross & Horton (1988) failed to observe any
significant changes in GABAB binding sites following
repeated administration of desipramine or zimeldine, despite
the fact that 5-HT2 binding site densities were significantly
reduced in the same membrane preparations. Moreover,
GABAB receptors are not altered in drug-free suicide victims
(Cross et al., 1988). Interestingly, although the binding of
[3H]-GABA to GABAB sites in rat frontal cortical memb-
ranes was increased after prolonged treatment with desip-
ramine and imipramine, [3H]-baclofen binding was unaffected
by these drugs (Szekely et al., 1987). Furthermore, although

receptor
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[3H]-dihydroalprenolol binding sites were down-regulated by
infusions of imipramine, desipramine, tranylcypromine and
phenelzine, GABAB receptor densities were not influenced by
these antidepressants (McManus & Greenshaw, 1991).

It was hypothesized that if indeed GABAB receptor den-
sities are increased following repeated antidepressant
administration, it could be that certain undetected changes
may arise from a discrete localization within certain cerebral
cortical laminae which would be considerably diluted in a
membrane preparation. The aim of the present study, there-
fore, was firstly to employ receptor autoradiography in an
attempt to resolve these discrepancies. Since this technique
offers the advantage of retaining the morphology of the brain
intact, such an approach should enable the detection of
possible changes within individual laminal regions of the
frontal cortex. Autoradiographical examination of GABAB
receptor sites within laminar regions of the frontal cortex was
investigated in parallel with P,-adrenoceptors after treatment
with a variety of antidepressants, an established GABAB
receptor antagonist, CGP 35348 (Olpe et al., 1990) and also a
novel GABAB receptor antagonist, CGP 36742 (Bittiger et
al., 1992).

Secondly, since activation of GABAB receptors inhibits
forskolin-induced stimulation of adenylyl cyclase (Wojcik &
Neff, 1984; Karbon & Enna, 1985; Hill, 1985) and poten-
tiates the accumulation of adenosine 3':5'-cyclic monophos-
phate (cyclic AMP) produced in response to noradrenaline
(Karbon & Enna, 1985; Hill, 1985), such receptor up-
regulation might be detected through these GABAB receptor-
linked transduction mechanisms. An increase in the number
of GABAB binding sites might be expected to confer a
greater inhibition of forskolin- and enhancement of
noradrenaline-stimulated cyclic AMP production by (-)-
baclofen. The effects of the compounds were therefore
examined concomitantly on these GABAB receptor-linked
second messenger responses.

Methods

Drug-treatment protocols

In one study, male Wistar rats (160 -200 g; Interfauna) were
anaesthetized with halothane, and subcutaneously implanted
with Alzet 2002 minipumps (Alza Corporation, USA). The
minipumps were filled with 200 gl of a concentration of
imipramine sufficient to deliver a proposed daily infused dose
of 10 mg kg-' for 14 days. Following the removal of the
minipumps under halothane anaesthesia, animals were
separated into two groups to compare drug-free periods of 24
and 48 h. A second group of rats was injected intra-
peritoneally for 14 days with imipramine (5 mg kg-') in order
to compare this route of administration with that of sub-
cutaneous infusion. These animals were prepared for
perfusion-fixation after a further 24 h and were subjected to
halothane anaesthesia to control for its possible influence on
the action of imipramine. For this study, the binding kinetic
parameters Bmax and KD were assessed by non-linear regres-
sion analysis as described by DeBlasi et al. (1989), using a
range of GABA concentrations at a fixed concentration of
[3H]-GABA (50 nM).

In a second study, male CFY rats (140-180 g; Interfauna)
caged in groups of 5 animals were dosed orally for 21 days
with amitriptyline (30 mg kg- ), desipramine (20 mg kg-'),
paroxetine (10mg kg- 1) or ( ± )-baclofen (10mg kg-'). Addi-
tionally, desipramine (10mg kg-1) and the GABAB receptor
antagonists, CGP 35348 and CGP 36742 (both at a concen-
tration of 100 mg kg-') were injected intraperitoneally. In
this study, the effects of antidepressant treatment on GABAB
receptor binding parameters were determined using satura-
tion analysis by varying the concentration of [3H]-GABA
(37.5-300 nM; 4 concentrations). Binding to 3-adrenoceptors,
using (- )-[1251I]-iodopindolol (18.75-300 pM; S concentra-

tions) and resolved PI-adrenoceptors (in the presence of the
P2-adrenoceptor antagonist, ICI 118,551) was performed on
adjacent sections. In addition, the effects of these compounds
were examined on the GABAB receptor-mediated modulation
of forskolin and noradrenaline-stimulated adenylyl cyclase
activity by baclofen. Drug concentrations are expressed in
terms of their salt:base ratios.

Autoradiographical procedures

Tissue preparation Male Wistar rats (180-250 g) were
anaesthetized with sodium pentobarbitone (Nembutal,
40 mg kg-', i.p.) and perfused-fixed with 250 ml of 0.1%
paraformaldehyde in 0.01 M phosphate-buffered saline (0.9%)
(pH 7.4) via intra-cardiac administration through the left
ventricle. Brains were mounted onto a cork slice with 'Tissue
Tek' (Miles Scientific), frozen in iso-pentane cooled to app-
roximately - 4O°C in liquid nitrogen and stored at - 80°C
until required. Parasagitally-orientated sections (10 rim) were
cut at - 20°C with a cryostat and thaw-mounted onto glass
microscope slides to be stored at - 20°C until use.

Localization of GABAB receptor binding sites Frozen brain
sections were thawed for 45 min and pre-incubated at room
temperature for 60 min in 200 ml Tris-HCl buffer (50 mM;
pH 7.4) containing 2.5 mM CaCl2. After thorough drying
under ambient conditions, sections were incubated individ-
ually for 20 min with 150 ytl buffer containing [3H]-GABA.
Selectivity for GABAB sites was achieved in the presence of
40 ftM isoguvacine (to prevent binding to GABAA sites).
Non-specific binding was defined by (-)-baclofen (100,M).
Following incubation, excess radiolabel was aspirated from
the section which then received 2 x 3 s washes in room
temperature buffer. Sections were allowed to dry under a
stream of cold air prior to their apposition to tritium-
sensitive 'Hyperfilm' (Amersham) for between 3 and 4 weeks
to generate autoradiograms.

Localization of f-adrenoceptor binding sites Frozen brain
sections were thawed for 45 min and then incubated for
60 min at room temperature in a Tris-HCl/saline buffer
(20 mM Trizma base; 135 mM NaCl; pH 7.4) containing (-)-
['251I]-iodopindolol. P-Adrenoceptor binding was resolved into
the 3,-adrenoceptor subtype in the presence of the 2-
adrenoceptor antagonist, ICI 118,551 (50 nM). Non-specific
binding was defined by use of (-)-isoprenaline (200 JtM).
Following incubation, sections were washed for 2 x 5 min
periods in buffer at 4°C, rinsed for 3 s in ice-cold distilled
water to remove buffer salts and then quickly dried in a
stream of cold air. Sections were apposed to 'Hyperfilm' for
between 24 and 48 h to generate autoradiograms with calib-
rated brain paste standards made according to the following
method of Clarke & Hall (1986).

Autoradiographical analysis After the required duration of
exposure, 'Hyperfilm' was developed and fixed in D-19
developer and 'Unifix' (Kodak), respectively. Autoradiog-
raphical density measurements were restricted to the frontal
cortex of rat brain which was taken to represent approx-
imately the anterior one-third region of the cerebral cortex
(as described by plate 82; Paxinos & Watson, 1986). Optical
densities of radioligand binding were measured with a 'Quan-
timet 970' image analysis system (Cambridge Instruments)
againt calibrated 3H micro-scales (Amersham). Scatchard
plots were constructed from optical density values, converted
to fmol mg-' tissue using the simple relationship:

lnCi = 1/specific activity (Ci mmol'l) x 1000 fmol

Adenylyl cyclase studies

This protocol was based essentially on the methods of Hill
(1985) and Watling & Bristow (1986). Freshly removed
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brains from stunned and decapitated male Wistar rats
(180-250 g) were dissected on ice and cross-chopped slices of
cerebral cortex (250 ,um x 250 jim) prepared with a McIlwain
tissue chopper. Slices were dispersed in 10 ml Krebs-Ringer
bicarbonate (KRB) buffer of the following composition
(mM); NaCl 118, KCI 4.7, CaC12 2.5, MgSO4 1.2, KH2PO4
1.2, NaHCO3 25, glucose 11 and ascorbic acid 0.005%. They
were then transferred to a larger volume of KRB (100 ml/
brain), continually gassed with 02:CO2 (95%:5%) and
washed for 90 min (with one buffer change after 30 min).
Following this, excess KRB buffer was aspirated and 50 jil
aliquots of the resulting tissue suspension added to fresh
KRB. Following pre-incubation for 10 min at 37°C, adenylyl
cyclase activity was initiated by the addition of either fors-
kolin (1O jM) or noradrenaline (100 jiM) in 50 ILI aliquots to
give a final assay volume of 500g.l. After 10 min the reaction
was terminated in a boiling water-bath (3 min). Aliquots
(50 jIl) of the supernatant were then assayed for cyclic AMP
content by a radioimmunoassay based on the method of
Brown et al. (1972). Estimates of the protein concentrations
of brain tissue were made by the method of Bradford (1976).
Statistical evaluation of the effects of chronic drug treatment
on both receptor binding parameters and adenylyl cyclase
activity were made by oneway analysis of variance followed
by Dunnett's multiple comparison test.

Radioligands and drugs

The following were used: [2,8-3H]-adenosine 3',5'-cyclic phos-
phate ammonium salt (specific activity = 34.2 Ci mmol 1);
(- )-['251]-iodopindolol (specific activity = 2200 Ci-mmolP')
(New England Nuclear); 4-amino-n-[2,3-3H]-butyric acid
(GABA) (specific activity = 92.5 Ci mmol-') (Amersham);
isoguvacine (Cambridge Research Biochemicals); baclofen
isomers, CGP 35348 (p-(3-aminopropyl)-diethoxymethyl-
phosphinic acid) and CGP 36742 (p-(3-aminopropyl)-p-n-
butylphosphinic acid) were kindly supplied by Dr H. Bittiger,
Ciba-Geigy Ltd. Basel, Switzerland; ICI 118,551 (erythro-DL-
1-(7-methylindan4-y(oxy)-3-isopropyl-aminobutan-2-ol) was
kindly supplied by ICI Pharmaceuticals, Macclesfield.
Drugs were dissolved in saline or distilled water.

Results

Chronic antidepressant administration on GABAB
receptor binding

Administration for 14 days The effects of imipramine
administered for 14 days either intraperitoneally (5 mg kg-')

Table 1 The effect of imipramine, administered intraperitoneally and via subcutaneously implanted minipumps for 14 days, on
[3H]-y-aminobutyric acid ([3H]-GABA) binding to GABAB sites in rat frontal cortex

n Lamina I Laminae II-111 Lamina V
BmaX (fmolmg-' tissue)

264.2 ± 26.8
305.4 ± 22.4
292.2 ± 55.0
319.2 ± 69.3

86.5 ± 15.9
95.2 ± 14.0
82.0 ± 36.6
95.8 ± 25.2

197.4 ± 19.2
217.3 ± 23.5
215.9 ± 49.0
209.8 ± 69.3

KD (nM)

90.6 ± 20.2
91.8± 15.6
118.0 ± 42.2
90.7 ± 46.6

Lamina VI

139.9 ± 18.6
134.4± 17.3

NC
151.3 ± 12.2

117.3 ± 24.1
110.2 ± 20.6

NC
114.8 ± 14.2

(1) 10 mg kg-', s.c., 24 h drug-free period
(2) 10mg kg-', s.c., 48 h drug-free period
(3) 5 mg kg-', i.p., 24 h drug-free period
NC: not calculated

Table 2 The effects of repeatedly administered (21 days) antidepressants on the binding of [3H]-y-aminobutyric acid ([3H]-GABA) to
GABAB sites in rat frontal cortex

Treatment

Control
Desipramine
Amitriptyline
Paroxetine
Baclofen
Desipramine
CGP 35348
CGP 36742

Dose
(mg kg-')

20 p.o.
30 p.o.
10 p.o.

10 p.o.

10 i.p.
100 i.p
100 i.p.

Lamina I Laminae II-III Lamina V
Bmax (fmolmg-' tissue)

236.6 ± 25.0
316.0 ± 26.0*
290.5 ± 40.9
268.5 ± 38.7
297.4 ± 24.9
352.0 ± 50.7*
241.4± 7.4
367.1 ± 36.1*

254.6 ± 42.3
299.2 ± 26.2
283.5 ± 34.4
299.1 ± 44.3
266.4 ± 11.8
275.1 ± 11.9
255.2 ± 16.9
307.4± 17.3

228.8 ± 38.5
252.0 ± 23.9
239.8 ± 22.2

NC
194.1 ± 10.1
224.2 ± 4.8
190.4 ± 6.9
259.4 ± 11.6

Lamina VI

209.4 ± 22.2
237.7 ± 27.3
232.6 ± 27.8
177.5 ± 29.2
250.4± 18.7
190.8 ± 23.4
161.1 ± 7.3
221.1 ± 9.8

KD (nM)

Control
Desipramine
Amitriptyline
Paroxetine
Baclofen
Desipramine
CGP 35348
CGP 36742

20 p.o.
30 p.o.
10 p.o.

10 p.o.

10 i.p.
100 i.p.
100 i.p.

70.1 ± 16.1
106.5 ± 26.8
76.9± 13.6
84.1 ± 24.0
71.6± 1.5
81.0± 12.3
59.5± 6.5

132.5 ± 20.3*

59.2± 19.3
72.2 ± 14.9
55.6 ± 10.2
76.4 ± 21.2
48.5± 4.0
44.9 ± 11.2
56.0 ± 8.2
82.9 ± 10.1

74.6 ± 22.3
76.7± 13.5
68.9± 7.6

NC
40.5± 6.6
55.9± 7.2
41.7± 3.3
90.8± 10.1

85.8 ± 17.4
85.6 ± 17.5
103.8± 18.1
70.3 ± 31.2

111.3 ± 20.7
61.0 ± 24.4
46.8 ± 6.4*
103.5 ± 10.9

*P< 0.05 Dunnett's multiple
NC: not calculated

comparison test (n = between 3 and 5 rats/group)

Treatment

Control
Imipramine (1)
Imipramine (2)
Imipramine (3)

Control
Imipramine (1)
Imipramine (2)
Imipramine (3)

5
5
5
4

5

5

5

4

211.9 ± 23.0
270.8 ± 29.8
231.4 ± 48.7
286.9 ± 42.0

77.5 ± 10.3
90.0± 19.1
81.8 ± 26.5
86.5 ± 15.9
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or by continuous infusion (10 mg kg') from subcutaneously
implanted osmotic minipumps on [3H]-GABA binding to
GABAB receptors in rat frontal cortex are summarised in
Table 1. Following a 24 h (but not 48 h) drug-free period,
subcutaneous infusion of imipramine produced an apparent
increase in GABAB binding sites in lamina I amounting to
28% above control; however, statistical significance was not
achieved (P=0.074). Nevertheless, this trend of increased
GABAB binding in lamina I was also evidence following
intraperitoneal injections of imipramine (5mgkg-'). Such
changes were also reflected, but to a lesser extent, in laminae
II and III. Since the osmotic pumps offered no apparent
advantages over intraperitoneal injections, the latter route
was used in the subsequent study for comparison with oral
administration.

Administration for 21 days Since this second study involved
drug administration by both oral and intraperitoneal routes,
control values for [3H]-GABA binding to GABAB sites were
derived from the mean of six animals, three dosed orally and
three dosed intraperitoneally, there being no significant
difference in the results from these two groups.

Chronic treatment with desipramine for 21 days
significantly increased the Bmax of GABAB binding sites in
lamina I by 34% and 49% (p.o. and i.p., respectively). By
contrast, although amitriptyline and paroxetine (as well as
the GABAB receptor agonist, ( ± )-baclofen), also appeared
to increase the Bmax of GABAB binding, the values did not
differ significantly from control (Table 2).
The GABAB receptor antagonist, CGP 35348 (100 mg kg-',

i.p.), failed to increase GABAB receptor numbers, however,
CGP 36742, at the same dose produced a significant enhance-
ment (+ 55%) of GABAB binding in lamina I, comparable to
that mediated by desipramine. With the exception of CGP
36742, none of these treatments significantly altered the
affinity of [3H]-GABA for GABAB sites in any of the frontal
cortical laminae studied. A significant reduction in receptor
affinity was produced by CGP 36742, denoted by an in-
creased KD of 89% above control. Thus, it would appear that
the ability of this compound to up-regulate markedly
GABAB receptors possibly occurs at the expense of a reduc-
tion in the affinity of the endogenous ligand for its receptor.

The effects of these chronic treatments are shown autoradio-
graphically (Figure 1) and by Scatchard analysis (Figure 2).

Drug-induced modulation of P-adrenoceptor binding

Figure 3 shows the effects of the repeated administration of
CGP 35348, CGP 36742 and the antidepressants, on binding
to P-adrenoceptors in the frontal cortex, assessed autoradio-
graphically using (- )-['251I]-iodopindolol. Quantitative meas-
urements of the radioligand binding were examined over the
concentration range (18.75-300 pM) to produce Scatchard
plots of total and P,-adrenoceptor binding (Figure 4) from
which Bmax and KDvalues were derived (Table 3).

Whilst no apparent reduction in binding was produced by
paroxetine in the frontal cortex, chronic treatment with
amitriptyline and desipramine produced a clear down-
regulation of both total and PI-adrenoceptor binding in all
laminae of this region. Similarly, oral administration of the
GABAB receptor agonist, baclofen, produced a P-adreno-
ceptor down-regulation of a similar magnitude to that
mediated by amitriptyline. Resolution into the P,-adreno-
ceptor subtype, revealed that the observed drug-induced
modifications were attributable to this subsite in all frontal
cortical laminae. Moreover, with the exception of desipra-
mine (i.p.) in laminae II and III, no significant changes in
receptor affinity were observed.

Both the GABAB receptor antagonists, CGP 35348, and
CGP 36742, down-regulated the total P-adrenoceptor popula-
tion to a similar degree as observed with amitriptyline. How-
ever, the resolved ,I-adrenoceptor subtype was not signifi-
cantly affected by either treatment which may implicate the
preferential involvement of P2-adrenoceptors in this response.
Furthermore, both GABAB receptor antagonists and desipra-
mine significantly increased the affinity of the total P-
adrenoceptor population (with the exception of CGP 35348
in laminae II and III) for (- )-[1251]-iodopindolol, as exem-
plified by reduced KD values of between 14% and 40%. In
contrast, the affinities of resolved I,-adrenoceptors were
unaffected by such treatments (with the exception of desipra-
mine in laminae II and III). By ranking the individual Bmax
values for GABAB receptors in desipramine- and CGP
36742-treated rats with the corresponding Bmax values for
P-adrenoceptors, no positive correlation was apparent (Spear-
man's rank correlation coefficient, rs = 0.13; P> > 0.05).

Table 3 The effects of repeatedly administered (21 days) antidepressants on (-)-['25I]-iodopindolol binding to ,B-adrenoceptors in rat
frontal cortex

Total
Lamina I Laminae II-III Laminae V-VI Lamina I

P1
Laminae II-III

Bm,, (fmol mg-' tissue)
1.88 0.06 1.92 ± 0.05 1.51 ± 0.02 1.46 ± 0.06 1.55 ± 0.05 1.15 ± 0.04
1.29 ± 0.08* 1.44 ± 0.04* 1.09 ± 0.04* 0.73 ± 0.06* 0.92 ± 0.06* 0.62 ± 0.05*
1.37 ± 0.06* 1.57 ± 0.07* 1.22 ± 0.07* 0.97 ± 0.10* 1.27 ± 0.11* 0.92 ± 0.07*
1.78 ± 0.01 1.80 ± 0.01 1.36 ± 0.04 1.33 ± 0.03 1.38 ± 0.05 0.94 ± 0.04
1.41 ± 0.08* 1.51 ± 0.01* 1.16 ± 0.02* 1.02 ± 0.09 1.14 ± 0.08* 0.79 ± 0.09
0.98 ± 0.09* 1.21 ± 0.05* 0.92 ± 0.03* 0.69 ± 0.03* 0.85 ± 0.03* 0.57 ± 0.04*
1.40 0.04* 1.56 ± 0.05* 1.20 ± 0.04* 1.26 ± 0.12 1.37 ± 0.14 1.03 ± 0.09
1.46 ± 0.05* 1.59 ± 0.07* 1.18 ± 0.06* 1.30 ± 0.08 1.40 ± 0.08 0.98 ± 0.07

KD (pM)

52.5 ± 5.3
48.2 ± 5.9
49.7 ± 1.7
58.5 ± 2.5
48.0 ± 10.7
31.2 ± 5.2*
37.8 ± 2.2*
34.6 ± 1.5*

46.5 ± 4.0
46.9 ± 1.3
49.6 ± 2.8
53.4 ± 2.8
39.1 ± 2.4
31.0 ± 2.8*
38.8 ± 2.7
32.6 ± 3.4*

41.4 ± 2.4
40.3 ± 1.3
47.0 ± 4.3
42.1 ± 2.1
36.0 ± 2.9
30.0 ± 3.2*
35.4 ± 1.2*
27.7 ± 3.2**

*P< 0.05 Dunnett's multiple comparison test (n = between 3 and 5 rats/group)

83.7 ± 9.6
68.4 ± 9.5
64.7± 3.1
90.2± 8.1
86.2 ± 11.7
58.9± 11.1
79.3 ± 12.8
86.7± 7.1

73.4 ± 8.7
62.7± 3.9
79.3 ± 4.5
76.9 ± 5.6
73.4 ± 8.1
48.2 ± 5.0*
67.4 ± 10.8
73.9 ± 12.0

81.6 ± 6.8
70.2± 7.1
84.5 ± 7.6
68.9 ± 4.8
64.0 ± 3.7
55.8 ± 14.5
68.4 ± 6.1
64.4± 8.0

Treatment

Control
Desipramine
Amitriptyline
Paroxetine
Baclofen
Desipramine
CGP 35348
CGP 36742

Control
Desipramine
Amitriptyline
Paroxetine
Baclofen
Desipramine
CGP 35348
CGP 36742

Laminae V- VIDose
(mg kg- ')

20 p.o.
30 p.o.
10 p.o.
10 p.o.
10 i.p.

100 i.p.
100 i.p.

20 p.o.
30 p.o.
10 p.o.
10 p.o.
10 i.p.

100 i.p.
100 i.p.
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r,nntrc I Desipramine (p.o.)

Amitriptyline Paroxetine

Baclofen Desiprarnine (i.p.)

CGP 35348 CGP 36742

Figure 1 Autoradiograms showing the binding of [3H]-y-aminobutyric acid ([3H]-GABA) (37.5 nM) to GABAB receptor sites in the
frontal cortex of rats treated with antidepressants, CGP35348 and CGP 36742. Rats were treated orally with amitriptyline
(30mg kg-'), desipramine (20 mg kg-'), paroxetine (10mg kg- ') or baclofen (10 mg kg- ') whilst intraperitoneal injections of
desipramine (10 mg kg-'), CGP 35348 (100 mg kg-') or CGP 36742 (100 mg kg-') were also administered for a period of 21 days.
Following a 24 h drug-free period, animals were prepared for perfusion-fixation prior to GABAB receptor autoradiography.
Sections were incubated for 20 min with [3H]-GABA and the selective labelling of GABA5 receptors was achieved in the presence
of 40 gM isoguvacine. Non-specific binding was defined by 1I00 jM (-)-baclofen. Of particular interest is the increase in GABAB
binding density in the outer laminae of the frontal cortex following protracted treatment with desipramine (p.o. and i.p.) and with
CGP 36742. (Bar = 1 mm).



GABAB RECEPTORS AND ANTIDEPRESSANTS 729

01)
L1

30

4

3

2

1

0

b
5 -

4

3

2

100 200 300 400

0 100 200 300 400

Bound

Figure 2 Scatchard plots of GABAB receptor binding in the frontal
cortex (Lamina I) of control (0; r = 0.97) and (a) amitriptyline-
(30 mg kg- A; r = 0.91), desipramine- (20 mg kg-' *; r = 0.84),
paroxetine- (lOmgkg' 0; r=0.84) or baclofen- (lOmgkg A;
r = 0.94) orally-treated rats. (b) Desipramine- (10 mg kg-' V,
r = 0.96), CGP 35348- (100 mg kg- 0; r = 0.89) or CGP 36742-
(100 mg kg-' V; r = 0.97) intraperitoneally-treated rats. KD and Bm.
of the binding of [3H]-GABA (at concentrations of 37.5, 75, 150 and
300 nM) were derived by linear regression analysis and data points
represent the mean of 5 animals for which triplicate determinations
were made. (Bound = fmol mg ' tissue; Bound/Free = fmol mg-'
tissue/nM).

Table 4 The effects of chronic treatment with antidepressants
forskolin- and noradrenaline-stimulated adenylyl cyclase activity

Effects of repeated antidepressant treatment on GABAB
receptor transduction

A summary of the effects of desipramine, amitriptyline, bac-
lofen, CGP 35348 and CGP 36742 on GABAB receptor-mod-
ulation of forskolin and noradrenaline-stimulated adenylyl
cyclase is shown in Table 4. With the exception of tissue
from rats treated intra-peritoneally with desipramine, for-
skolin-induced increases in cyclic AMP formation were
significantly inhibited by (-)-baclofen (100lM) in all cases.
Similarly, the augmentation of noradrenaline-stimulated cy-
clic AMP production induced by (-)-baclofen amounted in
most instances to around 100%, except in the case of desi-
pramine (i.p.) where cyclic AMP levels were enhanced by
only 66%. Moreover, the responsiveness of adenylyl cyclase
to noradrenaline stimulation alone, was significantly reduced
following repeated administration of amitriptyline (p.o.) and
desipramine (i.p.). Although protracted treatment with the
GABAB receptor antagonist, CGP 35348, failed to influence
the forskolin-stimulated system, a significant increase in the
accumulation of cyclic AMP produced in response to for-
skolin was seen after treatment with CGP 36742. Since the
response to (-)-baclofen did not differ significantly from
control tissue, this might suggest an increase in the GABAB
receptor-mediated effect.

Discussion

The inconsistencies surrounding reports of the modulation of
GABAB receptor populations by chronic treatment with
antidepressants have remained largely unresolved. From a
summary of the main findings, predominantly from five
laboratories (Table 5), it is immediately apparent that many
methodological differences abound which may account for
the existing discrepancies. In an attempt to arbitrate these
conflicting reports, the present study has examined the effects
of a number of chronically administered antidepressants on
the GABAB receptor population in the rat frontal cortex
using receptor autoradiography. This approach has enabled a
more detailed analysis of GABAB sites located within distinct
laminal areas of this brain region and has therefore advanced
the findings of existing studies in which only synaptic mem-
branes of the frontal cortex had been employed.
The use of osmotic minipumps in drug administration

confers the advantage of effecting a slow infusion over a
required period which serves to maintain more consistent
plasma drug levels than would perhaps be expected following
daily oral or intraperitoneal injections. Although infusion
and intraperitoneal injections of imipramine appeared to in-
crease the Bmax of GABAB receptor binding, most notably in

and GABAB receptor antagonists GABAB receptor-modulated

Dose
Treatment (mg kg- ') n

Control (p.o.)
Desipramine
Amitriptyline
Baclofen

Control (i.p.)
Desipramine
CGP 35348
CGP 36742

20 p.o.
30 p.o.
10 p.o.

10 i.p.
100 i.p.
100 i.p.

4
4
4
5

S
3
S
S

Basal

0.31 ± 0.06
0.63 ± 0.06e
0.26 ± 0.05
0.39 ± 0.05

0.36 ± 0.05
0.37 ± 0.08
0.34 ± 0.08
0.47 ± 0.06

Forskolin
Alone + (-)-Baclofen

4.08 ± 0.56
5.28 ± 0.15
2.93 ± 0.39
5.06± 1.13

4.28 ± 0.50
1.87 ± 0.SOa
4.03 ± 0.40
6.19 ± 0.32a

2.49 ± 0.37b
4.45 + 0 29b,d
1.96 ± 0.39c
3.01 ± 0.46b
2.99 ± 0.31b
2.16±0.64
3.13 ± 0.17b
3.85 ± 0.40c

Basal

0.27 ± 0.04
0.87 ± 0.06e
0.24 ± 0.07
0.24 ± 0.05

0.41 ± 0.06
0.33 ± 0.08
0.32 ± 0.06
0.53 ± 0.06

Noradrenaline
Alone + (-)-Baclofen

1.36 ± 0.19
1.81 ± 0.18
0.69 ± 0.lOa
1.08 ± 0.14

1.59 ± 0.20a
0.65 ± 0.06
1.38 ± 0.06
1.76 ± 0.12

2.31 ± 0.42b
2.77 ± 0.34c
1.12 ± 0.07c
1.74 ± 0.18c

2.46 ± 0.35c
0.93 + 0.10b,d
2.08 ± 0.20c
2.91 ± 0.21C

Values represent the mean ( ± s.e.mean) amount of cyclic AMP accumulated (pmol min' mg-1 protein).
ap <0.05 forskolin/noradrenaline stimulation alone vs control (Dunnett's multiple comparison test).
bp <0.05 forskolin/noradrenaline stimulation vs (-)-baclofen (100pM) (Student's t test).
CP<0.01 forskolin/noradrenaline stimulation vs (-)-baclofen (100I1M) (Student's t test).
dp<0.01 (-)-baclofen response (100I1M), drug-treatment vs control (Dunnett's multiple comparison test).
'P <0.05 basal cyclic AMP levels vs control (Dunnett's multiple comparison test).
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Total

Control

Desipramine (p.o.) Desipramine (i.p.)

CGP 35348Amitriptyl ine

_

Paroxetine CGP 36742

Figure 3 Autoradiograms of total (P1 and P2) and resolved P1-adrenoceptor binding in parasagittal sections of the brains of rats
treated with antidepressants, CGP35348 and CGP 36742. Rats were treated orally with amitriptyline (30 mg kg-'), desipramine
(20 mg kg- '), paroxetine (10 mg kg-') or baclofen (10mg kg-') whilst intraperitoneal injections of desipramine (10 mg kg-'), CGP
35348 (100 mg kg-') or CGP 36742 (100mg kg-') were also administered for a period of 21 days. Following a 24 h drug-free
period, animals were prepared for perfused-fixation prior to P-adrenoceptor autoradiography. Sections were incubated for 60 min
with (-)-['251]-iodopindolol (18.75-300pM). Non-specific binding was defined by use of 200 LM (-)-isoprenaline whilst the
selective labelling of PI-adrenoceptors was achieved in the presence of the P2-adrenoceptor antagonist, ICI 118,551 (50nM).
(Bar= 1 mm).

the outer lamina (I) of the frontal cortex, significance was not
achieved. These findings agree with those of McManus &
Greenshaw (1991) but are in contrast to the up-regulation of
GABAB receptors mediated by both imipramine (Suzdak &
Gianutsos, 1986; Szekely et al., 1987) and its demethylated
metabolite, desipramine (Pilc & Lloyd, 1984; Lloyd et al.,
1985; Szekely et al., 1987).
The antidepressants employed in the second study (desip-

ramine, paroxetine and amitriptyline) were selected on the
basis of their ability to inhibit selectively the uptake of NA,
5-HT or both monoamines. From the localized increase in
GABAB receptor binding induced by desipramine in lamina I
of the frontal cortex, it could be interpreted that this modula-
tion of GABAB receptors may have occurred as a conse-

quence of the selective inhibition of noradrenaline uptake,
since both amitriptyline and paroxetine were ineffective under
the conditions employed in this study. However, this would
contradict the findings of Lloyd et al. (1985) since GABAB
receptor binding site densities in rat cortical membranes were

up-regulated by chronic subcutaneous infusions of both amit-
riptyline and fluoxetine as well as desipramine.

In addition to the possible modulation of GABAB recep-
tors, the effects of the antidepressants on P-adrenoceptor
binding were also examined with the aim of correlating
potentially up-regulated GABAB receptors with down-
regulated P-adrenoceptors. In light of this, desipramine

significantly reduced the P-adrenoceptor population in all
laminae of the frontal cortex, attributable to a reduction in
the 1,-adrenoceptor sub-type. These findings agree with the
autoradiographical study of Ordway et al. (1988) who
observed a reduction in 1,- but not P2-adrenoceptors through-
out the somatosensory cortex following administration of
desipramine. Selective 3,-adrenoceptor modulation by desip-
ramine has also been demonstrated in cortical membrane
preparations (Minneman et al., 1979; Beer et al., 1987; Heal
et al., 1989) and the reduction in 1,-adrenoceptors mediated
by amitriptyline, substantiates the findings of Heal et al.
(1989) and Nelson et al. (1990).
The failure of paroxetine (10mgkg-'), to down-regulate

P-adrenoceptors, at a concentration known to inhibit 5-HT
uptake, confirms its lack of effect in membrane binding
studies (Nelson et al., 1990). Although receptor autoradio-
graphy has shown that the 5-HT uptake inhibitors fluoxetine
and sertraline decrease P-adrenoceptors in rat frontoparietal
cortex (Byerley et al., 1987; 1988), the changes induced by
fluoxetine (10mg kg-') were marginal, with a larger, more

widespread down-regulation induced by repeated doses of
30 mg kg-'. The effects of sertraline were limited to deeper
laminae of the cortex.

Repeated administration of the GABAB receptor agonist,
baclofen, reduces the Bmax of high affinity GABAB receptors
in mouse cortical membranes as well as suppressing the

31 Total p1

Baclofen
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ability of baclofen to potentiate NA-stimulated cyclic AMP
a accumulation (Suzdak & Gianutsos, 1985a; 1986). In the

present study, such a reduction of GABAB receptors was not
apparent after chronic baclofen treatment which may reflect
the differing routes of administration used, or, that after a

30- period of 21 days had elapsed, tolerance to the effects of the
agonist may have ensued. This treatment protocol did not,

\o\\0 however, preclude a significant reduction in P-adrenoceptor
populations.20- The emergence of the centrally-active GABAB receptor
antagonists, CGP 35348 (Olpe et al., 1990) and CGP 36742
(Bittiger et al., 1992), should facilitate our understanding of

10- the possible physiological roles for central GABAB receptors.
Although CGP 35348 enters the CNS, it does so rather
rapidly and since its effects are short lasting (Olpe et al.,
1990), this could explain why after its repeated administra-

0 tions, no alteration in GABAB receptor populations in the
0 0.4 0.8 1.2 1.6 2.0 frontal cortex was observed. Conversely, CGP 36742 in-
b creased the Bmax of GABAB receptors in lamina I, to a similar

40- extent to that induced by desipramine. In view of the com-
parable affinities of the two antagonists (Olpe et al., 1990;
Bittiger et al., 1992), this suggests that a possible longer

30- half-life of CGP 36742 may be responsible for mediating the
receptor regulation. It was therefore intriguing that whereas
both antagonists reduced the total P-adrenoceptor popula-
tion, the modulation was not attributable to the PJ-adreno-

20- ceptor sub-type (in contrast to the antidepressant effects
already described). This indicates a possible involvement of
P2-adrenoceptors, although in cortical regions this sub-type

10 - constitutes only 20-25% of the total P-adrenoceptor popula-
tion (Rainbow et al., 1984; Beer et al., 1987; Ordway et al.,
1988; De Paermentier et al., 1989) and may be associated
with non-nerve cell components such as glia and blood

o-, ~, ,~~,,vessels (Minneman et al., 1979). The discrepancy may point
0 0.4 0.8 1.2 1.6 2.0 to different sensitivities between neuronal GABAB receptors

and those functionally-linked to non-neuronal elements.
5c Clearly, clarification of such a link between GABAB receptor

antagonists and P2-adrenoceptors requires further experi-
mental investigation.

40 - To provide a functional index of GABAB receptor modula-
tion, the sensitivities of both forskolin- and noradrenaline-
stimulated adenylyl cyclase systems were examined in brain

30- slices following repeated administration of the aforemen-
tioned compounds. The sensitivity of adrenoceptors to

o noradrenaline stimulation was significantly reduced after
20- chronic treatment with both desipramine (i.p.) and amitrip-

tyline, which was likely to be a consequence of down-
\ \ \ regulated P-adrenoceptors (Minneman et al., 1979; Beer et

10 0 al., 1987; Heal et al., 1989). Since the ability of (-)-baclofen
v <\ o\ to enhance the effect of noradrenaline was unaltered from
v0 i\ \ control levels by these treatments, a drug-induced modula-

0o
0 0 1 6 2.0 tion of these particular GABAB receptors was not evident.

0 0.4 0.8 1.2 1.6 2.0 The failure of desipramine (p.o.) to reduce the cyclic AMP

d response, despite down-regulated numbers of ,B-adrenoceptors
50 -

40 -

Figure 4 Scatchard plots of (a) total (PI and P2) and (b) resolved
P,-adrenoceptor binding (in the presence of 50nM ICI 118,551) in

30 - the frontal cortex (lamina I) of control (0; r = 0.86 and 0.89) and
amitriptyline- (30 mg kg-' A; r = 0.93 and 0.97), desipramine-
(20 mg kg-' *; r = 0.87 and 0.89), paroxetine- (10 mg kg-' 0;

20- r = 0.95 and 0.99) or baclofen- (10 mg kg-' A; r = 0.95 and 0.96)
orally-treated rats. (c) Total (PI and P2) and (d) resolved Pl-
adrenoceptor binding (in the presence of 50 nM ICI 118,551) to the

10 frontal cortex (lamina I) of control (0; r = 0.86 and 0.89) and
10> ~SC Odesipramine- (10mg kg-' V r= 0.95 and 0.81), CGP 35348- (100mg

ew ^ kg-' 0; r = 0.93 and 0.84) or CGP 36742- (100 mg kg-' V; r = 0.90
v and 0.83) intraperitoneally-treated rats. The kinetic parameters, KD

0° 1 2
and Bmax of the binding of (-)-[`25I]-iodopindolol (at concentrations
of 18.75, 37.5, 75, 150 and 300 pM) were derived by linear regression

Bound analysis and data points represent the mean of 5 animals for which
triplicate determinations were made. (Bound = fmol mg-' tissue;
Bound/Free = fmol mg-' tissue/nM).

a)

0
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is difficult to interpret but may be associated with the higher
basal cyclic AMP content found in these animals which could
have masked any drug-induced modulation of adenylyl cy-
clase activity. Protracted treatment with baclofen decreases
the sensitivity of P-adrenoceptors to noradrenaline activation
in addition to suppressing the ability of baclofen to augment
this response (Suzdak & Gianutsos, 1986). Although there
was some indication that such an effect may have occurred in
the present study, significant differences from control values
were not obtained. Furthermore, no additional drug-induced
modulations of the GABAB receptor-mediated noradrenergic
potentiation of P-adrenoceptor activation were detected.

Focussing on the forskolin-activated adenylyl cyclase
system, with the exception of desipramine (i.p.), the (-)-
baclofen-induced inhibition of activated cyclic AMP produc-
tion was evident following all of the chronic treatments.
Since protracted treatment with desipramine (p.o. and i.p.) as
well as CGP 36742, significantly up-regulates GABAB recep-
tor sites in the outer lamina (I) of the frontal cortex, it was
anticipated that such an increase in the GABAB receptor
population would be reflected by an enhancement of the
ability of (-)-baclofen to inhibit the stimulatory action of
forskolin. In the case of desipramine (p.o.), the levels of
cyclic AMP produced in response to forskolin alone were not
significantly increased after this treatment. However,
although in the presence of (-)-baclofen, the amount of
significantly increased after this treatment. However, in the
presence of (-)-baclofen, the amount of accumulated cyclic
AMP was significantly greater than the control value which
may reflect GABAB receptor up-regulation.

Protracted treatment with CGP 36742 significantly in-
creased the levels of cyclic AMP formed by forskolin alone.
Moreover, although the percentage inhibition of this effect by
baclofen was enhanced, unlike desipramine, the increased
cyclic AMP levels observed in the presence of (-)-baclofen
after treatment with CGP 36742 were not significantly
different from the control response. This indicates an
enhancement of the GABAB receptor-mediated effect and
provides a functional correlate of the GABAB receptor up-
regulation induced by CGP 36742. Moreover, since treatment
with CGP 36742 failed to modulate those GABAB receptors
associated functionally with the noradrenaline-stimulated
adenylyl cyclase system, this further supports the contention
that the GABAB receptors linked with these two transduction
mechanisms may be heterogeneous.

In conclusion, of the compounds tested, only desipramine
and CGP 36742 were able to mediate consistently an up-
regulatory signal for GABAB receptors. Secondly, where
drug-induced increases in the GABAB receptor population
were evident in the frontal cortex, such changes were
restricted to the outer lamina (I) of this region. Since desi-
pramine specifically inhibits the uptake of noradrenaline,
some speculation regarding the influence of this antidepres-
sant (as well as CGP 36742) on GABAB receptors in this
discrete anatomical location would seem most appropriately
interpreted in relation to both the noradrenergic system and
known markers of GABAergic activity.
Although desipramine enhances the release of GABA from

the rat thalamus (Korf & Venema, 1983), the mechanism(s)
through which GABAB receptors in the frontal cortex are
up-regulated by chronic treatment with antidepressants still
remain to be elucidated. Activation of GABAB receptors
inhibits noradrenaline release in cerebral cortex (Bowery et
al., 1980; Suzdak & Gianutsos, 1985b), suggesting a
presynaptic inhibitory action on noradrenergic terminals.
Low (but not high) affinity GABAB sites are associated with
noradrenergic cortical terminals since only the former are
reduced following a unilateral lesion of the dorsal nor-
adrenergic bundle (Karbon et al., 1983). However, since the
changes in GABAB receptor sites reported in the present
study pertain to a high affinity component, this implies that
such GABAB receptors may not necessarily be linked with
the noradrenergic system in depression. Such a hypothesis,
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however, contradicts the findings of Lloyd et al. (1985) and
Suzdak & Gianutsos (1986) where both high and low affinity
sites were increased by antidepressants.
One of the predicted effects of a GABAB receptor anta-

gonist would be to inhibit the suppression of noradrenaline
release induced by GABA acting at presynaptic GABAB
receptors on noradrenergic terminals. Although there is no
experimental evidence to support this at present, CGP 35348
inhibits the release of [3H]-GABA from cortical slices (Wald-
meier & Baumann, 1990). The GABAB receptors increased
following chronic treatment with CGP 36742, again, are
likely to represent presynaptic GABAB autoreceptors. Block-
ade of terminal GABAB receptors on noradrenergic neurones

would lead to an increase in synaptic concentrations of
noradrenaline, thus facilitating postsynaptic P-adrenoceptor
down-regulation. Persistent occupation of a receptor by an
antagonist would eventually lead to a compensatory 'super-
sensitization', thus those GABAB receptors up-regulated by
chronic treatment with CGP 36742, could be attributed to
these terminal receptors.
Such hypotheses are purely speculative at this stage and do

not account for possible modulations of post-synaptic
GABAB receptors or changes in other brain regions. None-
theless, it is hoped that these findings will provide a
significant step forward in our understanding of the role of
GABAB receptors in depression.
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Differential inhibition by NG_monomethyl-L-arginine of
vasodilator effects of acetylcholine and methacholine in human
forearm vasculature
'P.J. Chowienczyk, J.R. Cockcroft & J.M. Ritter

Department of Clinical Pharmacology, UMDS, Guy's and St Thomas' Hospitals, London, SEI

1 We compared the effects of N0-monomethyl-L-arginine (L-NMMA), an NO synthase inhibitor, on

vasodilatation produced by acetylcholine and methacholine in human forearm vasculature.
2 Acetylcholine (83 nmol min-') infused into the brachial artery of 8 healthy volunteers caused a

submaximal increase in forearm blood flow, measured by venous occlusion plethysmography, from 3.3
± 0.5 (mean ± s.e.mean) to 13.3 ± 1.7 ml min-' 100 ml-'.
3 Co-infusion of L-NMMA (4 gmol min') with acetylcholine (83 nmol min') over 6 min resulted in a
58% ± 12% fall in the response to acetylcholine whereas during co-infusion of saline over the same time
period in the same subjects (n = 8) on a different day the response to acetylcholine fell by only
9% ± 17% (P<0.01).
4 Methacholine (1.5 and 15 nmol min-') increased forearm blood flow from 2.5 ± 0.4 to 5.9 ± 0.9 and
from 3.2 ± 0.4 to 17.0 ± 1.9 ml min'- 100 ml-' respectively.
5 Co-infusion of L-NMMA (4 tLmol min-') had no significant effect on the response to methacholine
(1.5 or 15 nmol min-') when compared with saline control (n = 8). Co-infusion of a higher dose of
L-NMMA (8 tLmol min ') with methacholine (1.5 nmol min-') did not significantly inhibit the
vasodilator response (n = 7).
6 These results suggest that, in human forearm vasculature, methacholine acts predominantly through
mechanisms other than the L-arginine/nitric oxide pathway.

Keywords: Endothelium; muscarinic receptors; nitric oxide; N0-monomethyl-L-arginine; acetylcholine; methacholine; human
forearm vasculature

Introduction

NG-monomethyl-L-arginine (L-NMMA), an inhibitor of nitric
oxide (NO) synthase, inhibits vasodilator responses to acetyl-
choline in human forarm resistance vessels (Vallance et al.,
1989). This suggests that acetylcholine causes vasodilatation
in this vascular bed at least in part through the L-arginine/
NO pathway. It has been assumed that other muscarinic
agonists such as methacholine also act on this vascular bed
through the L-arginine/NO pathway (Creager et al., 1990;
1992; Liao et al., 1991) However, increasing recognition of
the heterogeneity of muscarinic receptor subtypes in vas-

culature (Dauphin & Hamel, 1991) and their actions in pro-
ducing both endothelium-dependent and endothelium-
independent vasodilatation (Brayden & Bevan, 1985;
Rubanyi et al., 1986; Nield et al., 1990; Jaiswal et al., 1991)
makes this assumption questionable. We demonstrated
recently that in patients with hypercholesterolaemia (a condi-
tion in which endothelial dysfunction is well documented in
animals and in human coronary vessels) forearm resistance
vessel responses to acetylcholine are reduced whereas responses
to methacholine are not (Chowienczyk et al., 1992). In the
present study we therefore compared effects of L-NMMA on
vasodilator responses to acetylcholine and methacholine to
determine whether or not this inhibitor of NO synthase
influences responses to these muscarinic agonists similarly.

Methods

Studies were performed on healthy normotensive, nor-
mocholesterolaemic subjects aged 22-47 years, following in-
formed consent and with the approval of the local ethical

committee. Eight subjects were studied on 4 separate
occasions in variable order, one week or more apart. They
received acetylcholine with saline, acetylcholine with L-
NMMA, methacholine with saline and methacholine with
L-NMMA. Drugs were obtained from Sigma, UK
(methacholine), CooperVision, UK (acetylcholine) and Cal-
biochem, UK (L-NMMA). L-NMMA was passed through a
0.2 1Lm filter immediately before use. Experiments were done
in a temperature controlled clinical laboratory (20-22°C).
Forearm blood flow (ml min-' per 100 ml forearm volume)
was measured in both arms simultaneously by venous occ-
lusion plethysmography (Whitney, 1953) with electronically
calibrated temperature compensated mercury in silastic strain
gauges (Hokanson et al., 1975). During measurements the
hands were excluded from the circulation by inflation of wrist
cuffs to 180mmHg. Upper arm cuffs were inflated intermit-
tently to 40mmHg. A 27 gauge needle was inserted under
sterile conditions into the left brachial artery under local
anaesthesia (1% lignocaine) and sterile saline (140mM
sodium chloride), or drugs dissolved in saline, infused at
1 ml min-'. Following insertion of the needle subjects rested
for 15 min. Saline was then infused for a further 14 min
during which baseline measurements were recorded and a
constant rate infusion of acetylcholine (83 nmolmin-') or
methacholine (15 nmolmin-') commenced; 4 min after the
start of the agonist infusion, either saline or L-NMMA
(4 pmol min ') was co-infused for 6 min. Forearm blood
flow was measured during infusion of saline alone, during
infusion of agonist alone (from 2 to 4 min) and during
co-infusion of agonist with L-NMMA or saline (during the
last 2 min of co-infusion). Flows were recorded for 10 s in
every 15 s and the mean of 3 to 5 measurements used for
analysis. A further group of 8 subjects was studied on two
occasions, methacholine (1.5 nmol min-') with saline being
infused on one occasion and methacholine with L-NMMA (4
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g±mol min-') on the other. Seven subjects were studied on
two further occasions when methacholine (1.5nmolmin-')
with saline was infused on one occasion and with L-NMMA
(8 iLmol min-') on the other.

Statistics

Results are presented as means (± s.e.mean). Changes in
vasodilator response due to L-NMMA or saline (control)
were expressed as a percentage of blood flow response (in-
crease above baseline) during agonist administration immed-
iately before co-infusion. Data were analysed by analysis of
variance for repeated measures. Differences were considered
significant when P<0.05.

Results

Blood flow in the non-infused (control) arm did not change
significantly throughout the experiment on any study day,
confirming that at the doses used acetylcholine, methacholine
and L-NMMA did not cause systemic effects when infused
into the brachial artery. Blood flow in the infused arm is
shown in Table 1. Acetylcholine (83 nmol min-') produced
approximately a four fold rise in blood flow. Blood flow
during methacholine (1.5 and 15 nmolmin-1) was approx-
imately 50% lower and 25% higher respectively than during
acetylcholine infusion.

During co-infusion of saline there was some tachyphylaxis
to both vasodilators (P<0.01) which did not differ
significantly for acetylcholine or either dose of methacholine.
Percentage change in response to acetylcholine and metha-
choline during L-NMMA co-infusion relative to saline con-
trol is shown in Figure 1. L-NMMA (4 glmol min-1) inhibited
the response to acetylcholine (83 nmol min-') by
49% ± 15% of saline control (P<0.01). In contrast L-

-20
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Figure 1 Percentage change in response to acetylcholine (ACh) and
methacholine (MCh) relative to saline control after 6 min co-infusion
of N0-monomethyl-L-arginine (L-NMMA) 4 ftmol minI (open col-
umns) or 8 Lmol min-' (hatched column).

NMMA (4 iLmol min ') had no effect on responses to
methacholine (15 nmol min-', P=0.82 or 1.5 nmol min-',
P=0.88). There was also no significant effect of L-NMMA (8
smol min-') on the response to methacholine (1.5 nmol
min-', P=0.51).

Discussion

L-NMMA inhibits vasodilatation caused by brachial artery
infusion of acetylcholine (Vallance et al., 1989). These
workers infused L-NMMA followed by acetylcholine. A pos-
sible confounding factor in this approach is that L-NMMA
lowers basal blood flow, and there is a strong positive cor-
relation between basal blood flow and response to acetyl-
choline in this preparation (Chowienczyk et al., 1993). In the
present study we infused vasodilator agonists before starting
co-infusion of L-NMMA. The blood flow during L-NMMA
infusion was therefore higher than in the study by Vallance et
al. (1989) reducing the concentration of L-NMMA in the
forearm vasculature. Despite this we observed very similar
inhibition to that reported by Vallance et al. (1989)
confirming their conclusion that part, at least, of the
vasodilatation caused by acetylcholine in forearm vasculature
is mediated by the L-arginine/NO pathway. The order of
addition of L-NMMA and acetylcholine markedly influences
the development of inhibition of acetylcholine induced relax-
ation of rings of rabbit aorta (Furchgott et al., 1990) The
explanation for this pattern of inhibition is not clear; possible
explanations include substrate depletion or agonist dependent
access of L-NMMA to its site of action (Furchgott et al.,
1990). It is possible that the potency of L-NMMA in the
forearm is similarly determined by the order of infusion of
acetylcholine and L-NMMA. Alternatively, there might be
reduced extraction of L-NMMA in proximal vessels at higher
flows. This has been proposed as the explanation of the
findings that in general, over a narrow range of flow rates,
the response to a drug is more closely related to the dose of
drug infused than the calculated concentration (Robinson,
1990).
The principle finding of the present study is that whereas

L-NMMA inhibits the vasodilator action of acetylcholine in
forearm vasculature substantially it has no effect on res-
ponses to methacholine. The doses of acetylcholine and
methacholine used cause submaximal vasodilatation, and are
similar to those used in previous studies of endothelial func-
tion in hypertension and hyperlipidaemia (Linder et al., 1990;
Creager et al., 1990). In our first study, blood flow during
infusion of methacholine was approximately 25% greater
than during acetylcholine infusion, suggesting the possibility
that the lack of inhibition of methacholine by L-NMMA was
due to greater dilution of the inhibitor. However the second
study excluded this possibility by showing that a lower dose
of methacholine that caused approximately 50% of the blood

Table 1 Effect of NG-monomethyl-L-arginine (L-NMMA) or saline on vasodilatator responses to acetylcholine (ACh) and methacholine (MCh)

Study dayt

ACh(83)/saline
ACh(83)/L-NMMA(4)
MCh(l 5)/saline
MCh(15)/ L-NMMA(4)
MCh(1 .5)/saline
MCh(1.5)/ LNMMA(4)
MCh(1 .5)/saline
MCh(l.5)/ L-NMMA(8)

Forearm bloodflow (ml min-' 100 ml 1)
Agonist with

Baseline Agonist saline/L-NMMA

3.8 ± 0.5
3.3 ± 0.5
4.0 ± 1.2
3.2 ± 0.4
2.1 ± 0.4
2.5 ± 0.4
2.2 ± 0.3
2.1 ± 0.4

12.9± 1.7
13.3 ± 1.7
14.8 ± 3.0
17.0 ± 1.9
6.4 ± 0.9
5.9 ± 0.9
6.4 ± 0.7
5.5 ± 0.7

10.7 ± 1.2
7.3 ± 1.6

13.1 ± 2.7
15.0± 1.7
5.2 ± 0.7
5.0 ± 0.8
5.1 ± 0.7
4.4 ± 0.6

%change with
saline/L-NMMA

-9± 17
-58 ± 12
-16 ± 9
-13 ± 6
-25 ± 6
-23 ± 12
-20 ± 7
-29± 13

** P<0.0. 1, NS = not significant.
t Agonist dose in nmol min-'; L-NMMA dose in iLmol min-'.

} *

)NS
}NS

}NS
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flow response to acetylcholine was also uninhibited by L-
NMMA (4 gmol min-'). It was possible that a higher dose of
L-NMMA would have inhibited the response to
methacholine, but in the third series of experiments doubling
the dose of L-NMMA did not significantly inhibit the
vasodilator response to methacholine (1.5 nmol min-1).

There are several possible explanations for the differential
effect of L-NMMA on acetylcholine and methacholine. Mus-
carinic receptor subtypes initiating vascular relaxation to
acetylcholine in vitro are complex (Rubanyi et al., 1986;
Nield et al., 1990; Jaiswal et al., 1991), and differential
inhibition of different agonists by L-NMMA could result
from actions on receptor subtypes linked with more than one
effector mechanism, not all of which involve the L-arginine/
NO pathway. Endothelium-dependent relaxations resistant to
NO synthase inhibitors are well recognised (Nagao et al.,
1992; Nagao & Vanhoutte 1992) and are thought to result
from endothelium-derived hyperpolarizing factor (Chen et
al., 1988; Feletou & Vanhoutte, 1988). Endothelium-
independent relaxation may be due to activation of mus-
carinic receptors on vascular smooth muscle (Brayden &
Bevan, 1985; Nield et al., 1990; Jaiswal et al., 1991).
Vasoconstriction is also mediated by muscarinic receptors on
smooth muscle (Furchgott & Zawadski, 1980; Jaiswal et al.,
1991) and therefore muscarinic receptor subtypes are linked
to opposing vasodilator and constrictor pathways. Inhibition
of noradrenaline release from nerves and release of prosta-
cyclin from the endothelium have been excluded as important
mechanisms of vasodilatation in this preparation for both
acetylcholine (Linder et al., 1990) and methacholine (Creager
et al., 1990).

Different mechanisms of vasodilatation by acetylcholine

and methacholine may result from the metabolic instability
of acetylcholine (Duff et al., 1952) influencing the site of
action of the agonist. Destruction of acetylcholine by
cholinesterase at the interface between circulating blood and
vessel wall or within the vessel wall might favour actions of
arterially administered acetylcholine initiated by receptors on
the luminal surface of the endothelium and linked with the
L-arginine/NO pathway, while preventing access to receptors
on the abluminal endothelial cell surface or on nerve endings
or vascular smooth muscle. Methacholine is less susceptible
to enzymic inactivation than is acetylcholine, so more of its
effect might be mediated by actions deep to the luminal
surface of the endothelium. There is evidence that sensitivity
to inhibitors of the L-arginine/NO pathway varies with size
of resistance vessel (Nagao et al., 1992). The instability of
acetylcholine in blood might result in a greater fraction of
the vasodilator response to acetylcholine being mediated
through relatively proximal resistance arteries more sensitive
to inhibition by L-NMMA.

Irrespective of the explanation placed on the selective
inhibition of acetylcholine by L-NMMA demonstrated in this
study, the lack of effect of L-NMMA on responses to
methacholine has important implications for the interpreta-
tion of studies that have used this agonist as a putative probe
of endothelial function in this preparation (Creager et al.,
1990; 1992; Liao et al., 1991). The present findings suggest
that the vasodilator effect of methacholine in human forearm
vasculature is mediated mainly through mechanisms other
than the L-arginine/NO pathway.

This work was supported by the British Heart Foundation.
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Pulmonary effects of endogenous and exogenous nitric oxide in
the pig: relation to cigarette smoke inhalation
'K. Alving, C. Fornhem & J.M. Lundberg

Department of Pharmacology, Karolinska Institute, S-17177, Stockholm, Sweden

1 Pentobarbitone-anaesthetized pigs were challenged with cigarette smoke (unfiltered or filtered
through a Cambridge glass fibre filter to remove the particulate phase including nicotine), as well as
nicotine aerosol and the gas phase components nitric oxide (NO) and carbon monoxide (CO); the effects
on the bronchial and pulmonary circulations, and pulmonary airway mechanics, were examined. The
relative importance of endogenous NO mechanisms in the pig lung was also studied by giving the NO
synthesis inhibitor NI-nitro-L-arginine (L-NOARG; 50mgkg-') intravenously. Mean arterial pressure
and blood flow in the bronchial, pulmonary and femoral circulations were measured, the latter with
ultrasonic flow probes around the supplying arteries, and vascular resistance (VR) was calculated.
Changes in pulmonary airways resistance (Rpum) and lung dynamic compliance (Cdyn) were also deter-
mined. Finally, the concentration of NO in inhaled air during cigarette smoke and NO gas challenges
was continuously monitored by a chemiluminescence method and the relative contribution of NO in
cigarette smoke-induced vascular effects in the pig lung was calculated.
2 Cigarette smoke challenge, with or without a Cambridge filter, caused a rapid vasodilator response in
the bronchial circulation and the major part (75%) of this response was probably caused by NO present
in smoke. NO challenge caused profound bronchial vasodilatation with dose-response characteristics
between 10 and 100 p.p.m. The small part of the cigarette smoke-induced response not explained by the
NO content may be caused by CO, showing weak vasodilator effect in the bronchial circulation. The
L-NOARG-induced relative increase in bronchial VR was 2-3 times higher than the changes in
pulmonary, femoral and systemic VR, suggesting a strong influence of endothelial NO mechanisms on
basal tone in the bronchial circulation.
3 Challenge with unfiltered cigarette smoke induced variable responses in the pulmonary circulation,
whereas inhalation of filtered smoke caused consistent pulmonary vasodilatation. The major part of this
vasodilator response was probably caused by NO, which was a potent dilator of the pulmonary
circulation with maximal effect achieved with as little as 10 p.p.m. The effect of NO may be opposed in
unfiltered smoke by the particulate phase (but not nicotine), presumably by inducing sympathetic
reflexes. L-NOARG caused similar relative increases in pulmonary, femoral and systemic VR.
4 Cigarette smoke inhalation induced bronchodilatation in the pentobarbitone-anaesthetized pig as
revealed by changes in Rpulm and Cdyn. Both NO and nicotine may contribute to this response. NO
inhalation reduced Rpulm in the basal state with maximal effect at 30 p.p.m. The mechanism for
NO-induced bronchodilatation may be indirect in the pig, since pretreatment with L-NOARG blocked
the response. L-NOARG did not affect basal Rpulm.
5 In conclusion, bronchial vasodilatation caused by continuous cigarette smoke inhalation in the pig,
seems to be largely mediated (approximately 75%) by NO. The remaining part could be mediated by
CO. Cigarette smoke particles, but not nicotine, may counteract NO-induced relaxation in the pul-
monary circulation, thus resulting in variable effects in the pulmonary circulation during challenge with
unfiltered cigarette smoke. NO also acts as a bronchodilator in the pig, but the mechanism may be
indirect. Finally, endogenous NO mechanisms appear to be strongly involved in the control of basal
tone in the bronchial circulation, less so in the pulmonary circulation and not at all in bronchial smooth
muscle.

Keywords: Cigarette smoke; nitric oxide; bronchial circulation; pulmonary circulation; vasodilatation; nicotine; carbon mon-
oxide; nitrogen dioxide; bronchodilatation

Introduction

Since the finding that nitric oxide (NO) is identical with of airway smooth muscle tone remains unclear (see Jansen et
endothelium-derived relaxing factor (Ignarro et al., 1987; al., 1992). Besides the endogenous production of NO, this
Palmer et al., 1987), the interest in NO as an endogenous compound can also be found in high amounts in cigarette
modulator of vascular tone has evolved, mostly thanks to the smoke (Norman & Keith, 1965). We have previously shown
development of inhibitors of the L-arginine pathway (see that cigarette smoke challenge in the lower airways of the pig
Moncada et al., 1991). It has also been postulated that NO is caused a marked vasodilator response in the bronchial cir-
a non-adrenergic, non-cholinergic relaxatory transmitter in culation, a response that did not seem to involve neuronal
the tracheal smooth muscle (Tucker et al., 1990). Further- activation, mast cell degranulation or prostaglandin release
more, NO synthase has been shown to be present together (Matran et al., 1990). Interestingly, both cigarette smoke and
with vasoactive intestinal polypeptide (VIP) in parasym- NO have been shown to increase the levels of guanosine 3':
pathetic perivascular nerves (Kummer et al., 1992; Ceccatelli 5'-cyclic monophosphate (cyclic GMP), the second messenger
et al., 1993). However, the precise role of NO in the control for NO, in lung tissue (Arnold et al., 1977), and cigarette

smoke has been shown to relax the pulmonary circulation of
the pig isolated lung (Gilman et al., 1981). Although inhala-

' Author for correspondence. tion of NO can cause relaxation of the hypertensive pul-

'." Macmillan Press Ltd, 1993Br. J. Pharmacol. (1993), 110, 739-746
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monary circulation in the rat isolated lung (Archer et al.,
1990) as well as in the intact sheep (Frostell et al., 1991), pig
(Weitzberg et al., 1991) and man (Frostell et al., 1993),
cigarette smoke inhalation does not seem to reduce pul-
monary artery pressure in patients with pulmonary hyperten-
sion (Richards et al., 1990). We have recently shown that
bronchial blood flow changes induced by intermittent
cigarette smoke challenge correlated with NO levels in the
smoke and that only cigarette smoke free from particles and
nicotine (vapour phase) relaxed the pulmonary circulation in
the pig in vivo (Alving et al., 1992). In this study we have
examined the vasodilator effects of cigarette smoke
administered continuously in concentrations more relevant to
normal smoking and the relative contribution to these re-
sponses of NO and carbon monoxide (CO). We have also
studied the effects of nicotine to evaluate the importance of
nicotine versus particles in counteracting the gas phase-
induced pulmonary vasodilatation. Furthermore, the effect of
cigarette smoke and the above mentioned smoke constituents
on lower airway calibre was examined. Finally, the impor-
tance of endogenous NO production in the control of
smooth muscle tone in the bronchial and pulmonary circula-
tions, as well as in the lower airways, was evaluated by using
a potent and stereospecific inhibitor of endothelial NO syn-
thesis (NG-nitro-L-arginine; L-NOARG) (Mulsch & Busse,
1990).

Methods

The experiments were approved by the Local Ethical Com-
mittee for animal research.

Surgical preparation

Twenty-eight domestic pigs of either sex (12 weeks old,
20-25 kg body weight) were fasted overnight and pre-
medicated with ketamine hydrochloride (20 mg kg-', i.m.).
Anaesthesia was induced with sodium pentobarbitone
(16 mg kg-') introduced into an ear vein; the adequacy of
anaesthesia was tested by pinching the interdigital skin, and
skeletal muscle relaxation was achieved with pancuronium
bromide (0.2 mg kg-'). Anaesthesia was thereafter checked
by continuous measurement of heart rate and arterial blood
pressure and by intermittent pinching of the interdigital skin
during intermission of pancuronium bromide delivery. After
a low tracheostomy the pigs were intubated and ventilated
with a mixture of air and oxygen using an Engstrom res-
pirator. A catheter was put into the caval vein via a femoral
vein and used for continuous infusion of pentobarbitone
(10mg kg-' h-'), pancuronium (0.6mg kg-' h-'), Ringer
solution with glucose (250 ml h-') and for intravenous (i.v.)
challenges. A Swan-Ganz thermodilution catheter was put
into the pulmonary artery through the other femoral vein for
measurements of pulmonary artery pressure (PAP), pul-
monary capillary wedge pressure and central venous pressure;
heparin (7500 iu) was given as a bolus by this catheter. A
femoral artery was cannulated for continuous recordings of
mean arterial pressure (MAP) and heart rate (HR). Arterial
blood gas partial pressures and pH were regularly monitored
with an automatic blood gas analyser (IL 1302, Metric AB,
Solna, Sweden) to ensure a Po2 of 11-14 kPa, a Pco2 of
4.5-5.5 kPa and a pH of 7.4-7.5. Arterial glucose levels and
haematocrit were determined at the beginning and the end of
the experiments and were found to be maintained within
normal values. Body temperature was maintained at 38-39°C
with a heating pad connected to a thermostat. In some
groups of animals a left side thoracotomy was done and the
pericardium was opened, an ultrasonic flow probe was placed
around the pulmonary artery and connected to an ultrasonic
blood flow meter (T202S, Transonic System Inc., Ithaca, NY,
U.S.A.) for continuous recording of absolute blood flow

(cardiac output). After a right side thoracotomy the bron-
chial artery, which supplies the tracheobronchial tree from
the lower trachea down to the peripheral bronchioles, was
dissected free and a flow probe was placed around the vessel.
A femoral artery was also exposed and a flow probe was
placed around the vessel. The tracheal pressure was measured
by connecting an outlet of the tracheal tube to a
Statham PM 131 TC pressure transducer and was used as a
measure of transpulmonary pressure since the intrapleural
pressure was equal to atmospheric pressure due to the
thoracotomy. Airflow was measured with a heated Fleisch
pneumotachograph no. 1 connected to a Statham PM 15 E
pressure transducer and airflow and transpulmonary pressure
signals were sent to an E80 T pulmonary computer (Process-
data AB, Uppsala, Sweden) for on-line calculations of pul-
monary resistance (Rpu,h) and dynamic lung compliance
(Cdyn). All the cardiovascular and pulmonary parameters
were continuously recorded on Grass polygraphs and simul-
taneously collected on an Apple Macintosh data acquisition
system for analyses and graphical presentation.

Experimental procedure

An aerosol of nicotine bitartrate (2.5 mg) dissolved in 2 ml
saline was generated using an ultrasonic nebulizer (NB 108,
Engstrom Medical, Stockholm, Sweden) and delivered over
2.5 min to the lungs. Nicotine (100 fig kg-') was given as a
bolus i.v. injection. The lower airways were also challenged
with cigarette smoke from a Kentucky 2R1 research cigarette
containing 2.5 mg nicotine (Diana & Vaught, 1990) delivered
over 2.5 min, using a Walton Horizontal Smoking Machine
(Guerin et al., 1979) connected to the respirator. Smoke
challenges were done with or without a Cambridge CM-113
glass fibre filter that removes particulate matter and nicotine
from the cigarette smoke (Wartman et al., 1959). Further-
more, pigs were challenged with NO (300 p.p.m. in nitrogen),
CO (300 p.p.m. in nitrogen) and nitrogen dioxide (NO2;
200 p.p.m. in nitrogen) over 2.5 min administered via the
respirator to give final calculated concentrations of 10, 30
and 100 p.p.m. The ganglionic blocking agent chlorison-
damine (3 mg kg-', i.v.) was given 20 min before challenges.
The inhibitor of NO synthesis NG-nitro-L-arginine (L-
NOARG) was dissolved in warm saline and infused over
2 min (50 mg kg', i.v.) followed by a constant infusion of
50 mg kg' h-' that continued until challenges were ended
(2 h). Haemoglobin was dissolved in saline and infused i.v.
over 10min (< lOmgkg-') or given as an aerosol (100mg)
to the lower airways. Methylene blue was dissolved in saline
and infused i.v. over 10 min (< 40 mg kg-'). The concentra-
tion of inhaled NO and NO2 was continuously monitored, by
a chemiluminescence method (CLD 700 AL NO/NOx ana-
lyser, Eco Physics, Basel, Switzerland; see Fontijn et al.,
1970), during challenge with filtered cigarette smoke and NO
by sampling at a site close to the endotracheal tube.
The animals were divided into groups according to Table

1. Challenges were repeated before and after treatment with
chlorisondamine or L-NOARG.

Calculations

Blood flow was recorded in ml min' (cardiac output in
1 min-') and vascular resistance (VR) in the bronchial and
femoral circulations was defined as MAP minus central
venous pressure divided by local blood flow. Pulmonary VR
was defined as PAP minus pulmonary capillary wedge pres-
sure divided by cardiac output and systemic VR as MAP
minus central venous pressure divided by cardiac output.
Results for VR and pulmonary mechanics are expressed as
peak relative changes (percentage) compared to baseline. For
MAP, HR, cardiac output and PAP absolute changes are
given. Data are presented as mean ± s.e.mean. The Wilcoxon
signed rank test for non-parametric comparisons was used
for statistical analyses.
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Table 1 A summary of the different groups of pigs used in
the study

n Treatment

6 Chlorisondamine
5 -

8 L-NOARG
4 Hb (n = 2), MB (n = 2)
5 (NO measurements)

Challenge

Smoke ± filter
Nicotine
Smoke + filter, NO, CO
NO, NO2
Smoke + filter, NO

Cardiac
output

No
No
Yes
Yes
No

Cardiac output was measured in some of the protocols as
indicated.
Hb = haemoglobin, MB = methylene blue.

Chlorisondamine

Drugs

Ketamine hydrochloride (Parke Davis, Barcelona, Spain),
sodium pentobarbitone (NordVacc, Stockholm, Sweden),
pancuronium bromide (Organon, Oss, The Netherlands),
nicotine bitartrate (Swedish Tobacco Company, Stockholm,
Sweden), NO, CO and NO2 in nitrogen (AGA, Stockholm,
Sweden), chlorisondamine (Ciba-Geigy, Basel, Switzerland),
methylene blue (Sigma, St. Louis, Mo., U.S.A.), bovine
haemoglobin (Sigma) and L-NOARG (Sigma) were obtained
as indicated.

Figure 1 Maximal relative changes in bronchial VR after inhalation
challenge over 2.5 min with smoke from one Kentucky 2R1 standard
cigarette, without (open columns) and with (solid columns) a Cam-
bridge filter, and before and after treatment with the ganglionic
blocker chlorisondamine (3 mg kg- l, i.v.). Data are presented as

means with s.e.mean (n = 6). No significant difference was noted
(Wilcoxon's signed rank test).

a
3

2
Results

Effects of cigarette smoke and nicotine

Continuous exposure of the lungs to unfiltered smoke from
one cigarette over 2.5 min resulted in a marked increase in
bronchial blood flow with a calculated decrease in bronchial
vascular resistance (VR), suggesting a vasodilator response in
the bronchial circulation (Figure 1). Pretreatment with the
ganglionic blocker, chlorisondamine (3 mg kg-', i.v.) resulted
per se in reduced MAP and HR by 23% and 27%, respective-
ly, and a slight reduction (< 15%) of pulmonary VR and Rpuim
was also noted. Bronchial VR and Cdyln were not significantly
changed by chlorisondamine. This dose of chlorisondamine
abolished the responses to nicotine given i.v. ( < 250 lag
kg-'). Pretreatment with chlorisondamine or the insertion of
a Cambridge filter did not change the response to cigarette
smoke in the bronchial circulation (Figure 1). Unfiltered
smoke did not consistently relax the pulmonary circulation as

revealed by changes in PAP (Figure 2a). However, filtered
smoke induced a consistent decrease in PAP. Nicotine
aerosol (2.5 mg) delivered over 2.5 min also caused a slight
relaxation of the pulmonary circulation (Figure 3), but the
responses to smoke were not significantly changed by pre-
treatment with the ganglionic nicotine receptor antagonist,
chlorisondamine (Figure 2a). Exposure of the lungs to unfil-
tered smoke caused an increase in MAP and this response
was reduced by chlorisondamine pretreatment and almost
totally blocked by a Cambridge filter (Figure 2b). Nicotine
aerosol slightly lowered MAP (Figure 3). Cigarette smoke or

nicotine aerosol did not induce any consistent changes in
HR. Unfiltered smoke administered to the lower airways
produced a clear-cut bronchodilator response as revealed by
a decrease in Rpuim and increase in Cdyn (Figure 4). The
bronchial response was reduced, but not abolished, by inser-
tion of a Cambridge filter, but was not affected by chlorison-
damine. Nicotine aerosol also induced a small reduction of
Rpuim, but inconsistent changes in Cdyn (Figure 3). If nicotine
was given as a bolus i.v. injection (100 Lg kg-'), an increase
in PAP, MAP and Rp,m, and a decrease in Cdyn was noted
instead (Figure 3). Nicotine did not produce any clear-cut
effects on the bronchial VR by either route of administration.
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Figure 2 Maximal absolute changes in pulmonary artery pressure
(PAP) (a) and mean arterial pressure (MAP) (b) after inhalation
challenge over 2.5 min with smoke from one Kentucky 2R1 standard
cigarette, without (open columns) and with (solid columns) a Cam-
bridge filter, and before and after treatment with the ganglionic
blocker, chlorisondamine (3 mg kg-', i.v.). Data are presented as
means with s.e.mean (n = 6). *P<0.05, ***P<0.001 compared to
'without filter' and §§ P< 0.01 compared to control (Wilcoxon's
signed rank test).
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Figure 3 Maximal absolute (pulmonary artery pressure (PAP) and
mean arterial pressure (MAP)) or relative (Rpulm and Cdyn) changes
after inhalation challenge over 2.5 min with nicotine aerosol (2.5 mg;
open columns) and after a bolus i.v. injection with nicotine
(1I00 tg kg-', solid columns). Data are presented as means with
s.e.mean (n = 5). Note the qualitative difference between administra-
tion routes.
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Figure 4 Maximal relative changes in Rpulm (open columns) and
Cdyn (solid columns) after inhalation challenge over 2.5min with
smoke from one Kentucky 2R1 standard cigarette, without and with
a Cambridge filter, and before and after treatment with the gang-
lionic blocker, chlorisondamine (3 mg kg- ', i.v.). Data are presented
as means with s.e.mean (n = 6). *P<0.05, **P <0.01 compared to
-without filter'(Wilcoxon's signed rank test).

Effiects of NO, CO and NOg

Administration of NO over 2.5 min at calculated final con-
centrations of 10, 30and and ap.p.m. caused vasodilator re-
sponses in the bronchial circulation in a dose-related fashion
(Figure 5). A small vasodilator response to NO was also seen
in the pulmonary circulation, with maximum relaxation
achieved at 10 p.p.m. (Figure 5). Inhalation of NO (up to
100 p.p.m.) did not induce any systemic cardiovascular effects
in the pig. A bronchodilator response, with a decrease in
Rt,,ulm and an increase in Cdyn, was also noted after challenge
with NO with maximal responses at 30 p.p.m. (- 17.2 ± 5.8%
for Rpulm and + 5.6 ± 0.9% for Cdyn), showing no further
increase in the response at 100 p.p.m. (Figure 6). The
vasodilator response in the bronchial circulation could not be
altered by pretreatment with haemoglobin (< 10 mg kg-',
i.v. and 100 mg aerosol, n = 2) or methylene blue
(< 40mg kg-1, i.v., n = 2). At the higher i.v. doses of
haemoglobin or methylene blue, profound systemic car-
diovascular effects with fall in MAP was noted, thus making
further increases in the doses impossible.

Administration of CO to the lungs induced a small
vasodilator response in the bronchial circulation at
100 p.p.m. (Figure 7), but not at lower concentrations
(10-30 p.p.m.). In contrast, in the pulmonary circulation a
vasoconstrictor response was noted at 100 p.p.m. (Figure 7).
CO did not induce any major systemic cardiovascular effects
acutely and did not affect Rp or Cdyn.

10
Concentration (p.p.m.)

100

Figure 5 Maximal relative changes in bronchial VR (0,O) and
pulmonary VR (,O) after inhalation challenge over 2.5min with
NO (10, 30 and 100p.p.m.) before (0,O) and after (0,) treat-
ment with the NO synthase inhibitor N0-nitro-L-arginine (50mg
kg-', i.v.). Data are presented as means with s.e.mean (n = 8).
*P<0.05 compared to control (Wilcoxon's signed rank test).
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Figure 6 Maximal relative changes in Rpulm (open columns) and
Cdyn (solid columns) after inhalation challenge over 2.5 min with NO
(100 p.p.m.) before and after treatment with the NO synthase
inhibitor NG-nitro-L-arginine (50 mg kg', i.v.). Data are presented
as means with s.e.mean (n = 8). *P<0.05 compared to control and
§P <0.05 compared to baseline (Wilcoxon's signed rank test).
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Figure 7 Maximal relative changes in bronchial and pulmonary
vascular resistance (VR) after inhalation challenge over 2.5 min with
smoke from one Kentucky 2RI standard cigarette with a Cambridge
filter, and CO (100 p.p.m.) before (open columns) and after (solid
columns) treatment with the NO synthase inhibitor N0-nitro-L-
arginine (50 mg kg- ', i.v.). Data are presented as means with
s.e.mean (n = 8). *P< 0.05 compared to control (Wilcoxon's signed
rank test).
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Challenge with NO2 caused vasodilator responses at
100 p.p.m. in the bronchial and pulmonary circulations, but
at lower magnitudes compared to equal amounts of NO
(<18% decrease in VR, n = 4). At lower doses NO2 pro-
duced only minor vasodilator effects in the lung. At
100 p.p.m. NO2 also caused systemic cardiovascular effects
with increases in MAP (+ 34 ± 14 mmHg) and HR (+ 18 ± 6
beat min- ), and variable effects on pulmonary airway
mechanics.

Basal effects of the NO synthase inhibitor, L-NOARG

Intravenous infusion of 50 mg kg' L-NOARG over 5 min
induced profound systemic cardiovascular effects peaking at
about 5 min after completion of the loading dose (Table 2).
MAP and PAP returned to somewhat lower levels at
10-15 min but were then maintained at elevated levels
throughout the infusion period (50 mg kg-' h-' for 2 h).
MAP and PAP were increased by more than 50%, con-
comitant with a slight bradycardia and a decrease in cardiac
output (Table 2). There were no changes in central venous
pressure or pulmonary capillary wedge pressure. The relative
increase in pulmonary and femoral VR was close to the in-
crease in systemic VR (Table 2). However, in the bronchial
circulation, vasoconstrictor responses greatly exceeding the in-
crease in systemic VR were noted. The vasoconstrictor effect in
the bronchial circulation did not start to return to baseline
within the observation period (2 h).

There was no significant change in Rpuwm after infusion of
L-NOARG but a reduction in Cdy. was noted (Table 2).

Influence ofL-NOARG on the responses to NO,
cigarette smoke and CO

The dose-response curve for the NO-induced vasodilator re-
sponses in the bronchial circulation was not significantly
affected by pretreatment with L-NOARG (Figure 5). How-
ever, the relaxation response in the pulmonary circulation
was markedly increased and maximal effect was achieved at
10 p.p.m. Similarly, the vasodilator response to filtered
cigarette smoke in the bronchial circulation was not
significantly changed by L-NOARG, but the response in the
pulmonary circulation was increased (Figure 7). Interestingly,
the constrictor response seen in the pulmonary circulation
after challenge with 100 p.p.m. CO was increased after
pretreatment with L-NOARG (Figure 7).
The bronchodilator response to NO in control animals, at

least the fall in Rpuim was abolished after pretreatment with
L-NOARG (Figure 6).

Measurements ofNO in cigarette smoke

The concentration of NO in filtered cigarette smoke was
continuously measured near the opening of the endotracheal
tube during challenge, and simultaneous measurements of
bronchial blood flow were done. Tracings of typical
experiments are shown in Figure 8. The actual peak levels of
NO as measured with the chemiluminescence method were
8.6 ± 0.5, 25.2 ± 0.4 and 82.7 ± 1.6 p.p.m. for NO 10, 30 and
100 p.p.m., respectively, i.e. about 85% of expected. The NO
level during cigarette smoke challenge peaked at the time of
finishing the cigarette at a concentration of 74.5 ± 13.3 p.p.m.
The insertion of a Cambridge filter did not affect the NO
levels in inhaled air. No NO2 could be detected in cigarette
smoke or in the NO gas. The blood flow in the bronchial
circulation changed rapidly and showed a pattern very
similar to the NO levels (Figure 8). Also, the fall in PAP
coincided with the presence of high levels of NO. When the
integrated areas under the curves for blood flow changes and
NO levels during cigarette smoke and NO gas challenge were
calculated, it was found that the ratio of total blood flow
change divided by NO levels was somewhat higher for
cigarette smoke (1.78 ± 0.70, n = 5) compared to NO gas

Table 2 Baseline values for cardiovascular parameters and
airway mechanics, and maximal absolute (A) or relative (%)
changes induced by N0-nitro-L-arginine (L-NOARG)
(50mgkg-', i.v.)

Baseline ChangeParameter

MAP (mmHg)
PAP (mmHg)
HR (beat min')
Cardiac output (I min')
Systemic VR (mmHg I-' min')
Pulmonary VR (mmHg 1 min')
Femoral VR (mmHg ml min'I)
Bronchial VR (mmHg ml' min )
Rpulm(cmH20 I-' minI)
Cdy.l (ml cmH20 ')

107 ± 5
20.6± 1.3
112 ± 5
1.47 ± 0.15
68.5 ± 7.6
13.0± 1.3
2.0 ± 0.3
11.9± 1.5
7.6 ± 0.7

23.1 ± 1.7

+ 56 ± 4 (A)
+ 13.6±2.4 (A)
- 11 ± 3 (A)

-0.37 ± 0.05 (A)
+ 141 ± 7.2 (%)
+ 122± 14.1 (%)
+ 110 ± 16.0 (%)
+ 391 ± 62.2 (%)
- 2.6 ± 3.3 (%)
- 7.2 ± 0.9 (%)

Data are presented as mean ± s.e.mean (n = 8). All changes,
except for Rpuin are statistically significant (P <0.05) by
Wilcoxon's signed rank test.
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Figure 8 Typical changes in bronchial blood flow (solid line), pul-
monary artery pressure (PAP) (broken line) and NO concentration in
inhaled air (dotted line), during inhalation challenge with smoke
from one Kentucky 2R 1 standard cigarette (a) or pure NO (b).
Measurements of bronchial blood flow and NO concentrations were
made simultaneously in untreated pigs (calculations of area under
the curve were made from these experiments, see text), whereas
changes in PAP were measured from an elevated baseline in pigs
treated with the NO synthase inhibitor N0nitro-L-arginine during
identical challenge procedures. The arrows indicate the end of
cigarette smoke generation and NO delivery, respectively.

(1.34 ± 0.20, n = 5; P<0.05 by Wilcoxon's signed rank). The
ratio of blood flow changes divided by NO levels for NO gas
challenge was thus about 75% of that for cigarette smoke
challenge. A similar discrepancy was, however, not seen for
dilator responses in the pulmonary circulation, when compar-
ing challenges with NO gas and filtered cigarette smoke.

Discussion

In this study we have examined the pulmonary effects of
exogenous NO and the role of endogenously produced NO in
the control of smooth muscle tone in the lung in relation to
cigarette smoke-induced effects. Challenge with cigarette
smoke in the lower airways, in concentrations relevant for
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normal smoking in man (Norman & Keith, 1965), induced
profound vasodilator changes in the pig bronchial circula-
tion. This effect did not seem to be mediated by nicotine or
the particulate phase and was apparently not dependent on a
central reflex mechanism under our conditions of anaesthesia.
Also, we have previously shown that the cigarette smoke-
induced relaxation in the bronchial circulation is not depen-
dent on activation of capsaicin-sensitive C-fibre afferents and
subsequent local axon reflexes causing peptide release (Mat-
ran et al., 1990). It therefore seemed likely that one or several
gas phase components could be responsible for the observed
effects, presumably by direct effects on the vessels. We have
recently shown that the fluctuating blood flow response seen
in the bronchial circulation during intermittent cigarette
smoke challenge correlated significantly with the NO concen-
tration (<20 p.p.m.) in the inhaled smoke (Alving et al.,
1992). This is consistent with the finding that cigarette smoke
caused acute fluctuations in the cyclic GMP content of the
dog isolated lung (Maron et al., 1984). In this study we could
show that administration of NO in concentrations ranging
from 10 to 100 p.p.m. caused dose-related bronchial
vasodilatation. Continuous burning of one cigarette over
2.5 min resulted in peak NO levels close to 100 p.p.m. in our
system. Similar changes in bronchial blood flow were induced
by equivalent doses of pure NO. Up to 10 fold higher
concentrations of NO can be found in fresh puffs of cigarette
smoke (Norman & Keith, 1965), indicating profound vaso-
dilator effects on the bronchial vasculature during normal
smoking. When comparing the total increase in bronchial
blood flow (area under the curve) caused by cigarette smoke
and NO, respectively, and the total increase in NO levels, it
could be concluded that a major part of the cigarette smoke-
induced vasodilator effect on the bronchial circulation is
likely to be mediated by NO present in the smoke. Approx-
imately 25% of the response may not be caused by NO,
however, indicating that other vapour phase components also
are involved. Administration of NO2 induced vasodilatation
in the bronchial circulation, at least at the highest dose
(100 p.p.m.), but at this concentration profound systemic
cardiovascular effects and bronchoconstrictor responses were
noted. Since such effects were not seen during challenge with
filtered smoke, and since no NO2 was detected by
chemiluminescence in smoke, NO2 may not contribute to the
bronchial vasodilator effects seen during cigarette smoke
challenge. The absence of NO2 in fresh cigarette smoke has
been demonstrated also by others (Norman & Keith, 1965).
CO, on the other hand, induced some bronchial vasodilata-
tion without causing systemic changes or bronchoconstric-
tion. Although the CO-induced effects were relatively small
compared to NO at the same concentration, CO may still
contribute to cigarette smoke-induced vasodilator effects in
the bronchial circulation, since the content of CO is high in
cigarette smoke (First, 1984). The mechanism for the CO-
induced effects in the bronchial circulation remains unclear,
especially since inhalation of CO caused a vasoconstrictor
response in the pulmonary circulation of the pig. It has been
suggested, that CO may cause direct activation of soluble
guanylate cyclase (Marks et al., 1991). It seems clear, at least,
that CO is not a general vasodilator. We tried to block the
vasodilator effects of exogenous NO by pretreatment with
haemoglobin or methylene blue, which would capture NO or
inhibit guanylate cyclase, respectively, but doses high enough
to block the effects of the high concentration of NO found in
cigarette smoke could not be given to the animals. Further-
more, these pretreatment procedures would not distinguish
between NO and CO.

Besides the very potent effects of exogenous NO on the
bronchial circulation, the endogenous control of bronchial
blood flow involving L-arginine pathways, and thus NO pro-
duction, seemed to be relatively strong in this vascular bed
compared to other organs. The effect of an NO-synthesis
inhibitor in human vessels of the hand in vivo has been
reported to consist of mainly arteriolar constriction, without

any marked effects on the venous side (Vallance et al., 1989).
In the pig in vivo a similar picture was noted since central
venous pressure was largely unchanged by the NO-synthesis
inhibitor L-NOARG. In addition to the discrimination
between the arterial and venous side of both the systemic and
pulmonary circulations, we also found marked variations in
the effect of L-NOARG on resistance vessels in different
vascular beds, with the bronchial circulation being the most
sensitive of the vascular beds examined. Interestingly, vagal
control of the pig bronchial circulation has been shown to be
primarily of sensory origin, without any parasympathetic
influence (Matran et al., 1989b), in contrast to the pulmonary
circulation (Matran et al., 1991) and many other vascular
beds. Furthermore, the sensory neuropeptide, substance P,
which induces vasodilatation mainly by endothelium-
dependent mechanisms (Furchgott, 1984), was found to be a
very potent dilator of the bronchial circulation in the pig
(Matran et al., 1989a). The importance of NO mechanisms in
vagally-induced vasodilatation in the bronchial circulation
remains to be studied. It is possible that the bronchial cir-
culation is mainly under local control involving the
endothelium and sensory nerves, since total pharmacological
blockade of autonomic innervation did not change basal VR
in the bronchial circulation of the pig (Matran et al., 1993).
Challenge with unfiltered cigarette smoke caused variable

responses in the pig pulmonary circulation in vivo, in spite of
a slightly elevated PAP (from 16 to 20 mmHg) in this open-
chest preparation. This is consistent with findings in awake
human subjects, where cigarette smoking did not reduce
PAP, either in normal individuals (Goldbarg et al., 1971) or
in patients with pulmonary hypertension (Richards et al.,
1990), although pure NO relaxes the preconstricted pul-
monary circulation at as little as 10 p.p.m. in human
volunteers (Frostell et al., 1993) as well as in the pig (present
results). Alternatively, an increase in cardiac output could
result in unaltered PAP in spite of a vasodilator response in
the pulmonary circulation. However, PAP tended to increase
during inhalation of unfiltered cigarette smoke both in awake
human subjects (Goldbarg et al., 1971; Richards et al., 1990)
and in the anaesthetized pig. Recently, we showed that filtra-
tion of cigarette smoke through a Cambridge filter resulted in
consistent relaxant responses in the pig pulmonary circula-
tion, which indicated that the particulate phase or nicotine
mediates counteracting vasoconstrictor responses, masking
NO-induced relaxation (Alving et al., 1992). In the present
study, the combined findings that chlorisondamine did not
unveil cigarette smoke-induced relaxation, and that challenge
with nicotine aerosol reduced the PAP, speaks against
nicotine as the counteracting constrictor agent. Most studies
on the cardiovascular actions of nicotine have dealt with
intravascular administration of nicotine, where cardiac
activation and vasoconstriction in the pulmonary circulation
have been noted (Larson et al., 1965; Samanek & Aviado,
1966). If nicotine was given i.v. to the pig, in a dose close to
the total amount found in the smoke from one cigarette,
increases in MAP, PAP (present results), and HR (Alving &
Franco-Cereceda, 1993) were noted, in contrast to responses
seen after aerosol administration. This indicates that different
mechanisms were activated by nicotine, causing opposite car-
diovascular effects, depending on the route of administration.
The bronchial circulation, however, was not significantly
affected by either route of administration (Alving & Franco-
Cereceda, 1993; present data). It should be stressed that the
absorption into the systemic circulation of nicotine in
cigarette smoke (free base) and aqueous solution (salt) may
be different in that the particle-bound free base may be more
easily absorbed than the water solution. This would result in
more restricted local effects of nicotine when given as an
aerosol challenge compared with cigarette smoke, since the
latter may induce both local and systemic effects (Aviado &
Samanek, 1965). Another explanation could be that the
counteracting pressor effect in the pulmonary circulation was
mediated by the particulate phase causing central sym-
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pathetic reflexes, which would constrict the pig pulmonary
circulation (Matran, 1991). The latter was also supported by
the fact that unfiltered cigarette smoke caused consistent
pulmonary vasodilatation in the pig isolated lung, where such
reflexes would be absent (Gilman et al., 1981).

Cigarette smoke challenge also induced clear-cut broncho-
dilatation in the anaesthetized pig. This is in contrast to
effects in awake human subjects where a bronchoconstrictor
response independent of nicotine has been reported (Nadel &
Comroe, 1961). It has been suggested that this bronchocon-
striction is caused by inert particles in the smoke (Widdi-
combe et al., 1962), inducing vagal cholinergic reflexes
(Sterling, 1967). Similarly, inhalation of an irritant com-
pound, capsaicin, evoked a bronchoconstrictor response in
man that was found to be due to a cholinergic reflex
mechanism (Fuller et al., 1985). In the pentobarbitone-
anaesthetized pig, however, bronchoconstrictor responses to
capsaicin aerosol could not be elicited (Alving et al., 1991), in
spite of a clear-cut vagal cholinergic control of bronchial
tone in the pig (Matran et al., 1991). It may be suggested
that central parasympathetic reflexes are supressed by the
pentobarbitone anaesthesia (see Adams et al., 1987), or alter-
natively, that the bronchoconstrictor response is dependent
on laryngeal stimulation (Nadel & Widdicombe, 1962), which
could not occur in the tracheostomized pig. In the pig,
airway sympathetic nerve stimulation does not seem to pro-
duce bronchodilatation (Leff et al., 1985; Matran, 1991),
resembling the situation in man (Richardson & Beland,
1976), and this suggests that some other mechanism for the
cigarette smoke-induced bronchodilatation in the pig should
be searched for. It has been shown in vitro that nicotine
induces a slight contraction followed by a prolonged relaxa-
tion in pig isolated bronchi (Macht & Ting, 1921), and that
the nicotinic agonist dimethylphenylpiperazinium chloride
produces tetrodotoxin-resistant relaxation in pig isolated
trachea (Kannan & Johnson, 1992). Challenge with nicotine
aerosol in the pig in vivo produced a slight decrease in Rpuim,
indicating relaxation of central airways, as well as relaxation
of the pulmonary circulation and a fall in MAP. The
mechanism for the nicotine-induced relaxation is at present
unknown. Besides the effect of nicotine on Rpw,m, NO may
also contribute to the relaxation response induced by
cigarette smoke in the pig lower airways. The bronchodilata-

tion induced by NO inhalation seemed to be indirect, how-
ever, since pretreatment with L-NOARG blocked this
response. L-NOARG per se did not affect Rpuim, suggesting
that NO mechanisms are not involved in the basal control of
bronchial smooth muscle tone, although it has been sug-
gested that the non-adrenergic, non-cholinergic relaxation
response to electrical field stimulation in the trachea is NO-
mediated (Tucker et al., 1990). The fall in Cdy,,, induced by
L-NOARG may be secondary to pressor effects in the pul-
monary circulation. Nevertheless, a clear-cut bronchodilator
response to exogenous NO was noted in the basal state, and
this effect was even more pronounced when bronchial tone
was elevated by histamine (Alving, unpublished results). The
residual bronchodilator response to cigarette smoke seen
after insertion of a Cambridge filter was less than the re-
sponse induced by NO in equal amounts, indicating the
presence of bronchoconstrictor mediators as well in the gas
phase of cigarette smoke.

In conclusion, we suggest that the major part of the
vasodilatation in the pig bronchial and pulmonary circula-
tions caused by the vapour phase of cigarette smoke is
mediated by NO. The apparent counteracting effect in the
pulmonary circulation of the particulate phase probably does
not involve nicotine, but may be due to particles causing
sympathetic reflexes. NO inhalation also relaxes the central
airways of the pig, which together with nicotine could be
responsible for the cigarette smoke-induced relaxation in the
airways. Finally, the basal tone of the bronchial circulation
seems to be under marked control of endogenous NO-
mechanisms, whereas inhibition of the L-arginine pathway
induces changes in pulmonary VR close to changes in
systemic VR. NO mechanisms do not seem to be involved in
the basal control of bronchial smooth muscle tone.
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Activation of the phospholipase C pathway by ATP is
mediated exclusively through nucleotide type P2-purinoceptors
in C2C12 myotubes
'Robert H. Henning, Marry Duin, Adriaan den Hertog & Adriaan Nelemans

Department of Pharmacology/Clinical Pharmacology, University of Groningen, Bloemsingel 1, 9713 BZ Groningen, The
Netherlands

1 The presence of a nucleotide receptor and a discrete ATP-sensitive receptor on C2C12 myotubes has
been shown by electrophysiological experiments. In this study, the ATP-sensitive receptors of C2C12
myotubes were further characterized by measuring the formation of inositol(1,4,5)trisphosphate
(Ins(1,4,5)P3) and internal Ca2+.
2 The nucleotides ATP and UTP caused a concentration-dependent increase in Ins(1,4,5)P3 content
with comparable time courses (EC5o: ATP 33 ± 2 JAM, UTP 80 ± 4 jaM). ADP was less effective in
increasing Ins(1,4,5)P3 content of the cells, while selective agonists for PI-, P2X- and P2Y-purinoceptors,
adenosine, a,3-methylene ATP and 2-methylthio ATP, appeared to be ineffective.
3 Under Ca2+-free conditions, the basal level of Ins(1,4,5)P3 was lower than in the presence of Ca2 ,
and the ATP- and UTP-induced formation of Ins(1,4,5)P3 was diminished.
4 The Ins(1,4,5)P3 formation induced by optimal ATP and UTP concentrations was not additive. ATP-
and UTP-induced Ins(1,4,5)P3 formation showed cross-desensitization, whereas cross-desensitization was
absent in responses elicited by one of the nucleotides and bradykinin.
5 The change in Ins(1,4,5)P3 content induced by effective nucleotides was inhibited by suramin. Schild
plots for suramin inhibition of Ins(1,4,5)P3 formation in ATP- and UTP-stimulated myotubes showed
slopes greater than unity (1.63 ± 0.09 and 1.37 ± 0.11, respectively). Apparent pA2 values were
4.50 ± 0.48 and 4.41 ± 0.63 for ATP and UTP, respectively.
6 Stimulation of the cells with ATP or UTP induced a rapid increase in intracellular Ca2 , followed by
a slow decline to basal levels. Ca2+ responses reached lower maximal values and did not show the slow
phase in the absence of extracellular Ca2 . The ATP and UTP-evoked increase in intracellular Ca2+ was
not additive and showed cross-desensitization. Cross-desensitization was absent in myotubes stimulated
with one of the nucleotides and bradykinin.
7 These results show that ATP- and UTP-induced formation of Ins(1,4,5)P3, Ca2+ release from internal
stores and Ca2'-influx from the extracellular space are mediated exclusively via the nucleotide type
P2-purinoceptor in mouse C2C12 myotubes.

Keywords: Nucleotide receptor; ATP; UTP; inositol (1,4,5)trisphosphate (Ins(1,4,5)P3); P2-purinoceptor; intracellular Ca2+;
C2C12 myotubes

Introduction

Receptors sensitive to ATP have been classified according to
their sensitivity to selective ATP analogues (Burnstock,
1990). In addition to the established P2-purinoceptor sub-
classes (O'Connor et al., 1990; Thomas et al., 1991) the
existence of nucleotide receptors was proposed (Davidson et
al., 1990), which are sensitive to the purine, adenosine
triphosphate (ATP) and also the pyrimidine, uridine triphos-
phate (UTP). Nucleotide receptors have been shown in
pituitary cells (Davidson et al., 1990), mesangial cells (Pfeil-
schifter, 1990), myotubes (Henning et al., 1992a), DDT, MF-
2 smooth muscle cells (Van der Zee et al., 1992) and PC12
cells (Murrin & Boarder, 1992).

Recently, a nucleotide receptor and a not yet classified
discrete ATP-sensitive receptor were defined in mouse C2C12
myotubes. Stimulation of the nucleotide receptor resulted in
a Ca2"-influx and activation of Ca2'-regulated K+-channels,
while the Na+-channels were opened via the distinct ATP-
receptor (Henning et al., 1992a). It is also suggested that in
chick myotubes, the ATP-induced membrane current is
mediated via two distinct ATP-sensitive receptors (Thomas et
al., 1991).
The membrane current evoked by ATP-receptor subtypes

' Author for correspondence.

may be caused by activation of different second messenger
systems or by activation of receptor-coupled ion-channels
(Burnstock, 1990). To characterize the ATP-sensitive recep-
tors on C2C12 myotubes we investigated their coupling to
the phospholipase C pathway by measuring the formation of
Ins(1,4,5)P3 and intracellular Ca2" mobilization.

Methods

Cell culture

C2C12 cells, a murine myoblast cell line (Yaffee & Saxel,
1977) were obtained from the American Tissue Type Collec-
tion, Rockville, U.S.A. and cultured in 9.6 cm2 plastic wells
at 37°C in Dulbecco's modified essential medium, 7 mM
NaHCO3 and 10 mM HEPES (DMEM) supplemented with
10% foetal calf serum. When cells reached 80% confluence,
medium was changed to DMEM supplemented with 5%
horse serum. Myotubes were used 7 days after initiating
myoblast fusion.

Inositol phosphates

Ins(1,4,5)P3 contents of the myotubes was assessed by mass
measurement using a radioligand binding assay. Before the

'." Macmillan Press Ltd, 1993Br. J. Pharmacol. (I 993), 110, 747 752
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experiment, the cells were washed three times with a buffer of
the following composition (mM): NaCl 125, KCI 6, CaC12
1.2, MgCl2 2.5, NaH2PO4 1.2, glucose 11, HEPES 10
(pH 7.4). In the Ca2+-free buffer CaC12 was omitted and
EGTA (0.4 mM) and MgCl2 (3.5 mM) were added. The reac-
tion was started by the addition of ATP or analogues and
stopped by addition of trichloroacetic acid (TCA: 5%,
300 pl) after removing the buffer. Experiments were con-
ducted at 22°C. The TCA was extracted (three times) with
water-saturated diethylether, the samples were neutralized
with KOH and stored at - 40°C. The samples were assayed
for Ins(1,4,5)P3 content as described before (Den Hertog et
al., 1992), using a standard curve of Ins(1,4,5)P3 in ether-
extracted TCA solution.

Intracellular Ca"

Cytoplasmic free Ca2+ levels were determined by fura-2
fluorescence. Cells plated on glass coverslips were loaded
with fura-2-AM (1 0LM) for 30 min at 37°C in the buffer
containing 0.2% BSA. Recordings were made at excitation
wavelengths of 340 and 380 nm and an emission wavelength
of 510 nm at 22°C using a fluorescence spectrophotometer
(Hitachi). Data are expressed as the ratio between the two
wavelengths representing Ca2'-free (380 nm) and Ca2+-
bound (340 nm) fluorescent probe.

Data analysis

Data are presented as mean ± s.e.mean unless stated other-
wise and are considered statistically different at P< 0.05
(unpaired Student's t test). Concentration-response curves
were fitted to the averaged data by a least-squares non-linear
regression programme (SigmaPlot 4.0, Jandel Scientific).

Drugs

Adenosine, a,j-methylene adenosine 5'-triphosphate (a,,B-
meATP) and fura-2-AM were obtained from Boehringer,
Mannheim (Germany). Adenosine 5'-triphosphate (ATP),
adenosine 5'-diphosphate (ADP) and uridine 5'-triphosphate
(UTP) were obtained from Serva, Heidelberg (Germany).
2-(methylthio) adenosine 5'-triphosphate (2-MeSATP) was
obtained from Research Biochemicals Inc., Natick, Mass.
(U.S.A.), suramin from Bayer, Leverkusen (Germany) and
bradykinin from Sigma, St. Louis (U.S.A.). D-[2-3H]-inositol
1,4,5-trisphosphate was obtained from Du Pont-New Eng-
land Nuclear (U.S.A.).
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Figure 1 Changes in inositol (1,4,5)trisphosphate (Ins(1,4,5)P3) con-
tent of the myotubes evoked by stimulation with different agonists.
(a) Increase in Ins(1,4,5)P3 content after stimulation with ATP (0,
30011M); this effect is abolished in the presence of suramin (@,
500 jM). (b) Prolonged stimulation with ATP (300 jAM); (c) stimula-
tion with UTP (V, 3001M) induces similar changes in Ins(1,4,5)P3
content as with ATP, also inhibited by suramin (@, 500 JM). (d)
Prolonged stimulation with UTP (3001M). Ins(1,4,5)P3 formation is
expressed as pmol mg-' protein. Data are obtained from 4 or more
experiments.

0.17 pmol mg' protein and adenosine (1 mM) 1.08 +
0.30 pmol mg-' protein (n = 4)).
The maximum Ins(1,4,5)P3 levels measured on stimulation

of the cells with ATP, ADP and UTP (1OJAM- 1 mM) was
reached after 45 s. These maximum values were used to plot
concentration-response curves. It was found that ATP was
slightly more potent than UTP regarding the formation of
Ins(1,4,5)P3 (EC50: ATP 33 ± 2 JM; UTP 80 ± 4 JIM), whereas
ADP was less effective (Figure 2). The optimal increase in
Ins(1,4,5)P3 content was found in the presence of ATP
(1 mM) and UTP (1 mM). Simultaneous addition of these
nucleotides (1 mM) did not produce an additive effect on
Ins(1,4,5)P3 levels (Figure 2).
To study whether nucleotide-induced Ins(1,4,5)P3 forma-

tion in C2C12 cells was mediated via a single receptor, the
effect of subsequent addition of three agonists, ATP, UTP
and bradykinin, was investigated. Bradykinin (30 pM) also
induced Ins(1,4,5)P3 formation with a similar time course as
observed for the nucleotides, producing a peak at 45 s (not
shown). Myotubes were pretreated for 15 min with the first
agonist. Subsequently, a second agonist was administered still
in the presence of the first agonist and Ins(1,4,5)P3 content of

Results 5-

Ins(J,4,5)P3 formation

The basal Ins(1,4,5)P3 content of the C2C12 myotubes, as
measured by radioligand binding assay, was 1.07 ± 0.12 pmol
mg-' protein (n = 60). The myotubes responded to applica-
tion of ATP (300 JAM) with a rapid transient increase in
Ins(1,4,5)P3 content of about four times the basal level, fol-
lowed by a slow decline towards basal values after about
5 min (Figure la). During prolonged stimulation with ATP
(1 h) a further decline in Ins(1,4,5)P3 content was observed
(Figure lb). Similar experiments were conducted in C2C12
myotubes using UTP as an agonist. The characteristics of the
increase in Ins(1,4,5)P3 content of myotubes stimulated with
UTP (300 JM) were similar to those observed with ATP
(Figure ic), including the effect of prolonged exposure to the
agonist (Figure Id). The specific P2X- and P2Y-purinoceptor
agonists, a,-MeATP and 2-MeS ATP and the P,-
purinoceptor agonist adenosine, did not change the basal
Ins(1,4,5)P3 content of the myotubes (a,-MeATP (100 I1M):
1.36 ± 0.29 pmol mg-' protein, 2-MeS ATP (100 jAM): 1.36 +
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Figure 2 Concentration-dependent changes in inositol (1,4,5)tris-
phosphate (Ins(1,4,5)P3) content of the myotubes evoked by ATP
(0), ADP (A) and UTP (V). The increase in Ins(1,4,5)P3 content
evoked by optimal concentrations of ATP (1 mM) and UTP (1 mM)
at 45 s stimulation are non-additive (A). Ins(1,4,5)P3 formation is
expressed as pmol mg-' protein. Data are obtained from 4 or more
experiments.
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the cells was measured after 45 s. Typically, Ins(1,4,5)P3 for-
mation induced after preincubation of the cells by an agonist
by application of a second dose of the same agonist was
reduced to about 30%. Preincubation of the cells with ATP
(1 mM) also significantly decreased Ins(1,4,5)P3 formation
evoked by UTP (1 mM) but did not affect the bradykinin
(30 JM)-induced increase in Ins(1,4,5)P3 (Figure 3). Likewise,
preincubation with UTP decreased ATP-induced Ins(1,4,5)P3
formation, not affecting bradykinin-induced Ins(1,4,5)P3 for-
mation (Figure 3). Further, preincubation with bradykinin
did not affect ATP- or UTP-induced Ins(1,4,5)P3 formation
(Figure 3).
The P2-purinoceptor antagonist, suramin, is known to

block the ATP- and UTP-induced changes in membrane
potential of C2C12 myotubes (Henning et al., 1992a).
Application of ATP in the presence of suramin (500 IM) did
not cause a significant change in Ins(1,4,5)P3 content of the
myotubes (Figure la). Similarly, suramin (500 pM) also
abolished the UTP-induced changes (Figure lc) and ADP-
mediated (1 mM) increase in Ins(1,4,5)P3 formation (not
shown). To examine further the supposition that nucleotides
act via the same purinceptor, the antagonistic properties of
suramin on ATP- and UTP-induced Ins(1,4,5)P3 formation
were investigated after pretreatment of the cells (20 min) with
various suramin concentrations (501LM, 150 lM and 300 SAM).
Suramin appeared to displace the concentration-response
curves for ATP and UTP in parallel (Figure 4a,b). However,
the slopes of the Schild plots deviated markedly from unity,
being 1.63 ± 0.09 and 1.37 ± 0.11 for ATP and UTP, respec-
tively (Figure 4c). The apparent pA2 values for suramin in
myotubes stimulated with ATP and UTP were 4.50 ± 0.48
and 4.41 ± 0.63, respectively.
The profile of the ATP-evoked biphasic change in mem-

brane potential was different under Ca2'-free conditions,
represented by the abolition of the transient hyperpolariza-
tion and a slower decline of the depolarizing phase (Henning
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Figure 4 The antagonistic effect of suramin on nucleotide-induced
inositol (1,4,5)trisphosphate (Ins(1,4,5)P3) formation in C2C12
myotubes. (a) Concentration-response curve for ATP (0) and in the
presence of suramin (50 JM, V; 150 1M, V; 30011M, 0). Values are
expressed as mean ± s.e.mean (n ) 4). (b) Concentration-response
curve for UTP (0) and in the presence of suramin (50 luM, V;
150 IM, V; 3001M, 0), values are expressed as mean ± s.e.mean
(n = 4). (c) Schild plot for data derived from data in (a) and (b)
showing suramin action on ATP- (v) and UTP- (V) induced
Ins(1,4,5)P3 formation. The concentration-response ratios (CR) were
calculated at the EC50 of Ins(1,4,5)P3 formation. Regression lines
were calculated by the method of least squares (r> 0.98; P<0.05).
Intercepts with the X-axis were 4.50 ± 0.48 and 4.41 ± 0.63, while
the slopes measured are 1.63 ± 0.09 and 1.37 ± 0.11 for ATP and
UTP, respectively.

ATP UTP BK

Figure 3 Cross-desensitization of inositol (1,4,5)trisphosphate (Ins
(1,4,5)P3) formation elicited by ATP, UTP and bradykinin in C2C12
myotubes. Myotubes were stimulated for 45 s after pretreatment for
15 min. Data are expressed as percentage of the Ins(1,4,5)P3 content
elicited by the agonist in non-pretreated cells, which amounted to
4.6 ± 1.2 pmol mg-' protein, 4.2 ± 0.6 pmol mg-' protein and 3.5 +
0.5 pmol mg-' protein, for ATP (1 mM), UTP (1 mM) and brady-
kinin (BK; 30 JM), respectively (n = 4). The basal Ins(1,4,5)P3 level
was 1.06 ± 0.12 pmol mg-' protein; n =4. *Significant decrease in
Ins(1,4,5)P3 formation compared to cells that were not pretreated,
P<0.01.

et al., 1992a). To examine whether these changes in mem-
brane potential were related to the formation of Ins(1,4,5)P3,
its formation was measured in cells stimulated with ATP
(300 iM) in the absence of extemal Ca2+. The basal level of
Ins(1,4,5)P3 was decreased by preincubation of the cells
(10 min) under Ca2'-free conditions (Figure 5). A pro-
nounced increase in Ins(1,4,5)P3 reaching a lower maximum
value than in the presence of external Ca2+ and a relative
faster decline was observed on receptor stimulation with ATP
(300 pM) in the absence of extracellular Ca2+ (Figures la,5).

Internal Ca"
The nucleotide receptor regulation of internal Ca2+ was
studied using fura-2 as a fluorescent probe in myotubes
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Figure 5 The increase in inositol (1,4,5)trisphosphate (Ins(1,4,5)P3)
content after stimulation with ATP (300 tLM) under extracellular
Ca2l-free conditions. Ins(1,4,5)P3 formation is expressed as pmol
mg-' protein. Data are obtained from 4 experiments.

stimulated by ATP and UTP. Under normal conditions, ATP
and UTP evoked a rapid increase in intracellular Ca2", fol-
lowed by a slow decline to basal levels (Figure 6a,b). Max-
imum concentrations of ATP (1 mM) and UTP (1 mM)
evoked a comparable increase in intracellular Ca2" (Figure
6a). Under Ca2"-free conditions, the basal internal Ca2"
concentration and the transient rise in intracellular Ca2" of
myotubes stimulated with ATP and UTP (Figure 6b) were
less pronounced than in the presence of external Ca2"
(Figure 6a). Further, the slow phase of the Ca2" response
evoked by both nucleotides under normal conditions was
absent in Ca2"-free medium (Figure 6b). Stimulation of the
cells with the specific P2X-, P2y- and P1-purinoceptor agonists,
x,j-MeATP (100t,M), 2-MeS ATP (100ZlM) and adenosine
(1 mM), did not change intracellular Ca2" (not shown).
To examine whether ATP and UTP-induced Ca2" res-

ponses were mediated through the same receptor, the res-
ponse to subsequent stimulation with the nucleotides was
determined. Stimulation of the cells with UTP (1 mM) did
not produce a rise in intracellular Ca2+ if cells were

pretreated for 10 min with ATP (1 mM; Figure 7a) and vice
versa (not shown). However, bradykinin (20 M) induced a
rapid increase in intracellular Ca2+ of myotubes pretreated

4-a4~ ATP UTP
3-~~~~*

c 2- 8 1

° b
4 ATP UTP

3 min

Figure 6 The effect of ATP and UTP on intracellular Ca2", using
fura-2 fluorescence. The presence of the nucleotides is represented by
a horizontal bar. Data are expressed as the fluorescence ratio
(R = F340/F380). (a) Typical responses caused by ATP (1 mM, left
panel) and UTP (1 mm, right panel) in the presence of extracellular
Ca2 . (b) Typical responses to ATP (1 mm, left panel) and UTP
(1 mm, right panel) evoked under Ca2+-free conditions not showing
the slow phase. The corresponding columns represent the basal levels
(solid columns), peak levels (open columns) and levels at 3 min
(hatched columns) of the fluorescence ratio obtained after stimula-
tion in 7 or more experiments (mean ± s.e.mean). *P<0.01,
**P<0.001 compared with basal values.

Figure 7 The response in intracellular Ca2l after pretreatment of
the cells for 10 min with ATP. The presence of ATP and the subse-
quent addition of the second agonist is indicated by horizontal bars.
(a) The absence of the effect of UTP (1 mM) in myotubes pretreated
with ATP (1 mM). (b) Myotubes pretreated with ATP (1 mM), show-
ing a rapid increase in internal Ca2l upon administration of brady-
kinin (BK; 20 1iM). Data are expressed as the fluorescence ratio
(R = F340/F380) obtained in at least 3 experiments.

for 10 min with ATP (1 mM; Figure 7b) and UTP (1 mM; not
shown).

Discussion

The results presented here show that nucleotide receptors are
activated by ATP and UTP in C2C12 myotubes. This is
shown by the formation of Ins(1,4,5)P3 and increase in intra-
cellular Ca2" demonstrated upon stimulation with these
nucleotides, while stimulation of the myotubes with ATP
analogues, assumed to interact specifically with PI-, P2X- and
P2Y-purinoceptors (Burnstock, 1990; Cusack & Hourani,
1990), was ineffective. Further, the involvement of P2T-
purinoceptors is ruled out, as ATP is supposed to act as an
antagonist for these receptors. P2Z-purinoceptors are also
excluded in view of the agonist effect of UTP (Cusack &
Hourani, 1990).
The formation of Ins(1,4,5)P3 in myotubes stimulated with

ATP and UTP showed a similar time course and correspon-
ding Ins(1,4,5)P3 levels were reached at optimal agonist con-
centrations, while ADP was less effective. The Ins(1,4,5)P3
content of ATP- and UTP-stimulated cells decreased below
initial levels during prolonged stimulation of the myotubes,
which might be attributed to a negative feedback on
receptor-activated processes by protein kinase C as estab-
lished in various cell types (Leeb-Lundberg, et al., 1985;
Bauhal et al., 1985; Berridge, 1987). Besides the similarity in
time course of formation of Ins(1,4,5)P3 and increase in
internal Ca2 , the Ins(1,4,5)P3 formation induced by optimal
concentrations of ATP and UTP was not additive. Further,
ATP- and UTP-induced formation of Ins(1,4,5)P3 and
mobilization of internal Ca2+ showed cross-desensitization,
whereas cross-desensitization was absent in myotubes stim-
ulated with one of these nucleotides and bradykinin.
Consequently, these observations strongly suggest that the
Ins(1,4,5)P3 formation and changes in internal Ca2+ in
C2C12 myotubes elicited by ATP and UTP are mediated by
a single receptor, identified as a nucleotide type P2-
purinoceptor.
The observations on Ins(1,4,5)P3 formation in C2C12

myotubes are comparable with nucleotide receptor-activated
Ins(1,4,5)P3 formation in other cells (Davidson et al., 1990;
Pfeilschifter, 1990; Murrin & Boarder, 1992). The nucleotide
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receptor-induced formation of Ins(1,4,5)P3 in C2C12 myo-
tubes was inhibited by suramin, as reported for ATP/UTP
mediated inositol phosphate formation in DDT, MF-2 cells
(Hoiting et al., 1990; Van der Zee et al., 1992). The
antagonistic property of suramin on Ins(1,4,5)P3 formation in
ATP and UTP-stimulated C2C12 myotubes was charac-
terized by comparable pA2 values. Besides the observations
made in the cross-desensitization experiments, this also sug-
gests that ATP and UTP mediate their signal via the same
receptor. However, similar slopes and pA2 values are com-
mon for suramin antagonism of different types of P2-
purinoceptors, such as P2X- and P2T-purinoceptors (Leff et al.,
1990; Hourani et al., 1992) and were also observed in the
suramin-induced reversal of skeletal muscle paralysis (Hen-
ning et al., 1992b).

Stimulation of the nucleotide receptors of C2C12 myotubes
under Ca2+-free conditions was accompanied by a transient
formation of Ins(1,4,5)P3 and a concomitant rise in internal
Ca2+. The increase in intracellular Ca2+ can be readily
explained by the Ca2+ release from intracellular stores
activated by Ins(1,4,5)P3, a process recognized in many cell
types (Berridge, 1987; Berridge & Irvine, 1989). Moreover,
stimulation of the nucleotide receptor also activated a Ca2+-
influx from the extracellular space, as demonstrated by the
larger amplitude and slower decay of the Ca2+ response in
the presence of extracellular Ca2 . In turn, this receptor-
mediated influx of Ca2+ apparently enhanced the formation
of Ins(1,4,5)P3. In accord, phospholipase C activity has been
shown to be dependent on the internal Ca2+ concentration
(Uhing et al., 1986; Martin et al., 1986; Taylor et al., 1991).
It should be noted that the nucleotide receptor-evoked for-
mation of Ins(1,4,5)P3 and increase in intracellular Ca2+ in
myotubes of the mouse C2C12 cell line show similar charac-
teristics to the responses obtained in primary embryonic
chick myotubes by stimulation of a yet unclassified P2-
purinoceptor with ATP (Haggblad & Heilbronn, 1988; Erik-
son & Heilbronn, 1989).

Stimulation of nucleotide receptors on C2C12 myotubes
caused a transient hyperpolarization followed by a slowly
declining depolarization (Henning et al., 1992a). The
depolarization evoked via the nucleotide receptor is probably
due to enhancement of the Ca2"-influx. Supplementary to
this Ca2"-influx evoked via nucleotide receptors, the addi-
tional depolarization caused by ATP is supposed to be due to
a Na+-influx produced by stimulation of discrete ATP-
sensitive receptors (Henning et al., 1992a). In view of the
similar effects of ATP and UTP on Ins(1,4,5)P3 and internal
Ca2" obtained in myotubes preincubated with the other com-
pound, it is unlikely that the discrete ATP-sensitive receptor
of C2C12 myotubes is coupled to these pathways. The tran-
sient hyperpolarization elicited by the nucleotide receptor is
supposed to be due to the opening of Ca2'-regulated K+-
channels (Henning et al., 1992a). Under Ca2'-free conditions,
however, a transient Ca2+ release from internal stores was
observed, not accompanied by a hyperpolarization (Henning
et al., 1992a). Thus, a second component dependent on exter-
nal Ca2+ is apparently necessary to open the Ca2+-regulated
K+-channels upon stimulation of the nucleotide receptor.
The formation of Ins(1,3,4,5)P4 from Ins(1,4,5)P3 via the
3-kinase is Ca2'-dependent (Biden & Wollheim, 1986;
Imboden & Pattison, 1987) and might be involved as the
second component to activate these K+-channels, as shown
in DDT, MF-2 cells (Molleman et al., 1991). A further study
to elucidate the mechanism responsible for the hyperpolariza-
tion is in progress.

In conclusion, the results presented here show that ATP-
and UTP-mediated formation of Ins(1,4,5)P3, causing a rise
in internal Ca2+ by release from internal stores and activa-
tion of Ca2'-entry from the extracellular space, are exclus-
ively mediated by nucleotide receptors in mouse C2C12
myotubes.

This study was partly sponsored by grant 900-549-133 from The
Netherlands Organisation for Scientific Research (NWO).
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Similar effects of ethanol and flumazenil on acquisition of a
shuttle-box avoidance response during withdrawal from chronic
ethanol treatment
'Hugh E. Criswell & George R. Breese

Brain and Development Research Center and Center for Alcohol Studies, University of North Carolina School of Medicine,
Chapel Hill, North Carolina 27599-7250, U.S.A.

1 Acquisition of a two-way shuttle-box avoidance response is facilitated by ethanol. This facilitated
acquisition of an avoidance response to ethanol was attenuated during withdrawal from chronic-ethanol
diet intake (i.e. tolerance developed by ethanol). The deficit in the avoidance task after chronic ethanol
treatment could be overcome by increasing the dose of ethanol.
2 Flumazenil, a benzodiazepine antagonist, also facilitated acquisition of the avoidance response in
control rats. This response to flumazenil was significantly reduced during withdrawal from chronic-
ethanol treatment. This reduced avoidance responding during withdrawal also could be overcome by
increasing the dose of flumazenil.
3 The benzodiazepine-inverse agonist, RO 15-4513, produced a deficit in avoidance responding that
was antagonized by both ethanol and flumazenil in a dose-related manner.
4 To determine whether flumazenil has the properties of a benzodiazepine agonist, it was established
that, unlike the benzodiazepine chlordiazepoxide, flumazenil did not enhance the ethanol-induced deficit
in the aerial righting reflex. Additionally, flumazenil blocked the action of chlordiazepoxide in this
procedure, consistent with the benzodiazepine antagonist action of flumazenil.
5 Data collected are consistent with the hypothesis that an endogenous substance with the properties
of a benzodiazepine-inverse agonist antagonizes the anticonflict actions of acutely administered ethanol
during withdrawal from chronic-ethanol exposure.

Keywords: Flumazenil; ethanol; chronic ethanol treatment; shuttle-box avoidance; avoidance conflict responding; aerial righting
reflex; anxiogenic; anxiolytic; RO 15-4513; ethanol tolerance

Introduction

In 1980, our laboratory compared the effects of ethanol and
benzodiazepines on performance in various behavioural tasks
and concluded they may share a common mechanism of
action (Frye et al., 1980; Vogel et al., 1980). However,
ethanol does not compete with a benzodiazepine for receptor
binding (Frye et al., 1980; Breese et al., 1983). Several early
studies have indicated that ethanol, like benzodiazepines, has
an anticonflict action (Conger, 1956; Barry et al., 1963;
Mansfield et al., 1977; Vogel et al., 1980). More recently, our
laboratory (Frye et al., 1981; Criswell & Breese, 1989) dem-
onstrated that chlordiazepoxide and ethanol facilitated
acquisition of a shuttle-box avoidance response, a finding
consistent with other studies demonstrating that the two-way
avoidance task may have a conflict component (Gray, 1977;
Fernandez-Teruel et al., 1991a,b). During withdrawal from
chronic-ethanol treatment, acquisition of the avoidence re-

sponse was not facilitated by either ethanol or chlordiaze-
poxide, suggestive that there was cross-tolerance between
these drugs (Criswell & Breese, 1989). This latter observation
provided additional support for the position that ethanol has
actions similar to those of the benzodiazepines but the basis
of the tolerance to the action of chlordiazepoxide and
ethanol in the avoidance task following withdrawal from
chronic-ethanol treatment was unknown.

File et al. (1989) reported that flumazenil, a benzo-
diazepine antagonist, reversed the deficit to ethanol seen in a
conflict procedure in rats withdrawn from chronic ethanol
treatment. Furthermore, in a social interaction test,
flumazenil alone reversed the behavioural response associated
with withdrawal from chronic-ethanol or from chronic-

I Author for correspondence.

benzodiazepine administration (Baldwin & File, 1987; File et
al., 1989; File & Hitchcott, 1990). The effect of flumazenil in
these conflict tasks during withdrawal from ethanol or a
benzodiazepine (File & Hitchcott, 1990) could be explained if
flumazenil had a benzodiazepine agonist action or if it was
antagonizing the effect of an endogenous compound with
benzodiazepine-inverse agonist activity (File et al., 1989; File
& Hitchcott, 1990).

It is not known whether the reduced responding to ethanol
in the avoidance task observed during withdrawal from
chronic-ethanol treatment would be attenuated by flumazenil,
as has been demonstrated in another conflict task (File et al.,
1989). For this reason, the present investigation examined (1)
the effect of the benzodiazepine antagonist, flumazenil, alone
and on the action of an acute dose of ethanol in rats perfor-
ming the avoidance procedure, (2) the effect of varying doses
of flumazenil and ethanol on shuttle-box avoidance responses
following withdrawal from chronic ethanol treatment; (3)
whether a benzodiazepine-inverse agonist would produce a
deficit in the acquisition of the avoidance response; (4) the
action of ethanol and flumazenil on the deficit produced by a
benzodiazepine-inverse agonist in the avoidance task, and (5)
the possibility that the anticonflict action of flumazenil was
due to a benzodiazepine agonist-like action of this drug.
From these data, it could be assessed whether findings were
consistent with the hypothesis of File et al. (1989) that an
endogenous compound with benzodiazepine-inverse agonist
properties is responsible for the deficit in the anticonflict
action of ethanol during withdrawal from chronic-ethanol
treatment (Criswell & Breese, 1989; 1990).
Some of these data were presented in abstract form at the

annual Research Society on Alcoholism meeting (Criswell &
Breese, 1990).

'." Macmillan Press Ltd, 1993Br. J. Pharmacol. (I 993), 110, 753 760



754 H.E. CRISWELL & G.R. BREESE

Methods

Animals

Male Sprague-Dawley rats weighing 250 to 275 g were

obtained from Charles River Laboratories (Raleigh, NC,
U.S.A.). The animals were maintained in our animal facilities
until they reached 350 to 550 g. Rats were in the animal
facility for at least two weeks before being used. The rats
were housed individually with a 12 h light-dark cycle and
allowed free access to food and water or a liquid diet as

described below.

Shuttle-box avoidance task

The functional response measured in this investigation was

the rate of acquisition of a two-way shuttle-box avoidance
procedure, with a tone as the warning stimulus (Criswell &
Breese, 1989). For the experimental procedure, each rat was

allowed a 5 min adaptation period prior to avoidance train-
ing after being placed in a shuttle-box (Lehigh Valley Elec-
tronics). Following this adaptation period, the onset of a
tone signalled the beginning of a 10 s avoidance period dur-
ing which the animals could shuttle to the opposite side of
the cage to avoid a 0.7 m footshock. Failure to respond
within the 10 s period resulted in shock onset. Footshock was

terminated when the animals moved to the far side of the
cage (escaped) or at the end of a 5 s period. Avoidance of the
shock or shock termination initiated a 30 s intertrial interval.
Data were collected for 100 trials with the number of
avoidance responses, escapes from shock, crosses during the
intertrial interval, and response omissions (failure to escape

within 5 s) recorded at the end of each 25 trial block for
analysis. During the first few training trials, some rats made
responses during the avoidance period before having received
their first shock; therefore, data were analysed only for the
last 75 trials out of the 100 trial session. Since the avoidance
task does not require food and water deprivation, the
behavioural consequences of chronic exposure to ethanol in a

liquid diet can be assessed (Criswell & Breese, 1989).
In the latter portions of this investigation, we encountered

a shift in the number of untreated rats exhibiting low rates of
avoidance responding during acquisition. Rech (1966) and
Fernandez-Teruel et al. (199la,b) have described such
differences within populations of rats. This has been des-
cribed as a 'batch' effect by File & Hitchcott (1990).
Therefore, we initiated a screening programme as new bat-
ches of rats (n = 36) were acquired from the supplier,
whereby 4 to 6 animals were tested without drug prior to
being assigned to an experiment. Only batches of rats from
which this screen produced a mean of 30 or fewer avoidance
responses during the last 75 trials were used to evalute the
actions of ethanol and flumazenil. A possible 'floor' effect
was avoided with treatments which were expected to produce
a negative action on avoidance responding by choosing bat-
ches of rats with a mean of 45 avoidance responses or greater
during acquisition. Rats with such high response scores were
used to examine the action of a benzodiazepine inverse
agonist, RO-15-4513, in the avoidance task and to evaluate
performance in the avoidance task of a group withdrawn
from chronic ethanol administration. The rats given saline or

liquid diet with each experiment provided a cross-validation
of our original measure of acquisition of the task (i.e. screen)
for appointment to the appropriate experimental protocol.

Aerial righting

The impairment of aerial righting induced by ethanol in the
presence or absence of chlordiazepoxide or flumazenil was

measured by the modified procedure of Leitch et al. (1977)
described by Frye & Breese (1982). The animals were held
upside down by grasping the back of the neck and tail and

dropped onto a soft surface (i.e. a foam rubber pad). Land-
ing on all four feet on two consecutive releases was con-
sidered a successful trial. The distance from the back of the
rat to the foam rubber pad was the measured height. A
control rat is able to demonstrate aerial righting at a height
of approximately 5 cm. Rats treated with ethanol or chlor-
diazepoxide were not released from heights above 50cm.

Drugs and treatments

Ethanol (Aaper Alcohol and Chemical Co., Shelbyville, KY,
U.S.A.) was administered i.p. as a 10% (weight-volume)
solution in saline. This concentration minimizes the irritating
effects of the ethanol. Chlordiazepoxide (Hoffman LaRoche,
Nutley, NJ, U.S.A.) was dissolved in saline and administered
i.p. (I ml kg-' volume). Ethanol was administered chronic-
ally by making a nutritionally complete liquid diet containing
ethanol available to the rats as previously described (Frye et
al., 1981). Control rats received liquid diet with the ethanol
replaced by an equicaloric amount of dextrose. For the
experiments involving 12-day exposure to chronic ethanol, all
animals were habituated to the control liquid diet for 2 days.
On day 3, a diet containing 5% ethanol was substituted for
the control liquid diet in the experimental group. After 2
days, the concentration of ethanol was increased to 7.5% and
2 days later to 10% where it remained for 8 days. Control
animals were limited to 70mlday-' of liquid diet. Animals
drinking the ethanol-liquid diet ingested 1 1.6 ± 0.7 g kg-'
day-'. This diet regimen results in similar weight gains for
the two groups (Frye et al., 1981). Whereas the chronic-
ethanol treated rats exhibit tremors and irritability to hand-
ling, they did not have spontaneous seizures or seizures to
the sound exposure in the avoidance task.

Following chronic exposure of the rats to control liquid
diet or ethanol-containing liquid diet, the diet was removed
and replaced by lab-chow. After 7-9 h of withdrawal from
the ethanol-containing or control-liquid diets, treated and
control rats were given saline or various doses of ethanol, i.p.
This protocol demonstrated tolerance to acute action of
ethanol in the avoidance task in the rats withdrawn from
chronic treatment (Criswell & Breese, 1989). Additional rats
received saline or various doses of flumazenil (RO 15-1788;
Hoffmann-La Roche Pharmaceutical Co., Nutley, NJ. U.S.A.),
either alone or 5 min prior to ethanol. In other experiments
to evaluate the agonist properties of flumazenil, either
flumazenil or chlordiazepoxide (Hoffmann-La Roche Phar-
maceutical Co.) were given alone or in combination with
ethanol and the effect of these drug treatments on aerial
righting was evaluated. The benzodiazepine-inverse agonist
RO-15-4513 (ethyl 8-azido-5,6-dihydro-5 methyl-6-oxo-4H-
imidazo[l,5-a][1,4]benzodiazepinel-3-carboxylate; Hoffmann-La
Roche Pharmaceutical Co.) was suspended in 0.25% carboxyl-
methylcellulose and injected i.p.

Statistics

Total number of avoidance responses, response omissions,
intertrial interval crosses during the last 75 trials of a 100
trial session (see avoidance task) and aerial righting distance
were analysed by ANOVA (Winer, 1962). Individual means
were compared to controls using the Dunnett test (Winer,
1962).

Results

Effects offlumazenil on the response to acutely
administered ethanol in the avoidance task

In agreement with previous work (Frye & Breese, 1981;
Criswell & Breese, 1989), an acute dose of ethanol caused an
increase in avoidance responding in rats treated with control-
liquid diet (Figure 1). Flumazenil pretreatment did not block
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Figure 1 Dose-response effects of ethanol on acquisition of a two-
way shuttle-box avoidance response following withdrawal from cont-
rol or ethanol-liquid diet. The solid column (-) refers to a control
(Con) group which was formed from rats that received ethanol-liquid
diet or control-liquid diet, after it was established that there was no
difference in the responses for these groups (P>0.05); ( 10) refer
to groups of rats that received various doses of acutely administered
ethanol (0.5, 0.75, 1.0 gkg-') during withdrawal from control-liquid
diet; ( q) refer to groups of rats that were tested with various doses
of ethanol (1.0, 1.5, 2.0 gkg-') during withdrawal from ethanol-
containing liquid diet administered for 12 days. Ethanol was
administered 10 min prior to behavioural testing. There were no
differences in the number of response omissions or intertrial crosses
between groups (P>0.1). The mean ± s.e.mean of 5 to 10 rats are
shown for each dose of ethanol. *P<0.05 when compared to saline
control. tP<0.05 when compared to the response to Ig kg-' of
ethanol in the CLD group.
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Figure 2 Effect of increasing doses of flumazenil on acquisition of
an avoidance task in control rats and in rats following withdrawal
from 12 days on an ethanol-liquid diet. Responses to vehicle in rats
that received either control diet or ethanol-liquid diet were not
significantly different (P> 0.05) and were combined (Veh). This
group is designated ( _ ). Other rats that received 12 days of a
control-liquid diet were given various doses of flumazenil (Flu) and
are referred to by ( 1 ). Rats treated for 12 days on an ethanol-
liquid diet and then withdrawn are designated by ( ER. Each dose
of flumazenil or vehicle was administered i.p. 5 min prior to testing.
n for all groups was from 8 to 13, except for the 1 mg kg-' CLD
group (n = 28) and the 10mg kg-' ELD group (n = 6). There were
no differences in response omissions between groups (P> 0.05) and
only the 3 mg kg-' group in the untreated group showed a greater
number of intertrial crosses than did controls (P <0.05). Each value
and bar represent the mean ± s.e.mean. P< 0.05 when compared to
the Veh group. tP< 0.05 when compared to the CLD-Flu 1.0 mg
kg- I group.

Table 1 Effect of flumazenil on the ethanol-induced
facilitation of the acquisition of an avoidance task in control
rats*

Treatment

Vehicle
Flumazenil
Ethanol
Ethanol + flumazenil

Drug doses Avoidance responses
(mg kg-') (n/75 trials)

3
1

1 + 3

31 ± 6
47 ± 7*
56 ± 5*
59 ± 5*

12
11
11
11

*Flumazenil (Flu; 3 mg kg- ) was administered i.p 5 min
prior to testing. Ethanol (EtOH; 1 g kg-') was administered
10 min prior to testing. No antagonism of the response to
ethanol was observed when the two drugs were

co-administered (Et + Flu; P> 0.1). There were no

differences in response omissions between the groups

(P> 0.05) and only the Et + Flu group showed a greater
number of intertrial crosses than the control group

(P <0.05). n = number. *P< 0.05 when compared to
vehicle control.

the facilitated avoidance responding produced by ethanol
(Table 1), indicating that blockade of benzodiazepine recep-

tors does not affect the ethanol-induced increase in avoidance
responding. However, flumazenil itself produced a significant
increase in avoidance responding (Table 1; Figure 2), demon-
strating that flumazenil induces the same behavioural action
in this task as ethanol and chlordiazepoxide (Criswell &
Breese, 1989). The dose-response effect of flumazenil in the
avoidance task was shallow (Figure 2).

Effect offlumazenil and ethanol in rats withdrawn from
chronic ethanol treatment

Chronic-ethanol treatment for 12 days antagonized the acute
action of ethanol in the avoidance task for doses of ethanol
up to 1.5 g kg-' (Figure 1). A higher dose of ethanol (2 g
kg-') was able to overcome the reduced responses observed
for lower doses of ethanol in the avoidance task during
withdrawal from chronic-ethanol treatment (Figure 1). Addi-

tionally, Figure 2 shows that 12 days on the chronic ethanol-
liquid diet also reduced the usual facilitation of avoidance
responding by 1 mg kg- of flumazenil. As observed when
the dose of ethanol was increased, this reduced effectiveness
of flumazenil during withdrawal was overcome if the dose of
flumazenil was increased to 1Omg kg' (Figure 2).

Effect of the benzodiazepine-inverse agonist RO-15-4513
on avoidance responding and reversal byflumazenil and
ethanol

Various doses of RO-15-4513, a benzodiazepine-inverse
agonist (Mereu et al., 1987; Bonetti et al., 1989; Mehta &
Ticku, 1989) were administered to groups of rats chosen for
their rapid acquisition of this avoidance response (see
Methods). In these rats, RO 15-4513 decreased acquisition of
the avoidance response in a dose-related fashion (Figure 3).
Conversely, the deficit in avoidance responding produced by
RO 15-4513 could be overcome in a dose-related fashion by
flumazenil (Table 2). As expected, ethanol also antagonized
the reduced avoidance responding produced by RO-15-4513
(Figure 4). Due to a probable 'ceiling effect', ethanol and
flumazenil alone had no significant action on avoidance re-
sponding in these rats (P>0.1; data not shown).

However, we did establish that RO 15-4513 induced a
significant deficit in rats with intermediate levels of respond-
ing (data not shown), indicating that this action of RO
15-4513 is not dependent upon the performance level of the
animals.
The effect of ethanol withdrawal on acquisition of

avoidance responding also was examined in a group of rats
selected for rapid acquisition of the avoidance response. A
significant reduction in responding was observed in these rats
during withdrawal from 12 days of chronic-ethanol exposure
(chronic ethanol-liquid diet = 41.0 ± 8.5 avoidance response/
last 75 trials vs control-liquid diet = 63.6 ± 2.8 avoidance
responses/last 75 trials; P<0.05). Thus, a behavioural res-
ponse like that for RO-15-4513 was observed during acute
withdrawal from the chronic-ethanol treatment in these rats
that had high avoidance response scores during acquisition.
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Table 2 Effect of flumazenil (Flu) on the deficit in
acquisition of an avoidance task produced by RO-15-4513
(RO) in control rats*

Treatments

Veh
Flumazenil (Flu)
RO-15-4513 (RO)
Flu + RO
Flu + RO
Flu + RO

Avoidance responses
Drug doses (n/75 trials)

0

1

0.3 + 1
0.6+ 1
1.0 + 1

41.1 ± 4.1
48.1 ± 5.6
16.3 ± 5.9t
11.2 ± 4.1
32.0 ± 13.7
43.3 ± 10.0*

n

17
8
7
4
S
6

*Rats were taken from groups shown to aquire a two-way
shuttle box avoidance response (see Methods). Various
doses of flumazenil (Flu, 0.3, 0.6 and 1 mg kg-') were
administered i.p. just prior to rats receiving 1 mg kg-' of
RO-15-4513 (RO) which was 5 min before testing. The dose
of ethanol is 1 g kg-'. There were no differences in response
omissions or intertrial crosses between the group (P<0.1).
'0' under drug doses indicates that no drug was
administered. See Figure 3 for deficit in responding during
acquisition of the avoidance response for RO-15-4513.
n = number.
tP <0.05 when compared to vehicle.
*P<0.05 when compared to RO-154513.
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Figure 3 Dose response curve for the effect of RO 15-4513 on
acquisition of an avoidance task. Naive rats were selected from a
group which had been shown to make a high number of avoidance
responses (see Methods). (0) Is the dose-response curve for RO
15-4513; points show mean ± s.e.mean for 6 rats. The vehicle res-
ponse in the avoidance task is illustrated by the cross-hatched bar
above the curve (vehicle response ± s.e.mean). Vehicle or RO 15-
4513 were injected i.p. 5 min prior to testing. There were no
differences in the number of response omissions or intertrial crosses
between groups (P>0.05). *P<0.05 when compared to vehicle
treatment.

Interactions offlumazenil with ethanol and
chlordiazepoxide on aerial righting

The possibility that flumazenil possessed benzodiazepine
agonist properties was tested by comparing the action of the
benzodiazepine, chlordiazepoxide, to increase ethanol seda-
tion to any change in sedation produced by flumazenil when
combined with ethanol. In accordance with previous studies
(Barthalmus et al., 1978; Okamoto et al., 1985), chlordiaze-
poxide enhanced the ethanol-induced deficit in aerial righting
(Figure 5). Subsequently, it was reasoned that if flumazenil
had a benzodiazepine agonist action, flumazenil, like chlor-
diazepoxide, would enhance the deficit in aerial righting pro-
duced by ethanol. The effects of flumazenil on the deficit in
aerial righting produced by ethanol and chlordiazepoxide are
shown in Figure 6. Flumazenil had no action in this task
either to bloick or augment the action of ethanol (Figure 6).
On the other hand, flumazenil (3 mg kg-') blocked the aerial
righting deficit produced by 10mg kg' of chlordiazepoxide
(Figure 7). Furthermore, flumazenil (3 mg kg-') blocked the

(0eq-to0

00wo

o ~
0 IC)

XL 3

>l)0
0

L.-

-i

70

60

50

40

30

20 F
10

0

*

Veh 0.0 c

#

# 1
Q
5.HHg
wl

_ .
z - l- i .H I F

_ {8 - I
HA i HE9 sl l |

l | |
| R |
. R
| |
| |
| |
| |

_ _ .

0.5 1.0 1.5

Dose of ethanol (g kg-I)
Figure 4 Reversal by ethanol of the effect of RO 15-4513 on
performance in the shuttle-box avoidance task. The control group
(no drug) which received only vehicle (Veh) 5 min prior to testing is
designated by ( M ). Various doses of ethanol, ( M ) were
administered 5 min before I mg kg-' of RO 15-4513 to a group of
rats that readily acquired the avoidance response (see Methods).
Testing began 5 min after administration of RO 15-4513
(1.0 mg kg- ). The group designated as the 0.0 dose of ethanol in the
column with cross-hatches received vehicle plus RO-15-4513. There
were no differences in the number of response omissions or intertrial
crosses between the drug-treated and control groups (P>0.05). The
mean ± s.e.mean of 4-6 rats are shown for each dose. Ethanol
(1 g kg-') alone did not produce a significant change from vehicle
(see text). *P <0.05 when compared to vehicle alone (Veh).
tP< 0.05 when compared to RO-1 5-4513 alone designated to the 0.0
dose.
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Figure 5 Dose-response relationship for enhancement by chlor-
diazepoxide (CDZ) of the ethanol-induced aerial-righting deficit. (a)
Shows the mean ± s.e.mean of height required for righting for each
10 min period: (0) group that received ethanol alone; (@) group
that received ethanol and I mg kg-' of CDZ; (V) group that
received ethanol plus 3 mg kg-' of CDZ; (V) group that received
ethanol plus 1Omg kg-' of CDZ. Chlordiazepoxide (1, 3 or
10 mg kg-') was administered 5 min prior to ethanol (1.5 g kg-')
administration. Aerial righting was assessed every 10 min for 1 h.
Rats given only saline have scores of approximately 5 cm (Frye &
Breese, 1982), as designated by Pre in (a). The columns in (b) depict
the mean ± s.e.mean score for aerial righting scores for the rats in (a)
for the total time period (1 h): ( L ) group that received only
ethanol; (_) are the three doses of CDZ (1, 3 and 1Omg kg-').
The score for aerial righting observed after 10mgkg-' of chlor-
diazepoxide (CDZ) alone is presented in Figure 6. Each group
consisted of 8 to 12 rats. *P<0.05 when compared to ethanol alone.

increased deficit in aerial righting produced by chlordiaze-
poxide when administered to rats given ethanol (Figure 7).
Thus, flumazenil continued to act as a benzodiazepine
antagonist when given with only chlordiazepoxide as well as
when chlordiazepoxide and ethanol were combined. Conse-
quently, these results provide evidence that flumazenil is not
acting as a benzodiazepine agonist at the doses used in the
avoidance task but acts only as a benzodiazepine antagonist.
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+ Fl Fl
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Figure 6 Effect of flumazenil on the aerial-righting deficit induced
by chlordiazepoxide or ethanol. (a) Shows the mean ± s.e.mean
aerial-righting score for 4 groups of 8 rats tested every 10 min for
I h. Flumazenil (Fl, 3 mg kg-') was administered 5 min prior to
either chlordiazepoxide (CDZ; 10mg kg-1) or ethanol (Et,
1.5 g kg-'). Control data (Pre) were obtained immediately prior to
drug administration; and (0) group that received CDZ; (V) refers
to the group that received only ethanol; (@) group that received
CDZ plus flumazenil, and (V) group that received ethanol and
flumazenil. (b) The columns in this panel shown the mean ± s.e.mean
aerial righting score for the accumulated 1 h period for each of the
drug combinations in (a). These groups include CDZ, Et, CDZ + Fl,
and Et + Fl as noted under the columns. Flumazenil alone did not
affect aerial righting in untreated rats (P>0.1). *P<0.05 when
compared to the chlordiazepoxide-treated group.

35

30

25

20

15

5 5

Pre 1 2 3 4 5 6

10 min periods

b

Et Et + Et + Et+
C C+F F

Drug combinations

Figure 7 Effect of flumazenil on the chlordiazepoxide enhancement
of ethanol-induced aerial-righting deficit. (a) Shows the
mean ± s.e.mean aerial righting scores every Omin for rats given
ethanol (Et, 1.5gkg-') 5min after the following treatments were
administered: saline (0, ethanol alone); ethanol plus 10 mg kg-
chlordiazepoxide (@), ethanol plus 3 mg kg' of flumazenil (V) or
ethanol with both flumazenil and chlordiazepoxide (V). Flumazenil
blocked the enhancement of the ethanol-induced aerial-righting
deficit by CDZ for the first 20 min (P <0.05), but did not block the
action of ethanol alone. (b) The columns show mean ± s.e.mean
aerial righting score for the accumulated 1 h test period for each
group in (a); ( ) is for ethanol (Et) alone. The _ are for the
following groups: ethanol plus CDZ (Et + C); ethanol plus
flumazenil (Et + F), and ethanol plus CDZ plus flumazenil (Et +
C + F). Flumazenil alone did not affect aerial righting in untreated
rats (P> 0.1). Eight rats were tested in each group. *P< 0.05 when
compared to ethanol alone.

Discussion

Ethanol can facilitate acquisition of a two-way shuttle-box

avoidance response (Frye & Breese, 1981; Criswell & Breese,

1989). This facilitatory effect of ethanol on avoidance
responding has previously been cited as an indication that
ethanol and chlordiazepoxide exhibit a type of anticonflict
action in this task (Gray, 1977; Criswell & Breese, 1989;
Fernandez-Teruel et al., 1991a,b), similar to that seen in the
acute lick suppression paradigm where shock suppressed lick-
ing is enhanced by these drugs (Vogel et al., 1971; 1980).
While motor stimulants such as (+ )-amphetamine can
facilitate avoidance responding (Rech et al., 1966), the effect
of ethanol in the avoidance task cannot be attributed to
enhanced locomotion, because no dose of ethanol causes an
increased locomotion in our Sprague-Dawley rats (unpub-
lished data; Frye & Breese, 1981; Criswell & Breese, 1989). In
the present work, tolerance to the action of ethanol in
facilitating avoidance responding was observed during with-
drawal from 12 days of chronic-ethanol treatment (i.e. liquid
diet containing ethanol), replicating our previous findings
(Criswell & Breese, 1989). In an earlier study, tolerance to
ethanol during withdrawal from chronic ethanol treatment
was accompanied by cross-tolerance to the action of a benzo-
diazepine in this task (Criswell & Breese, 1989). Tolerance to
the anticonflict action of ethanol during withdrawal from
chronic ethanol treatment also has been reported by File et
al. (1989). Furthermore, an anxiogenic response has been
observed in these behavioural tasks during withdrawal from
chronic administration of both ethanol and benzodiazepines
(Baldwin & File, 1987; File et al., 1989; File & Hitchcott,
1990; Baldwin et al., 1991). This series of studies suggested
that there was a link between the tolerance to the anticonflict
action of ethanol during withdrawal from chronic-ethanol
treatment and benzodiazepine receptor mechanisms.

Flumazenil, a benzodiazepine antagonist, has been reported
to reduce the anxiogenic response associated with withdrawal
from chronic benzodiazepine or ethanol administration
(Baldwin & File, 1987; File et al., 1989; File & Hitchott,
1990), as does ethanol (Figure 2). Nevertheless, unlike a
benzodiazepine or ethanol (Frye et al., 1980; 1983),
flumazenil does not prevent the majority of symptoms
associated with the ethanol-withdrawal syndrome (Little et
al., 1985; Adinoff et al., 1986; Chan et al., 1991). Further-
more, flumazenil did not reduce the acute action of ethanol
in the avoidance task in control rats, indicating that this
action of ethanol was not due to a direct action on ben-
zodiazepine receptors. However, this investigation demon-
strated that flumazenil facilitated acquisition of the avoidance
response in control rats. This behavioural response exhibited
by flumazenil resembled that seen after administration of
ethanol or a benzodiazepine (Criswell & Breese, 1989).

Based on results obtained with flumazenil, File et al. (1989)
proposed the hypothesis that tolerance to the anticonflict
action of ethanol during withdrawal from chronic-ethanol
treatment was related to an increase in an endogenous sub-
stance acting as a benzodiazepine-inverse agonist. Therefore,
one purpose of the present investigation was to determine if
flumazenil would affect tolerance to the anticonflict action of
ethanol in the avoidance task during withdrawal, as had been
noted in another conflict task (File et al., 1989). During
withdrawal from 12 days of chronic-ethanol treatment, the
facilitated responding in the avoidance task following
1 mg kg-' of flumazenil was reduced to levels observed in
rats given vehicle (i.e. tolerance like that observed to ethanol
and chlordiazepoxide after chronic ethanol exposure).
Administration of a higher dose of flumazenil during with-
drawal from chronic ethanol treatment reinstated responding
to a level similar to that observed when a lower dose of
flumazenil was administered to rats receiving control liquid
diet. As noted for flumazenil, increasing the dose of ethanol
also overcame the tolerance observed following withdrawal
from chronic ethanol treatment, providing additional
evidence for similarities between ethanol and flumazenil in
the avoidance task. While metabolic factors could contribute
to the decreased response to ethanol after chronic-ethanol
treatment (e.g. increased ethanol metabolism), a similar ex-

a
25 r

20 [

15 ~

10 F

E
.

c
a)
C

.i

o

0)

a)
a)

cn
. -

I

5

0
Pre 1 2 3 4 5 6

a
35

30

25 [

20 [

E
c.)
C

a)
C

.r

.-

0

')
0~

cr

4-

. -

I)

15[

10

5

0



758 H.E. CRISWELL & G.R. BREESE

planation for the results with flumazenil seems unlikely. Two
additional explanations for these data would be that
flumazenil was antagonizing the action of an endogenous
substance acting as a benzodiazepine-inverse agonist (i.e. as
suggested by File et al., 1989) or that flumazenil was acting
as a benzodiazepine agonist to produce an anticonflict action
in the avoidance task.
With the logic that an endogenous benzodiazepine inverse

agonist might be present during withdrawal, it was reasoned
that, if withdrawal from chronic ethanol was increasing the
presence of an endogenous benzodiazepine-inverse agonist,
then administration of a benzodiazepine-inverse agonist like
RO-15-4513 (Mereu et al., 1987), should produce a deficit in
responding in the avoidance task and this deficit should be
antagonized by flumazenil. In rats chosen for their rapid
acquisition of avoidance responding (see Methods), a dose-
related deficit in acquisition of the avoidance response was
noted after RO-15-4513 administration. This finding is con-
sistent with other reports that benzodiazepine-inverse
agonists produce deficits in behavioural tasks with a conflict
component (Corda et al., 1983; File & Pellow, 1984;
Fernandez-Teruel et al., 1991,a,b; Takada et al., 1992). In
earlier work, File & Lister (1983) reported that the anxio-
genic response to a P-carboline in the social interaction test is
blocked by flumazenil, just as it antagonizes the anticonflict
action of a benzodiazepine (Barrett et al., 1985). Ethanol as
well as flumazenil effectively reversed the deficit in the
avoidance task produced by RO 15-4513. This demonstration
that doses of ethanol or flumazenil could antagonize RO-15-
4513 in the avoidance task would predict that doses of both
ethanol and flumazenil could be found that would produce
an effect in tolerant animals like that seen in control rats.
This in fact was the case. Since RO-15-4513 acts directly on
GABAA receptors, ethanol could be enhancing y-amino-
butyric acid (GABA) responsiveness or acting through a
parallel neural system to overcome the action of RO-15-4513
to reduce responding in the avoidance task. However,
flumazenil reversal of both the effect of RO-15-4513 and the
tolerance to the anticonflict action of ethanol observed in the
avoidance task, seemed most likely to be due to a direct
action on benzodiazepine receptors, an interpretation consis-
tent with the hypothesis proposed by File et al. (1989).
Nonetheless, we next examined the alternative possibility that
flumazenil possessed benzodiazepine agonist activity to pro-
duce behavioural changes in the avoidance task (i.e. was
having an agonist action on benzodiazepine receptors).
The possible agonist activity of flumazenil at the ben-

zodiazepine receptor was supported by in vitro data in which
high concentrations of flumazenil had been reported to pos-
sess a benzodiazepine-like agonist action (Skerritt & Mac-
Donald, 1983; Mehta & Ticku, 1989). However, under most
in vivo conditions, flumazenil has not been reported to exhibit
the pharmacological properties of a benzodiazepine agonist
(Crawley et al., 1984; Barrett et al., 1985; Koob et al., 1986;
Thomas et al., 1990), including a discrimination task for a
benzodiazepine (Pugh, et al., 1992). Such a lack of
behavioural action of flumazenil was observed in the present
investigation when, unlike chlordiazepoxide, it did not affect
the sedation induced by ethanol (i.e. did not affect the deficit
in aerial righting induced by ethanol; Figure 6). Further,
flumazenil not only blocked the deficit produced by chlor-
diazepoxide on aerial righting, but also antagonized the
facilitation of the ethanol-induced aerial righting deficit pro-
duced by chlordiazepoxide. Thus, the present evaluation of
flumazenil in combination with ethanol and chlordiazepoxide
provided convincing evidence that, at doses used in the
avoidance task, flumazenil possesses no discernible ben-
zodiazepine agonist action, but rather is an effective ben-
zodiazepine antagonist. Of course, this absence of an effect of
flumazenil on aerial righting contrasts with the action of
flumazenil to facilitate responding in the avoidance task. File
& Hitchott (1990) as well as Fernandez-Teurel et al.
(199la,b) have implied that the circumstance under which

behavioural measures are taken determine whether flumazenil
will affect behaviour. Our present data are consistent with
this view. Thus, the data collected in the avoidance task and
the lack of evidence that flumazenil acts as a benzodiazepine
agonist are in support of the view that an endogenous
benzodiazepine-inverse agonist could be involved both in the
general poor learning by rats in this behavioural paradigm
(Fernandez-Teurel et al., 1991a,b), as well as in the reduced
anti-conflict action (i.e. tolerance) to ethanol and flumazenil
in the avoidance task during withdrawal from chronic
ethanol treatment (File et al., 1989; File & Hitchcott, 1990).

Schatzkik et al. (1989) has provided evidence for an in-
creased sensitivity of receptors for inverse agonists and
decreased sensitivity of benzodiazepines following withdrawal
from chronic lorazepam treatment. Similarly, Buck & Harris
(1990) provided evidence that chronic ethanol administration
densensitizes benzodiazepine receptors to agonist action while
simultaneously increasing their sensitivity to inverse agonists.
This change in benzodiazepine receptor function would be
expected to produce behavioural changes similar to those
observed in the present study, if a benzodiazepine-inverse
agonist were to be present in brain to influence these sen-
sitized receptors. However, in the latter study, the increase in
sensitivity to a benzodiazepine-inverse agonist was observed
after acute as well as chronic ethanol administration, sugges-
ting that this change in receptor sensitivity is associated with
acute ethanol tachyphylaxis. Tolerance to the effect of
ethanol on shuttle-box avoidance acquisition is not observed
until rats have been treated with ethanol for at least seven
days (Criswell & Breese, 1989).

There have been nunerous attempts to isolate substances
from brain that act on the benzodiazepine receptor (Braest-
rup et al., 1980; Guidotti et al., 1983; Penia et al., 1986). It
seem relatively clear that endogenous benzodiazepines exist
in brain (Sangameswaran et al., 1986; Wolfman et al., 1991).
Likewise, there are endogenous compounds which are pur-
ported to have properties of a benzodiazepine-inverse agonist
(Guidotti et al., 1983; Penia et al., 1986; Novas et al., 1988).
Assuming that these endogenous compounds have an action
in the brain, the absence of an effect of flumazenil in the
aerial righting reflex would relate to a physiological state
where little endogenous benzodiazepine agonist or inverse
agonist were present in brain. Conversely, when rats are
performing the avoidance task during withdrawal from
chronic ethanol (i.e. aversive situation), the content of the
endogenous benzodiazepine-inverse agonist in brain would be
expected to increase to a greater degree than would be
observed under normal conditions. As noted earlier, others
have suggested that the behaviour conditions dictate whether
flumazenil has an effect in a behavioural task (File & Hitch-
cott, 1990; Fernandez-Teurel et al., 1991a,b). In any case, the
similar actions of ethanol and flumazenil, in the absence of
any evidence for a benzodiazepine agonist like action of
flumazenil, provide support for the hypothesis that an
endogenous benzodiazepine-inverse agonist is responsible for
the reduced effectiveness of flumazenil and ethanol in the
avoidance task following withdrawal from chronic-ethanol
treatment (File et al., 1989). The endogenous peptide,
diazepam binding inhibitor (DBI), which was isolated from
mammalian brain (Guidotti et al., 1983), acts as a ben-
zodiazepine inverse agonist (Ferrero et al., 1984; 1986). This
endogenous peptide is reportedly low during normal condi-
tions, but is increased by stressful and anxiety producing
situations (Ferrero et al., 1988; Ferrarese et al., 1991a,b).
Consequently, defining the potential role of this endogenous
peptide in the behavioural change in conflict behaviour in the
avoidance task during withdrawal from chronic ethanol
treatment would be a logical extension of our present inves-
tigation.
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Pharmacological profile of valsartan: a potent, orally active,
nonpeptide antagonist of the angiotensin II AT,-receptor
subtype
'Leoluca Criscione, Marc de Gasparo, Peter Biihlmayer, Steven Whitebread,
Hans-peter R. Ramjoue & Jeanette Wood

Cardiovascular Research Department, Pharmaceuticals Division, CIBA-GEIGY Limited, CH-4002 Basel, Switzerland.

1 The pharmacological profile of valsartan, (S)-N-valeryl-N-([2'-(lH-tetrazol-5-yl)biphenyl-4-yl]-
methyl}-valine, a potent, highly selective, and orally active antagonist at the angiotensin II (AII)
AT,-receptor, was studied in vitro and in vivo.
2 Valsartan competed with ['25I]-AII at its specific binding sites in rat aortic smooth muscle cell
membranes (AT,-receptor subtype) with a Ki of 2.38 nM, but was about 30,000 times less active in
human myometrial membranes (AT2-receptor subtype).
3 In rabbit aortic rings incubated for 5 min with valsartan, at concentrations of 2, 20 and 200 nM, the
concentration-response curve of AII was displaced to the right and the maximum response was reduced
by 33%, 36% and 40%, respectively. Prolongation of the incubation time with valsartan to 1 h or 3 h,
further reduced the maximum response by 48% or 59% (after 20 nM) and by 59% or 60% (after
200 nM) respectively. After 3 h incubation an apparent pKB value of 9.26 was calculated. Contractions
induced by noradrenaline, 5-hydroxytryptamine, or potassium chloride were not affected by valsartan.
No agonistic effects were observed in the rabbit aorta at concentrations of valsartan up to 2 tM.
4 In bovine adrenal glomerulosa, valsartan inhibited All-stimulated aldosterone release without
affecting the maximum response (pA2 8.4).
5 In the pithed rat, oral administration of valsartan (10mgkg-') shifted the AII-induced pressor
response curves to the right, without affecting responses induced by the electrical stimulation of the
sympathetic outflow or by noradrenaline. Animals treated with valsartan 24 h before pithing also
showed significant inhibition of the response to All.
6 In conscious, two-kidney, one-clip renal hypertensive rats (2KIC), valsartan decreased blood pres-
sure in a dose-dependent manner after single i.v. or oral administration. The respective ED30 values were
0.06 mg kg-' (i.v.) and 1.4 mg kg-' (p.o.). The antihypertensive effect lasted for at least 24 h after either
route of administration. After repeated oral administration for 4 days (3 and 10 mg kg-' daily), in 2K1C
renal hypertensive rats, systolic blood pressure was consistently decreased, but heart rate was not
significantly affected.
7 In conscious, normotensive, sodium-depleted marmosets, valsartan decreased mean arterial pressure,
measured by telemetry, after oral doses of 1-30 mg kg'. The hypotensive effect persisted up to 12 h
after 3 and l0mgkg-' and up to 24h after 30mgkg-'.
8 In sodium-depleted marmosets, the hypotensive effect of valsartan lasted longer than that of losartan
(DuP 753). In renal hypertensive rats, both agents had a similar duration (24 h), but a different onset of
action (valsartan at 1 h, losartan between 2 h and 24 h).
9 These results demonstrate that valsartan is a potent, specific, highly selective antagonist of AII at the
AT,-receptor subtype and does not possess agonistic activity. Furthermore, it is an efficacious, orally
active, blood pressure-lowering agent in conscious renal hypertensive rats and in conscious normoten-
sive, sodium-depleted primates.

Keywords: Aldosterone; AT,-receptor; human myometrium; hypertension; losartan; marmoset; pithed rat; rabbit aorta; renal
hypertensive rats; telemetry; valsartan

Introduction

The octapeptide, angiotensin II (AII) which is formed from past, due to the antagonists being peptides that lacked oral
its precursor, the decapeptide angiotensin I, by the pro- activity (Pals et al., 1979). In addition, saralasin, the most
teolytic action of the angiotensin-converting enzyme (ACE), extensively investigated compound in this class, displayed
has been shown to play a key role in the regulation of blood unwanted agonistic properties (Pals et al., 1971; Hofbauer et
pressure and fluid and electrolyte homeostasis (for review see al., 1976). More recently, starting from imidazole derivatives
Hofbauer & Wood, 1986). Prevention of the formation of first described by Furukawa et al. (1982), it has been possible
AII, via inhibition of ACE, has provided a powerful strategy to identify and characterize specific, nonpeptide, AII-receptor
for the treatment of hypertension and congestive heart failure antagonists (Duncia et al., 1990; Carini et al., 1990; Wein-
(Ondetti et al., 1977; Kramer et al., 1983; CONSENSUS stock et al., 1991; Biihlmayer et al., 1991; Mantlo et al.,
trial, 1987; Ondetti, 1991). Attempts to develop therapeutic 1991).
agents capable of blocking All at its receptor failed in the Whitebread et al. (1989) first reported the existence of one

subtype of All receptor in vascular smooth-muscle cells, and
IAuthor for correspondence at: Ciba-Geigy Ltd, K 125.9.01, CH- a second in human uterus, while both subtypes were found in
4002 Basel, Switzerland. the rat and human adrenal glomerulosa, in rat uterus and
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human renal artery. Similar results, also relating to other
tissues and species, have subsequently been reported (Chiu et
al., 1989; see also Smith et al., 1992 for review). An interna-
tional committee (Bumpus et al., 1991) has proposed the
designations AT, for the receptor subtype sensitive to DuP
753 (losartan), and AT2 for the subtype sensitive to PD
123177 (Blankley et al., 1991) and CGP 42 112 A (White-
bread et al., 1989; 1991). The AT,-receptor subtype is the one
responsible for the well-known effects of AII, such as vaso-
constriction, aldosterone and adrenaline release, water intake,
and cellular proliferation (Criscione et al., 1990; Herblin et
al., 1991; Timmermans et al., 1991a; Chiu et al., 1991c; Smith
et al., 1992), whereas the pathophysiological role of the
AT2-receptor subtype is not yet well understood (Criscione et
al., 1990; Herblin et al., 1991; Dudley et al., 1991; Timmer-
mans et al., 1991c). Recent reports, however, indicate that
the AT2 receptor does not interact with guanine-nucleotide-
binding protein (Bottari et al., 1991), but may stimulate
tyrosine phosphatase activity (Bottari et al., 1992).

Losartan (initially described as DuP 753), was the first
orally active antagonist of the AT,-receptor subtype (Tim-
mermans et al., 1990; Wong et al., 1990d; Smith et al., 1992).
This compound is an efficacious antihypertensive agent in
animals (Wong et al., 1990a,d) and is also active in man
(Christen et al., 1991). The blood pressure-lowering effect of
losartan in rats, however, depends partly on its conversion to
the active, hepatically generated carboxylic acid metabolite,
EXP3174, which is about 20 times more potent than the
parent compound as an AT,-receptor antagonist (Wong et
al., 1990c; Timmermans et al., 1991b). The formation of an
active metabolite in the liver is seen as a potential problem in
predicting dosages of losartan for patients with impaired liver
function (Wong et al., 1991a). Moreover, the metabolism of
losartan seems to differ in rats, monkeys, and man (Stearns
et al., 1992), and there are species-specific differences in its
pharmacokinetics (Smith et al., 1992).
The present paper describes the in vitro and in vivo pharm-

acological profile of valsartan, (known as CGP 48933), (S)-
N-valeryl-N-([2'-(1 H-tetrazol-5-yl)biphenyl-4-yl]-methyl)-val-
ine, (Figure 1). The novelty of this structure resides in the
replacement of the heterocycle imidazole of losartan with a
nonplanar, acylated amino acid. In some experiments in vivo,
the effects of valsartan have been compared with those of
losartan. A preliminary account of this work has been pub-
lished as an abstract (Criscione et al., 1992).

0

Figure 1 Chemical structure of valsartan, (S)-N-valeryl-N-{[2'-(lH-
tetrazol-5-yl)biphenyl-4-yl]-methyl}-valine.

Methods

Binding of valsartan to the AII receptor ofsmooth
muscle cells from rat aorta and human myometrium

A primary culture of rat aortic smooth muscle cells (SMC)
was grown on Dulbecco's Minimum Essential Medium
(DMEM) containing 4.5 g 1- glucose and supplemented with
4 mM L-glutamine, 15% foetal calf serum and penicillin-
streptomycin, 200 iu-200 ,.g ml-'. At confluence, the cells
were washed twice with phosphate-buffered saline (PBS) and
harvested with a rubber policeman. They were homogenized
(Polytron setting 8, 1 x 8 s) in 20 mM sodium bicarbonate
and centrifuged for 30 min at 60,000 g in a Beckman centri-
fuge (L7-35). The pellet was resuspended in 50 mM Tris-HCl
buffer, pH 7.4, containing 125 mM NaCl, 6.5 mM MgCl2,
1 mM EDTA, and a cocktail of peptidase inhibitors (anti-
pain, phosphoramidon, leupeptin, pepstatin, bestatin, amas-
tatin, each at 1.25 jig ml-') with a tight-fitting teflon-pestle
homogenizer. The membrane preparations were kept in ali-
quots at - 80C until used; no apparent loss of AII-binding
activity was seen under these conditions. Protein concentra-
tion was measured according to the method of Bradford
(1976) using bovine serum albumin (BSA) as standard.
Human uteri were obtained from informed and consenting

patients undergoing hysterectomy. The tissue was cut in
small pieces, immediately frozen on dry ice and kept at
- 80°C until required. It was homogenized in 20 mm sodium
bicarbonate (Polytron setting 8, 3 x 8 s) and centrifuged at
600 g for 20 min at 4°C. The pellet was resuspended and
treated similarly once more. The pooled supernatants were
then centrifuged at 60,000 g, and the pellet was resuspended
in buffer, as described above.
The experiments were performed using an automatic pipet-

ting and filtration device (Filter-Prep 101, Ismatec, Zurich,
Switzerland). Briefly, 20- 30,ug protein was incubated at
25°C for 60 min with ['251]-AII (175 pM) and varying concen-
trations of unlabelled competitors, dissolved in dimethylsul-
phoxide (DMSO); the final concentration of the latter in the
incubation was 1 %. The binding experiments were performed
in the presence or absence of BSA (Chiu et al., 1991a). The
reaction was terminated by the addition of 2 ml ice-cold
buffer. Bound and free radioactivities were separated by
immediate filtration through Whatman GF/F filters,
pretreated with 0.2% BSA in PBS, which were washed 3
times with 2 ml cold PBS. The radioactivity trapped on the
filter was measured in a gamma counter (Pharmacia-LKB,
Uppsala, Sweden) at 70% efficiency. Nonspecific binding was
determined in the presence of 1 tLM unlabelled AII. Degrada-
tion of the radioligands during the incubation was always
less than 10%, as determined by thin layer chromato-
graphy, using the method described by Whitebread et al.
(1991).

Functional antagonism, specificity, and potency of
valsartan in rabbit isolated aortic rings

Rabbits (2-2.5 kg, Chinchilla, male, Dr K. Thomae, Ger-
many) were killed by a blow to the neck and the descending
thoracic aorta quickly removed. From each aorta, rings of
2-3 mm width were prepared and mounted between two
parallel hooks under an initial resting tension of 2.5 g.
Thereafter, rings were immersed in a 20 ml tissue bath con-
taining a modified Krebs-Henseleit solution of the following
composition (mM): NaCl 119, KCI 4.8, CaCl2 2.53, NaHCO3
24.8, Mg2SO4 1.2, KH2PO4 1.2 and glucose 10; at 37°C,
gassed with 95% 02 and 5% CO2. Each preparation was
allowed to equilibrate for at least 1 h. Isometric responses
were measured with a force transducer (K30, Hugo Sachs
Electronics, Freiburg, Germany) coupled to a tissue-bath
data-acquisition system (Buxco Electronics, Inc., Sharon, CT,
U.S.A.). Data were analyzed with the Buxco digital computer
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and a software package (Branch Technology, Dexter, MI,
U.S.A.).

In a first series of experiments, contractions of rabbit
aortic rings were induced with graded, cumulative concentra-
tions of All (Hypertensin CIBA), noradrenaline, 5-hydroxy-
tryptamine (5-HT) or potassium chloride. Control rings were
incubated with appropriate concentrations of the vehicle
(DMSO). Valsartan or solvent was added to the organ-bath
5 min before the dose-response curves of the various vaso-
constrictor agents were determined.

In a second series of experiments, contractions induced by
graded, cumulative concentrations of AII were tested after
the rings had been incubated with valsartan or solvent for
1 h or 3 h respectively.

Effects of valsartan on AII-induced aldosterone release
in bovine adrenal glomerulosa cells

Bovine adrenal glands were obtained from a local slaughter-
house and processed within 45-60 min. Adrenals from 5-7
animals were collected and placed in ice-cold, potassium-free
Medium 199 (Amimed, Muttenz, Switzerland). After removal
of adherent fat, 0.5 mm-thick slices of capsular tissue with
adherent glomerulosa tissue were cut with a Staddie-Riggs
microtome. Glomerulosa tissue slices (about 8 g of tissue)
were washed in three volumes of ice-cold, potassium-free
Medium 199 with 0.4% BSA. The tissue was minced with
scissors and incubated for 45 min at 37°C in 25 ml of
potassium-free Medium 199, pH 7.3, containing 0.4% BSA,
10mg ml-' dispase and 25 lg ml-' DNase from bovine panc-
reas (Boehringer Grade II, Mannheim), under constant agita-
tion at 150 r.p.m. in an atmosphere of 95% 02/5% CO2-
Cells were dispersed by aspirating and expelling tissue 10-20
times with a narrow-bore 10 ml pipette every 15 min during
the incubation period. The cell suspension was centrifuged
(350 g, 8 min, 4°C), the pellet resuspended in 25 ml enzyme
solution, and the enzymatic procedure repeated for 30 min.
Following dissociation, the cell suspension was filtered
through a 70 ,Lm nylon filter, and the cells washed 3 times in
potassium-free Medium 199 containing 0.4% BSA. The cell
pellet was resuspended in Medium 199 containing 5.5 mM
potassium and 0.1% BSA. The final cell suspension was
filtered through a 100 ,um nylon filter. Cells were counted in a
haemocytometer and cell viability (usually > 90%) was
assessed by trypan blue exclusion. The yield from 10-14
adrenals was 6-8 x 107 cells. For use in a subsequent incuba-
tion, one half of the cell preparation was stored at 40C in
DMEM supplemented with 10% foetal calf serum. These
cells were found to be responsive to AII for at least 12-16 h.

For aldosterone release, adrenal cells were suspended in
Medium 199 containing 5.5 mM potassium and 0.1% BSA, at
a concentration of 5.21 x I05 cells ml1'. Aliquots of 960 LIl
(5 x 105 cells) were distributed into 35-mm, six-well, tissue-
culture plates. All, with or without test compound, was
added in 40 A1 of Medium 199 at the indicated concentra-
tions. The cells were incubated for 2 h at 37°C under 95%
02/5% CO2 with constant shaking at 70 cycles min-' and
then centrifuged at 1200 g at 40C for 10 min. Aldosterone in
the supernatant was measured directly with a radioimmuno-
assay kit (Coat-a-Count) from Diagnostic Products Corpora-
tion (Buehlmann Laboratories).

Functional antagonism, specificity, and potency of
valsartan in vivo in pithed rats

Male rats of the Sprague-Dawley-derived strain of Rattus
norvegicus (Tif: RAIf) (280-350 g) were obtained from Tier-
farm AG, Sisseln, Switzerland. They were pithed under Pento-
thal anaesthesia, according to the technique of Gillespie &
Muir (1967). Immediately after pithing, the rats were venti-
lated with room air, enriched with 33% 02, using a respiratory
pump (Harvard Model 683, South Natick, Mass, USA, at 50
cycles min', 10 ml kg-'). The body temperature of the rats

was maintained at 37°C by a thermostatically controlled
heating lamp and monitored with a rectal thermometer
(Systag TCU-82, Ruschlikon, Switzerland). The left common
carotid artery was cannulated for mean arterial pressure
(MAP) measurement (Isotec transducer, Miamisbourg, OH,
U.S.A.; Hellige recorder, Freiburg im Breisgau, Germany).
Drugs were administered through a cannula placed in the
right jugular vein. Atropine (0.3 mg kg-') and tubocurarine
(2 mg kg-') were given i.v., 10 min apart, after pithing.
Thereafter, rats were challenged with AII (0.03 to 100 jg
kg-'), the electrical stimulation of the sympathetic outflow
(0.1 to 10 Hz, 4OmA, 1 ms, for 10 s), or noradrenaline (0.03
to 30gfigkg-').

Rats were given orally 10 mg kg-' of valsartan 2 h (n = 7),
4 h (n = 8) or 24 h (n = 5) prior to the challenge with the
pressor agents. Control rats (n = 7), received 2 ml kg-' of the
solvent.

Antihypertensive effect of valsartan in renal hypertensive
rats (2KJC)
Male normotensive (WKY) rats, aged 5-6 weeks (IFFA,
CREDO, L'Arberesle, France), were made hypertensive by
constriction (0.2mm silver clip) of one renal artery under
light ether anaesthesia (Goldblatt 2KIC). Rats were used 5-7
weeks after clipping. Systolic blood pressure (SBP) and heart
rate (HR) were measured indirectly in the tail arteries of
conscious restrained rats with an inflatable cuff and a pie-
zoelectric detector attached to a pen recorder (W + W Elec-
tronics blood-pressure recorder, Model 8005, Comerio, Italy).
The rats were placed in individual restraining tubes, transfer-
red to an oven preheated to 30°C, and left there for 1 h for
the arteries in the tail to dilate. SBP and HR were measured
weekly after the renal clip was implanted. Only rats with a
SBP higher than 220 mmHg were used.

Intravenous administration An on-line computerized system
was used for continuous intra-arterial measurements of MAP
and HR in unrestrained rats, as described previously (Bunk-
enburg et al., 1991). Catheters were implanted in a femoral
vein and an artery under halothane anaesthesia at least 48 h
before an experiment. Throughout the experimental proce-
dure, the rats were kept in individual cages where they could
move freely with access to food and water.

Valsartan was given by single bolus i.v. injection in doses
ranging from 0.01 to 10 mg kg'. Each animal received only
one dose. One group received the ACE inhibitor, enalaprilat
(3 mg kg-' i.v.). MAP and HR were measured continuously
throughout the experiment.

In another group of rats, the nonselective P-adrenoceptor
antagonist, propranolol (1 mg kg-', i.v.) was administered
30 min before an i.v. bolus injection of valsartan (3 mg kg-').
MAP and HR were measured continuously as described
above.

Single oral administration Rats were treated with single
doses (1, 3 and 10 mg kg-') of valsartan, given by gavage.
SBP and HR were measured in conscious restrained rats (by
the tail-cuff method described above) before and 2, 4 or 24 h
after administration of valsartan. The rats were returned to
their cages between measurements. In a separate study, losar-
tan was given orally at a dose of 10mg kg-' p.o.

Repeated oral administration Rats were treated once daily
for 4 days with 3 or 10mg kg-' of valsartan. SBP and HR
were measured by the tail-cuff method before and 2, 4 or
24 h after each administration. The rats were restrained for
the measurement, but were returned to their cages between
measurements.

In all experiments in vivo, the compounds were dissolved
by addition of NaOH (0.1 M) and the pH adjusted to about 8
with HCI (0.1 M). Control rats received equivalent volumes
of the solvent mixture.
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Hypotensive effect of valsartan in conscious,
normotensive sodium-depleted marmosets

Experiments were performed in conscious freely moving mar-
mosets (250-350 g in weight, aged 1-3 years) with an
implanted transmitter unit (AM Unit, model TAllPA-C40,
Data Sciences, Inc., St. Paul, Minnesota, U.S.A.), for the
measurement of blood pressure by telemetry (Schnell &
Wood, 1993). The pressure transmitters were implanted into
the peritoneal cavity under aseptic conditions and light
anaesthesia (combination of alfaxalonum (10 mg kg-'), atro-
pine (0.15 mg kg-'), and diazepam (0.75 mg kg-') i.m.). With
the aid of a microscope, the ascending aorta was exposed
through a midline incision in the abdomen and the sensor
catheter was placed in the aorta below the renal artery
pointing upstream. The transmitter was sutured to the inner
abdominal wall with a continuous suture. Immediately after
surgery the marmosets were given penicillin and piroxicam
(5000 iu and 2 mg per animal, respectively). The marmosets
were allowed to recover for at least 4 weeks before any
experiment was started. One week before beginning an
experiment, the marmosets were maintained on a low sodium
diet consisting of laboratory chow (NAFAG 9627, Gossau,
Switzerland) supplemented with fruit. They received furose-
mide (approximately 5 mg day-') in their drinking water
(0.2 mg ml') for 48 h before drug administration.
MAP and HR were measured continuously while the mar-

mosets were freely moving in their normal cages commencing
48 h before drug administration. The compounds were given
by gavage. MAP was monitored for a further 24 h. The
marmosets received either vehicle (0.9% saline, 1 ml kg-'),
valsartan or losartan in doses of 1, 3, 10 and 30 mg kg-'.
Values for MAP and HR were averaged over a 1 h period
and changes calculated using each marmoset as its own
control; each post-administration value was subtracted from
the value for the corresponding period of time in the
pretreatment period.

Drugs

The drugs used were obtained from commercial suppliers:
'25I-labelled All and Sar'Ile8 All (2200 Ci mmol-') (Anawa;
Wangen, Switzerland); unlabelled All, Sar'Ile8 AII, Sar'Ala8
All (Bachem; Bubendorf, Switzerland); peptidase inhibitors
(Novabiochem; Laufelfingen, Switzerland); culture media
(Amimed; AG, Muttenz, Switzerland); 5-HT and noradrena-
line (Fluka, Switzerland); Hypertensin CIBA (CIBA-GEIGY,
Basel, Switzerland); heparin and diazepam (Roche, Basel,
Switzerland); halothane (Hoechst, Zurich, Switzerland); atro-
pine (Siegfried A.G., Zofingen, Switzerland); tubocurarine
(Wellcome AG, Reinach, Switzerland); Pentothal (Abbott
AG, Cham, Switzerland); saffan (Glaxovet Ltd., Uxbridge,
U.K.); penicillin (Duplocilline LA, (Veterinaria AG), Zurich,
Switzerland); piroxicam (Piroxicam-mepha, Mepha Pharma
AG, Aesch, Switzerland). Enalapril was kindly supplied by
MSD. Valsartan, losartan and propranol were synthesized in
the Chemistry Department of Ciba-Geigy.

Statistical analysis

Dose-response curves were analyzed using the four-parameter
logistic method of De Lean et al. (1978) to estimate IC,o or
EC50. Inhibition constants (Ki) were calculated from com-
petitive binding experiments according to the formula Ki
= ICm/(l + L/Kd), where L is the concentration of radio-
active ligand and Kd its dissociation constant. Ki was cal-
culated from the reciprocal analysis of ['251]-Sar'Ile8-AII bind-
ing in the presence and absence of valsartan, using the for-
mula Ki= [valsartan]/((Kd/Kd)-1), where Kd' is the apparent
Kd in the presence of [valsartan]. Kd was calculated using the
LIGAND programme (Munson & Rodbard, 1980). In the
isolated aortic rings, the conventional Schild analysis for
estimation of potency could not be used because valsartan

reduced the maximum response to All. Instead, apparent
pKB values were derived by using a double-reciprocal regres-
sion plot as described by Kenakin (1984) and Robertson et
al. (1992). In adrenal glomerulosa cells (inhibition of aldos-
terone biosynthesis), the maximum response to AII was not
affected by valsartan, thus a pA2 value was calculated ac-
cording to Wiest et al. (1991).
MAP, SBP and HR are presented as means of absolute or

changes over the time period of interest and expressed as
mean ± s.e.mean. The ED30 of valsartan, i.e. dose which
decreased either MAP or SBP by 30 mmHg, was derived by
linear regression. Data were analyzed by analysis of variance
followed by Bonferroni's method or Student's unpaired t test
at time points of interest. Significance level was taken as
P<0.05.

1/F (109 M)

Figure 2 Reciprocal analysis of ['251]-Sar'Ile8-AII binding to rat
aortic smooth muscle cell membranes in the presence and absence
(control 0) of three concentrations of valsartan (A 1, * 2, A
4nM). Radioligand (0.175nM) was incubated for 60min at 25°C
with unlabelled Sar'Ile8-AII (0.05-5 nM). The Kd values for the
control was 0.50nm. The K, values at the three concentrations of
valsartan were 0.87, 0.85 and 0.88 nM. B = bound Sar'lle8-AII;
F = unbound Sar'lle8-AII.
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Figure 3 Inhibitory effects of valsartan (U 2, 0 20, A 200 nM,
incubated for 5 min) on the contractions induced by angiotensin II
(All) in rabbit aortic rings. Results are expressed as percentage of
the maximum response obtained with AII in rings treated with
appropriate concentrations of the solvent (0). Values represent the
mean ± s.e.mean of 12-14 experiments.
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Results a
4000-

Binding of valsartan to the AII receptor of smooth
muscle cells (SMC) from rat aorta (A T,) and human 3000-
myometrium (A T2) EC
Valsartan competed for ['251]-AII binding to membranes from o 2000-
SMC and human myometrium with Ki values of 2.38 ± 0.31 0
nM (mean ± s.e.mean; n = 5) and 57.7 ± 9.4 tiM (n = 5), re-
spectively, giving a selectivity factor of more than 30,000. By 10001
contrast, the peptide antagonist, Sar'lle8-AII, bound with
high affinity to both receptor subtypes (Ki 0.85 ± 0.07 nM and _
0.23 ± 0.04 nM, n = 4, respectively). The corresponding Kd
values for All were 1.28 ± 0.16 nM (n = 11) and 0.44± 9 8 7 6 5
0.035 nM (n = 10). A reciprocal analysis of [1251]Sar'lle8-AII Noradrenaline (-log M)
binding to SMC in the absence or presence of 1, 2 or 4 nM b
valsartan demonstrated that this compound is a competitive
inhibitor at the receptor level, as in the presence of inhibitor,
the Bmax (y-intersect) remained unchanged (Figure 2). 2000-
The results quoted above were all obtained in the absence n

of BSA in the incubation medium. In vascular SMC, valsar- E
tan had a 3 fold lower affinity in the presence of BSA (KA
7.06 ± 0.63 nM, n = 9; Kd for AII: 0.67 ± 0.09 nM, n = 7). In 0
human myometrium, valsartan inhibited binding by 39+±
1.8%, n=5, at I00igM.
Functional antagonism, specificity, and potency of 0 1l-
valsartan in rabbit isolated aortic rings 8 7 6 5 4

Valsartan, when incubated for 5 min at concentrations of 2, 5-HT (-log M)
20 or 200 nM, displaced the concentration-response curve of
All to the right and reduced the maximum contractile re- 4000C
sponse to AII by 33%, 36% and 40%, respectively (Figure
3). When the rings were incubated for 1 h or 3 h with 20 nM
valsartan, the AII concentration-response curve was further 3000-
displaced to the right and the maximum response was E
decreased by 48% and 59% respectively. After 200 nM, the E
maximum response to AII was similarly reduced after 1 h (by 0 2000-
59%) or after 3 h (by 60%), and the ECm values for All c /
were not significantly affected (6.5 and 8.9 JLM respectively).
After 3 h incubation, an apparent pKB value of 9.26 was 1000-
calculated. In Figure 4, the effects of the three different
incubation times (5 min, 1 h or 3 h) with 20 nM valsartan are 0
given. In this experiment, the calculated EC50 for AII was 10 20 40 80
15 nM (control) and 410 nM after incubation for 5 min with Potassium chloride (mM)
20 nM valsartan. The EC50 for AII increased 2 fold after

Figure 5 Effects of vehicle (0) or valsartan (U 2 gM) on the
concentration-response curves of rabbit aortic rings for contractions
induced by noradrenaline (a), 5-hydroxytryptamine (5-HT) (b) and

120 potassium chloride (c). Values represent the means ± s.e.mean of 8
experiments in each group.

o
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Ow-

~ 0

60- C

10 9 8 7 6 5 4 3~~~~~~~~~ 6
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Figure 4 Inhibitory effects of 20 nM valsartan incubated for 5 min Angiotensin-l1 -log(M)
(U), 1 h (@), or 3 h (A), on the contractions induced by angiotensin
II (AII) in rabbit aortic rings. Results are expressed as percentage of Figure 6 Effects of vehicle (0) or valsartan (U 300 nM) on
the maximum response obtained with All in rings treated with angiotensin II-stimulated aldosterone production in dispersed bovine
appropriate concentrations of the solvent (0). Values represent the adrenal glomerulosa cells. Values represent means ± s.e.mean of six
means ± s.e.mean of 4-14 experiments. determinations. Error bars smaller than the symbols were omitted.
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Figure 7 Effects of oral application of vehicle (0) or valsartan
10 mg kg-' on the pressor-response curves to angiotensin II (a),
electrical stimulation of the sympathetic outflow (b) and
noradrenaline (c) in pithed rats. Animals were treated with valsartan
2 h (A), 4 h (0) and 24 h (U) prior to challenge with the three
pressor agents. Values represent the means ± s.e.mean of 5-8
experiments in each group. In (a), all three treatment regimes were

significantly different fron controls, and the 24 h regime was

significantly different from the 2 and 4 h regimes respectively.

incubation for 1 h (920 nM) or 3 h (930 nM). At a concentra-
tion of 2 gM, the compound had no effect on contractions
induced by noradrenaline, 5-HT, or potassium chloride
(Figure 5). No agonistic effects were observed up to a con-

centration of 2 JAM.

Effects of valsartan on AII-induced aldosterone release
in bovine adrenal glomerulosa cells

The addition of increasing concentrations of All (10 pM to
10 gM) to dispersed adrenal glomerulosa cells results in a

Figure 8 Effects of intravenous administration of vehicle (0) or

valsartan (- 0.03, * 0.1, A 1 mg kg-') on mean arterial pressure
(a) and heart rate (b) in conscious, renal hypertensive rats (2KIC).
Values represent the means ± s.e.mean of 5-7 animals per group.

concentration-dependent stimulation of aldosterone produc-
tion. As shown in Figure 6, the maximum AII-induced
aldosterone response was more than 3 times the basal
aldosterone values. The addition of valsartan (300 nM) to this
system inhibited aldosterone production, as indicated by the
parallel shift to the right of the AII concentration-response
curve (Figure 6). The calculated ED50 values for All in the
presence and absence of the antagonist were 49 nM and
0.64 nM, respectively. The pA2 value was calculated to be
8.41 (KB = 3.9 nM). Valsartan did not affect the aldosterone
release induced by the addition of 5.5 mM potassium (results
not shown).

Functional antagonism, specificity and duration of action
of valsartan in vivo in pithed rats

Valsartan at a dose of 1Omg kg-' p.o. did not significantly
affect basal MAP values in any of the three time regimes.
Vehicle-treated rats had an initial MAP of 57 ± 3.6 mmHg,
(n = 7); the 2 h group, 51 ± 5.2 mmHg, (n = 6); the 4 h
group, 51 ± 3.1 mmHg; (n = 8); and the 24 h group, 47 ± 3.4
mmHg, (n = 5). The pressor-response curves to AII were
significantly shifted to the right after all three time regimes.
The effects at 24 h, however, were significantly less pro-
nounced than after 2 h and 4 h respectively (Figure 7a). The
pressor-response curves to electrical stimulation of the sym-
pathetic outflow or to noradrenaline were not affected by the
compound at any time regime (Figure 7,b,c).
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Figure 9 Effects of oral administration of vehicle (0) and valsartan
(U 1, * 3, A 10mg kg-') on systolic blood pressure (a) and heart
rate (b) in conscious renal hypertensive rats (2KIC). Values represent
means ± s.e.mean of 16-29 animals per group.

Figure 11 Effects of repeated oral administration of vehicle (0) or
valsartan (M 3mg kg-') and (- 10mg kg-') on systolic blood
pressure (a) and heart rate (b) in conscious renal hypertensive rats
(2KIC). Rats were treated once daily for 4 days at time points
indicated by the arrows. Measurements were performed 2, 4 and 24 h
after each administration. Values represent the means ± s.e.mean of
6 rats in each group.
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Figure 10 Effects of oral administration of vehicle (0), losartan (U
0mg kg-'), and valsartan (@ I0mg kg-') on systolic blood pres-

sure in conscious, renal hypertensive rats (2KIC). Measurements
were performed 1, 2, 4 and 24 h after a single administration. Values
represent means ± s.e.mean of 5-12 animals per group.

Antihypertensive effect of valsartan in conscious renal
hypertensive rats (2KIC)
Intravenous administration Valsartan (0.03-1 mg kg-', n =
5-7) decreased MAP in a dose-dependent manner (Figure
8a). The 3 mg kg-' and 10 mg kg-' doses did not have any
additional antihypertensive effect (data not shown). The dose
which produced a decrease of 30 mmHg (ED30) was cal-
culated to be 0.06 mg kg-'. The initial immediate decrease in
MAP was accompanied by a transient increase in HR in the
first 30-60 min after injection. The antihypertensive effects of
doses of 0.1 mg kg-' and above persisted for up to 24 h
(Figure 8a). The maximum response induced by 3 mg kg-' of
valsartan (- 105 ± 7 mmHg) at 60 min was similar to that
induced by the same dose of the ACE inhibitor enalaprilat
(- 106 ± 8 mmHg) at 60 min. The transient increase in HR
observed after i.v. administration of valsartan was prevented
by pretreatment with propranolol 1 mg kg-' (30 min before)
(data not shown).

Single oral administration Valsartan in oral doses of 1, 3 or
10 mg kg', decreased SBP in a dose-dependent manner. The
maximal decreases were of - 20.9 ± 8.6 (n = 16), - 49.7 + 8. 1,
(n = 29) and - 97.4 ± 11.4 (n = 17) mmHg respectively. The
dose which produced a decrease of 30 mmHg (ED30) was
calculated to be 1.4 mg kg-'. With the threshold dose of
1 mg kg', the antihypertensive response persisted for less
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Figure 12 Effect of oral administration of vehicle (0) or valsartan
(a) or vehicle and losartan (b) on mean arterial pressure in conscious,
freely moving and sodium-depleted marmosets. The doses for both
agents were 1 (U), 3 (-), 10 (A) and 30 (*) mgkg-'. Values
represent means ± s.e.mean of 4-6 animals per group.

than 24 h, whereas with the doses of 3 and 10mg kg-' the
effect lasted for at least 24 h (Figure 9a). HR tended to
decrease during the experiment in all groups and there was

no significant effect of valsartan (Figure 9b). Compared with
losartan, valsartan had a more rapid onset of action, whereas
the effect of both compounds 24 h after administration was
similar (Figure 10).

Repeated oral administration On the first day of administra-
tion of doses of 3 or 10mgkg-' (Figure 1la), the blood
pressure-lowering effect was similar to that seen in the single-
dose experiment (Figure 9a). The antihypertensive effects
persisted for 24 h after the first dose. After the administra-
tion of the second, third and fourth dose, a small, non

significant additional fall in SBP was observed. SBP re-
mained consistently decreased during the treatment period.
HR, was not significantly affected by valsartan when com-

pared to the vehicle control group (Figure Ib).

Hypotensive effect of valsartan in conscious,
normotensive, sodium-depleted marmosets

Valsartan induced dose-dependent reductions in MAP in
conscious freely-moving sodium-depleted marmosets (Figure
12a). The threshold dose was about 1 mg kg-'. With doses of
3 mg kg-' and above, the maximum response developed
within 1 h of administration. The response persisted for up to
12 h after valsartan at 3 and 10 mg kg-' and for more than
24 h after the 30 mg kg- ' dose. Losartan also induced dose-
dependent reductions in MAP in this model, but the duration
of the hypotensive response was much shorter than with
valsartan. MAP had recovered 10-12 h after the 30 mg kg-'
p.o. dose of losartan (Figure 12b). Neither of the All

antagonists had a significant effect on HR in the dose-range
tested when compared with the vehicle-treated marmosets.

Discussion

In this paper, we present evidence that valsartan is a potent,
highly specific, and orally active nonpeptide receptor antag-
onist of the AT, receptor subtype. Moreover, these data
clearly demonstrate that valsartan is an efficacious and long-
acting antihypertensive agent in renal hypertensive rats, and
also lowers blood pressure in normotensive sodium-depleted
marmosets.

Valsartan inhibited binding of All to AT,-receptors in
aortic SMC, with a 30,000 fold higher affinity than for All
receptors in human myometrium, which are exclusively of the
AT2-receptor subtype. Valsartan is a competitive inhibitor at
the receptor level. The high specificity for the AT,-receptor
subtype is substantiated by the fact that at a concentration of
101LM valsartan lacks affinity for a series of other receptors,
including: (X-, a2-, 3,I-adrenoceptors, histamine,, substance P,
GABAA, GABAB, muscarinic, 5-HT, and 5-HT2, and calcium
channels (S. Bischoff, H. Bittiger, K. Hauser, H. Rogg,
Research Dept. Ciba-Geigy, unpublished data). The specifi-
city of the compound was confirmed in functional studies in
rabbit aortic rings. In this preparation, valsartan inhibited
All-induced contractions whereas it did not affect contrac-
tions induced by 5-HT, potassium chloride, or noradrenaline,
even at a concentration of 2 I4M. At this very high concentra-
tion no contractions were observed in the aortic rings,
indicating that the compound lacks agonistic properties and
acts as a pure antagonist. As observed with other nonpeptide
AT,-receptor antagonists (Wong et al., 1990c; 1991a; Chiu et
al., 1991a; Robertson et al., 1992), the rightward displacement
of the AII concentration-response curve induced by valsartan
was accompanied by a reduction in the maximal response. In
contrast, no reduction in the maximum contractions to All
has been observed in rabbit aorta treated with losartan (Chiu
et al., 1991b). This difference may be due to the alcoholic
moiety in the structure of losartan, instead of the carboxylic
acid moiety contained in compounds displaying the insur-
mountable type of antagonism. As demonstrated also for
another AT,-receptor antagonist, GRI 17289 (Robertson et
al., 1992), both effects were dependent on the incubation
time. For valsartan, an incubation time of about 1 h was
needed to reach equilibrium. The reduction in the maximum
response to All by these agents, described as insurmountable
antagonism, has been ascribed to a slowly reversible antag-
onism at the receptor site (Timmermans et al., 1991c; Robert-
son et al., 1992). It is worth noting, however, that in bovine
isolated glomerulosa cells, valsartan inhibited All-induced
aldosterone release, without affecting the maximum response
to All. This observation is compatible with a competitive
antagonistic profile of valsartan. In addition, as depicted in
Figure 2, valsartan displayed a competitive type of antag-
onism at the receptor level in SMC. This apparent discre-
pancy might be explained by the different protocols used,
since in the binding and in the aldosterone release studies,
valsartan and All were given simultaneously, whereas in the
aortic ring studies valsartan was given prior to the addition
of All. Thus, in the presence of an antagonist slowly dis-
sociating in the aortic rings, the time for an agonist to reach
an equilibrium with the receptor becomes longer. A similar
profile to that of valsartan, was observed with the AT,-
receptor antagonist, L- 158,809, which was a competitive
inhibitor in binding and aldosterone release studies and non-
competitive in rabbit aorta (Chang et al., 1992).
The inhibition by valsartan of the All-induced release of

aldosterone in vitro is consistent with similar findings made
with losartan (Smith et al., 1992). Losartan and an ana-
logue, DuP 532 are also reported to inhibit AII-induced
aldosterone release in vivo in normotensive rats (Wong et al.,
1990b; 1991a). Similar results have been observed with val-
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sartan at a dose of 10 mg kg-' (de Gasparo et al., 1992).
The specificity of the antagonistic effects of valsartan was

also observed after oral administration in vivo. In pithed rats,
valsartan displaced to the right the dose-pressor-curve of AII,
without affecting responses to noradrenaline or electrical
stimulation of the sympathetic outflow. These effects were
observed 2, 4 h and to a lesser extent, 24 h after a single oral
administration of valsartan. Thus, the long duration of the
antihypertensive effect of valsartan, observed in renal hyper-
tensive rats, appears to be due to a blockade of the AT,-
receptor. Long lasting inhibition of AII-induced pressor res-
ponses have also been reported with losartan in normal male
volunteers (Christen et al., 1991).

In conscious, renal hypertensive rats, valsartan induced
dose-related decreases in blood pressure after both i.v. and
oral administration. Transient tachycardia was observed after
i.v. injection, but not after oral administration. As with
systemic vasodilators, the initial increase in HR appeared to
be due to a transient activation of the sympathetic nervous
system, since it was prevented by pretreatment with pro-
pranolol. A similar increase in HR, has also been observed
after i.v. administration of losartan in spontaneously hyper-
tensive rats (Wong et al., 1990d) and in conscious water-
deprived and water-replete Brattleboro rats (Batin et al.,
1991). Particularly in water-deprived Brattleboro rats, which
are characterized by a marked activation of the renin-
angiotensin system, the hypotension induced by losartan was
due to a marked increase in total peripheral conductance,
indicating that this class of compounds possesses vasodilator
properties (Batin et al., 1991).

After i.v. or oral administration of valsartan, the anti-
hypertensive effect of the compound in renal hypertensive
rats persisted for up to 24 h, and the maximum effect was
similar to that induced in the same model by an angiotensin
converting-enzyme inhibitor. Compared to losartan, valsar-
tan had a more rapid onset of action after oral administra-
tion, and its maximum effect was reached after about 1 h,
whereas the maximum antihypertensive effect of losartan
developed between 4 and 24 h after administration. This
latency in the biological response to losartan in rats, which
has also been observed by other authors (Wong et al.,
1991b), appears to be due to the formation of an active,
hepatically-generated carboxylic acid metabolite, EXP3174.
This active metabolite is approximately 20 times more potent
than the parent compound (Wong et al., 1990c; Timmermans
et al., 1991b) and after oral administration in hypertensive
rats has an onset of action similar (Wong et al., 1990c) to
that reported here for valsartan.
The long duration of action of valsartan observed after

single administration was confirmed in the repeated adminis-
tration study, where valsartan was given once daily for 4
days. Despite its long action, no signs of accumulation of
effect were observed. Although plasma concentrations of AII
have been shown to increase after administration of AT1-
receptor antagonists (Bunkenburg et al., 1991), no signs of
tolerance to the antihypertensive effects were observed. In-
deed, the data from this study indicate that in renal hyperten-
sive rats the blood pressure can be persistently maintained at
almost normotensive levels throughout the period of treat-
ment.
The sodium-depleted marmoset is a primate model of a

normal, but renin-angiotensin-dependent, blood pressure. It
has been used to evaluate the hypotensive efficacy of renin
inhibitors, since these agents are primate-specific and cannot
be tested in rats (Wood et al., 1989). In conscious, freely
moving marmosets, with MAP measured by telemetry, val-
sartan decreased blood pressure after oral administration to
an extent comparable to that observed after renin or con-
verting-enzyme inhibitors (Wood et al., 1989). Although the
oral efficacy and duration of action of these two compounds
was similar in the renal hypertensive rats, valsartan had a
longer duration of action than losartan in the marmosets. As
in the results described here, losartan also has a shorter
duration of action in rhesus monkeys than in rats (Steams et
al., 1992). This may be because nonhuman primates do not
metabolize losartan to its more active metabolite. Liver slices
from rhesus monkeys, in contrast to liver slices from rats and
man, do not convert losartan to its more active carboxylic
acid metabolite, but to less potent glucuronidation metabo-
lites of the tetrazole moiety (Stearns et al., 1992). As
previously suggested the formation of an active metabolite in
the liver may make it difficult to predict the dosage of
losartan for patients with impaired liver function. Therefore,
an orally effective AT,-receptor antagonist that is not depen-
dent for its action on an active metabolite could have advan-
tages over losartan (Wong et al., 1991a).

In conclusion, valsartan is a highly specific, orally active
antagonist of the AT,-receptor subtype. Its blood-pressure-
lowering effect after oral administration is not accompanied
by reflex tachycardia, and persists at least 24 h in renal
hypertensive rats and 12-24h in sodium-depleted marmo-
sets.
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support and Walter Fuchs for preparing the figures.
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Effect of a calcitonin gene-related peptide antagonist
(CGRP8-37) on skin vasodilatation and oedema induced by
stimulation of the rat saphenous nerve
K. Jane Escott & 'Susan D. Brain

Pharmacology Group, Division of Biomedical Sciences, King's College, Manresa Road, London SW3 6LX

1 The effect of the calcitonin gene-related peptide antagonist (CGRP837, 400 nmol kg-', i.v.) on the
increased blood flow induced by calcitonin gene related peptide (CGRP), vasodilator prostaglandins,
and topical capsaicin was measured with a laser Doppler blood flow meter in rat abdominal skin.
2 The saphenous nerve was electrically stimulated and the effect of CGRP8-37 (400 nmol kg-', i.v.) on
the increased blood flow (measured by laser Doppler flowmetry) and oedema formation (measured by
the extravascular accumulation of ['25f]-albumin) was investigated in the rat hind paw.
3 CGRP8-37 (400 nmol kg-', i.v.) had no effect on basal cutaneous blood flow at uninjected sites and
sites injected with Tyrode buffer, but acted selectively to inhibit the increased blood flow induced by
intradermal CGRP (10 pmol/site, P< 0.05), but not that induced by prostaglandin E2 (PGE2, 300 pmol/
site) or carba-prostacyclin (cPGI2, 100 pmol/site).
4 Capsaicin (0.1-33 mM), applied topically, acted in a dose-related manner to increase blood flow.
CGRP837 (400 nmol kg-', i.v.) almost totally inhibited blood flow induced by capsaicin (10 mM;
P <0.05) but did not significantly inhibit blood flow induced by a higher dose of capsaicin (33 mM).
5 The increased blood flow induced by short stimulation of the saphenous nerve (10 V, 1 ms, 2 Hz for
30 s) was inhibited by 76%, 5 min after i.v. CGRP837 (400 nmol kg-', i.v., P<0.05).
6 A longer (5 min) electrical stimulation of the saphenous nerve caused oedema formation, in addition
to increased blood flow. The oedema formation was significantly inhibited by CGRP8-37 (400 nmol kg-',
i.v., P<0.05).
7 The results suggest that the potent microvascular vasodilator neuropeptide, CGRP, is responsible for
the increased blood flow observed after short stimulation of the saphenous nerve and that endogenous
CGRP contributes in a pro-inflammatory manner to neurogenic oedema formation in the rat hind paw.

Keywords: Calcitonin gene-related peptide (CGRP); substance P; neurokinin-1 receptors; saphenous nerve; skin blood flow;
laser Doppler flowmetry; neurogenic inflammation

Introduction

Our group has previously studied the release and activity of
the 37 amino acid vasodilator sensory neuropeptide cal-
citonin gene-related peptide (CGRP) in the rabbit cutaneous
microvasculature. The studies show that the increased blood
flow induced in rabbit skin by intradermal injection of cap-
saicin and analogues (e.g. olvanil), can be inhibited by the
co-injection of the 8-37 amino acid C-terminal peptide of
CGRP (CGRP8-37), a selective competitive antagonist of
CGRP (Chiba et.al., 1989; Gardiner et al., 1990; Han et al.,
1990). Early experiments suggested that CGRP8-37 could par-
tially inhibit capsaicin-induced vasodilatation (Hughes &
Brain, 1991), whilst more recent experiments using CGRP8-37
synthesized by improved techniques have shown that a 60%
increase in blood flow in response to capsaicin (100 nmol/
site) is totally inhibited by CGRP8-37 (Hughes et al., 1992).
We have concluded from these results that CGRP is an
important vasodilator neuropeptide released from capsaicin
sensitive nerves in rabbit skin. It is generally assumed that
substance P, which is often co-localised with CGRP also has
an important vasoactive effect. However, substance P is an
extremely weak vasodilator in rabbit skin (Brain et al., 1985)
and a neurokinin-I (NK,) receptor selective antagonist had
little effect on capsaicin-induced blood flow in this species
(Hughes et al., 1992).

In this study we have investigated the release and activity
of CGRP in rat skin, where neurokinins (especially substance
P) have been established as potent vasoactive mediators
(Lembeck & Holzer 1979; Gamse & Saria 1985; Brain &

'Author for correspondence.

Williams 1989). We know, from a previous study that
CGRP8-37 cannot be administered intradermally in the rat due
to a pro-inflammatory activity, possibly related to basic
residues in the N-terminus region (Brain et al., 1992). Thus
we have administered CGRP8-37 intravenously (i.v.) which has
been shown to be effective in inhibiting the hypotensive
effects of i.v. CGRP in several studies (Donoso et al., 1990;
Gardiner et al., 1990). We have examined the ability of
CGRP8-37 to influence the sensory nerve-dependent pro-
inflammatory responses in the rat in response to capsaicin
administration and electrical stimulation of the saphenous
nerve.

Methods

Blood flow and oedema formation were measured in the skin
of male Wistar rats (200-300 g), anaesthetized with sodium
pentobarbitone (Sagatal, May and Baker, initial i.p. injection
50-80 mg kg-', maintained by additional 20 mg kg- h-',
given i.v.). Body temperature was maintained at 36-38°C by
automatic control of a heating pad. Rats were pretreated
with guanethidine (20mgkg-', s.c.) 24h before saphenous
nerve stimulation, to prevent vasoconstriction induced by
concomitant stimulation of the sympathetic fibres of the
saphenous nerve (Gamse & Saria, 1987).

Measurement of bloodflow in abdominal skin

The animal was anaesthetized, and the abdominal skin
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shaved and depilated. Thirty minutes later CGRP8-37 or vehi-
cle were given i.v. and blood flow was measured at several
sites with a laser Doppler flowmeter. Prostaglandins, CGRP
or Tyrode were injected intradermally (50,l) and capsaicin
or vehicle (20% alcohol: 10% Tween 80: 70% saline) were
applied topically (5 tLI). Blood flow was measured again
between 5-Omin after application of test agents. Blood
flow changes were measured with a Moor dual probe laser
Doppler (MBF3D) and measured as flux, as previously dis-
cussed in detail (Lawrence & Brain, 1992). The results are
expressed as percentage change in blood flow compared with
pre-injected sites in Figures 1 and 2. In some experiments the
protocols were designed to measure responses to vasoactive
agents and to saphenous nerve stimulation in the same
animals.

Measurement of bloodflow after saphenous nerve
stimulation

After induction of anaesthesia the hind limbs of the rat were
shaved and depilated with a commercial cream. The jugular
vein was cannulated for i.v. administration of anaesthetic and
test agents. The saphenous nerves were carefully dissected in
both legs (stimulated or sham legs) tied centrally, placed on
bipolar platinum electrodes and immersed in mineral oil. In
order to study antidromic vasodilatation one laser Doppler
probe was positioned and secured over the hind paw skin in
a region innervated by the saphenous nerve, i.e. medio-dorsal
side of the skin of the hind paw, as confirmed by the
observation of Evans Blue dye extravasation after saphenous
nerve stimulation. The other probe was positioned in a cor-
responding site on the sham treated hind paw to monitor
basal blood flow throughout the experiment. Not earlier than
30 min after the preparation was finished, antidromic
stimulation was performed using the following parameters:
10 V, 1 ms, 2 Hz for 30 s. Three stimulations were given at
20-30 min intervals. To investigate the effect of CGRP8-37 on
blood flow changes induced by saphenous nerve stimulation,
CGRP837 (400 nmol kg-'), or vehicle (0.1% BSA in saline)
were administered i.v. 5 min prior to the second stimulation.
Results in Figure 3 show the flux in 3a and 3b; whilst Figure
3c shows percentage change in the vasodilator response to
saphenous nerve stimulation, after i.v. treatments.

Measurement of oedema in the hindpaw after saphenous
nerve stimulation

The saphenous nerves were prepared as described above and
left for 5 min. Then Evans Blue (25 mg kg-') and '25I-labelled
human serum albumin (50 kBq) were injected into the rat via
the tail vein. CGRP8-37 (400 nmol kg-') or vehicle (0.1%
BSA) were administered via the jugular vein, at least 5 min
prior to stimulation. Then the nerve was stimulated: 1O V,
1 ms, 2 Hz for 5 min. After stimulation, a blood sample was
obtained by cardiac puncture and then the animal killed by
anaesthetic overdose. The oedematous area of skin of the
hind paw (as observed by Evans blue dye extravasation) was
removed and weighed. An approximately equal amount of
skin was also removed from the sham hind paw and weighed.
Radioactivity was counted in 100 lAl of plasma and hind paw
skin samples. Plasma extravasation was expressed as IL1 of
plasma in 100 mg of skin and a ratio calculated: sham versus
stimulated hind paw oedema for each rat.

Statistical analysis

Results are expressed as mean ± s.e.mean. Abdominal, dorsal
skin and paw blood flow data were analysed by Bonferroni's
modified t test, the standard error estimate for the analysis of
variance was used to allow comparison of multiple sites. The
significance of the hind paw skin oedema after saphenous
nerve stimulation was tested by Student's unpaired t test.

Materials

The following drugs were used: prostglandin El (PGEI) from
Sigma Chemical Company, U.K., human a-calcitonin gene-
related peptide (CGRP) a gift from Dr U. Ney, Celltech,
U.K., human CGRP8-37 from Bachem, U.K., synthetic
capsaicin-pelargonic acid vanillylamide from Fluka
Chemicals Ltd., U.K., carba-prostacyclin (cPGI2) from Cas-
cade Biochem. Ltd., U.K., and guanethidine from Ciba-
Geigy, U.K. CGRP, PGE, and PGI2 were stored in stock
solutions at - 20°C and then diluted with Tyrode solution
immediately prior to use. CGRP837 was prepared in 0.1%
bovine serum albumin (BSA) in saline. Capsaicin was dis-
solved in ethanol at 100 mg ml-' and diluted in a solution of
alcohol:Tween 80:saline, at a ratio of 20:10:70. '25I-labelled
human serum albumin was obtained from Amersham Inter-
national, U.K. Immac (Reckitt & Colman, U.K.) was used to
remove remaining hair stubble. The composition of the
Tyrode solution was a follows (mM): NaCl 136.89, KCI 2.68,
NaH2PO4 0.42, NaHCO3 11.9, MgCl2 1.05 and glucose 5.55.

Results

The intradermal injection of CGRP, PGE, and carba-
prostacyclin (cPGI2) led to an increased blood flow as
measured by laser Doppler flowmetry, in keeping with
previous observations (Brain & Williams, 1989). CGRP837
(400 nmol kg-', i.v.) had no significant effect on basal blood
flow as shown in Figure 1. However, this figure shows that
CGRP8-37 significantly inhibited the increased blood flow
induced by CGRP but not that induced by the prostaglan-
dins. These results indicate that the administration of int-
ravenous CGRP8-37 can be used to investigate the release of
vasoactive amounts of endogenous CGRP.
The effect of the application of topical capsaicin on rat

cutaneous blood flow is shown in Figure 2. Capsaicin in-
creased blood flow in a dose-related manner, whilst the vehi-
cle had no effect on blood flow when tested at the highest
concentration used. The graph is similar to that obtained by
Lynn and co-workers (1992). CGRP8-37 caused an almost
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Figure I The effect of calcitonin gene-related peptide (CGRP) and
vasodilator prostaglandins on blood flow in rat abdominal skin.
Results are expressed as percentage change in local skin blood flow
at each injected site compared with blood flow at the site before
injection. The results from control rats (0.1% BSA, i.v.) are shown
by the open columns and from rats treated with CGRP8.37
(400 nmol kgT efi.v.) are shown by the solid columns. The results are
expressed as the meanrs.e.mean of 9 rats in each group. A
significant effect of CGRP8-37 on the vasodilator activity of CGRP is
shown by *P<0.05.
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Figure 2 The effect of topical capsaicin on blood flow in rat
abdominal skin. Results are expressed as percentage increase in local
blood flow at each injected site compared with blood flow at the site
before injection. The open columns represent control rats (0.1%
BSA, i.v.) and the solid columns are animals treated with CGRP8-37
(400 nmol kg-', i.v.). Each column is the mean ± s.e.mean of 9 rats.
CGRP8-37 significantly inhibited the vasodilator activity of capsaicin
at a dose of 10 nm, as shown by *P<0.05.

total inhibition of blood flow induced by capsaicin (10 mM).
However, little inhibitory effect of a higher dose of capsaicin,
33 mM was observed.
A short (30 s) electrical stimulation of the saphenous nerve

caused an increased blood flow which returned to baseline
levels within 5-O min after stimulation. This response was
repeatable at least three times, as shown in Figure 3a.
CGRP8-37 caused an inhibition of the peak response as
shown in Figure 3b. The group data, with an inhibition of
stimulated blood flow at both time points after saphenous
nerve stimulation are shown in Figure 3c. No evidence of
oedema formation was observed within this short stimulation
period. By comparison increasing the stimulation period to
5 min led to the well established neurogenic oedema forma-
tion (shown in Figure 4) as first described by Jancso et al.
(1967). The oedema was significantly attenuated by CGRP8-37.
The results suggest that CGRP8-37 acted to inhibit approx-
imately 50% of the oedema formation induced by electrical
stimulation of the saphenous nerve.

Discussion

The results show that CGRP8-37 acts in a selective manner to
antagonize the actions of exogenous CGRP in increasing
blood flow. CGRP8.37 also significantly inhibited the in-
creased blood flow induced by topical capsaicin (10 mM) and
saphenous nerve stimulation, as well as oedema formation
induced by saphenous nerve stimulation. CGRP8-37 failed to
inhibit the increased blood flow induced by the highest dose
of capsaicin (33 mM). The reason for this is unclear; possibly
a maximal response combined with the release of increased
levels of CGRP resulted in an inability of CGRP8-37 to inhibit
the increased blood flow. Alternatively other vasodilator
mediators might be involved in mediating the increased blood
flow induced by this dose of capsaicin.
The stimulation of the saphenous nerve in rats previously

treated with guanethidine, to deplete a sympathetic compo-
nent, has become an established small animal model of
neurogenic inflammation, since Lembeck & Holzer (1979)
provided evidence that substance P acts as a neurogenic
mediator of antidromic vasodilatation and neurogenic
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Figure 3 Effect of CGRP8-37 on blood flow in the skin of rat hind
paw after saphenous nerve stimulation (10 V, 1 ms, 2 Hz, for 30 s).
(a) Effect of repeated stimulations of the saphenous nerve on blood
flow in the skin of a rat hind paw. The rat received vehicle (0.1%
BSA in saline, i.v.) 5 min prior to the second stimulation. (b) Effect
of CGRP8.37 (400 nmol kg-', i.v., 5 min before the second stimula-
tion) on saphenous-induced blood flow in the rat hind paw skin. The
results for (a) and (b) are expressed as Flux (arbitrary unit) and the
dotted line indicates flux recorded on the contralateral paw. Stimula-
tion of the saphenous nerve is represented by the upward arrows. (c)
Collected results to show the effect of CGRP8-37 on blood flow
induced by saphenous nerve stimulation. Results are expressed as
percentage change in blood flow compared to the first stimulation
and are the mean ± s.e.mean of 4 rats in each group. In each group
CGRP8.37 or vehicle were administered i.v. at least 5 min prior to the
second stimulation. CGRP8-37 inhibited blood flow after the second
stimulation (*P< 0.05) and the third stimulation.

plasma extravasation. In those experiments, blood flow was
measured by femoral vein outflow. In the present
experiments blood flow is measured by laser Doppler
flowmetry. The use of the laser Doppler blood flow meter to
measure saphenous nerve-stimulated increased blood flow
was first used by Gamse & Saria (1987). It became
immediately apparent that an increase in blood flow could be
induced by a mild and short electrical stimulation when
compared with the electrical stimulation necessary for the
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Figure 4 Effect of CGRP8-37 (400 nmol kg-', i.v.) on oedema forma-
tion after electrical stimulation of the saphenous nerve (10 V, I ms,
2 Hz for 5 min). Results are expressed as the ratio of plasma ext-
ravasation in the stimulated compared to the sham-treated hind paw

skin. The dashed line at I indicates the basal level of plasma extra-
vasation in unstimulated paws. Results are expressed as mean ± s.e.

mean of 10 rats in each group. CGRP8-37 (solid column) significantly
reduced plasma extravasation as indicated by *P <0.05, in com-

parison to the control rats (0.1% BSA, i.v., open column).

observation of oedema formation. The reason for this is not
clear. It is probably related to the potency of endogenous
CGRP as a vasodilator in skin. It is also possible that CGRP
is released from A-delta fibres in addition to C-fibre nerves in
initial saphenous nerve stimulation (Janig & Lisney, 1989).
The present results are compatible with the suggestion that
CGRP is the principle vasodilator released after mild and
short stimulation of sensory nerves and this is in keeping
with the findings of Delay-Goyet and co-workers (1992) who
published a brief communication with similar findings whilst
this study was in progress. They also investigated the effect of
a neurokinin-l antagonist (RP67580) and showed that this
had no effect on saphenous nerve stimulation-mediated
changes in blood flow.
Thus our findings indicate that CGRP mediates the in-

crease in cutaneous blood flow observed with saphenous
nerve stimulation. Results of previous studies in our group

show that CGRP, does not act by itself to increase microvas-
cular permeability, but as a consequence of its vasodilator
activity potentiates oedema formation induced by mediators
of increased microvascular permeability such as substance P
and neurokinin A, in species that include the rat (Brain &
Williams, 1985; 1989). We therefore investigated whether
CGRP8-37 could affect oedema formation induced by
saphenous nerve stimulation. The results show an approx-

imately 50% inhibition. Similar experimental protocols have
been used to investigate the effect of recently developed
non-peptide NK, receptor antagonists on oedema formation
induced by saphenous nerve stimulation. CP96345 (Lembeck
et al., 1992; Xu et al., 1992) and RP67580 (Garret et al.,
1991) almost completely abolished oedema formation, whilst
a NK2 receptor antagonist, MenlO207, had no inhibitory
effect (Xu et al., 1992). These results are in keeping with the
previous suggestion that the NK, receptor mediates increased
microvascular permeability (Andrews et al., 1989). The par-

tial inhibitory activity of CGRP837, on oedema formation
induced by saphenous nerve stimulation, indicates that
endogenously-released CGRP is involved in neurogenic
oedema formation. An increase in blood flow is observed and
this is concomitant with oedema formation (Shepheard et al.,

1992). It is unlikely that substance P acts directly via NK,
receptors to increase blood flow as the selective NK, receptor
agonist, GR73632, does not increase blood flow in rat skin,
although it has potent oedema inducing effects which are
potentiated by CGRP (Birch et al., 1992; Richards et al.,
1993). Further it is known that the selective NK, receptor
antagonist RP67580 does not affect the increased blood flow
induced by stimulation of the saphenous nerve at levels
sufficient to induce oedema formation (Shepheard et al.,
1992). Thus a vasodilator component is likely to be involved
in the resulting oedema formation. There are several pos-
sibilities as to the identity of this vasodilator. Firstly the
increased blood flow could be totally induced by CGRP at
concentrations that were not possible to antagonize in the
present experiments when oedema formation occurs in res-
ponse to a 5 min electrical stimulation period. It should be
remembered that CGRP837 is a peptide antagonist which is
poorly characterized whilst CP96345 and RP67580 are non-
peptide structures, developed on the basis of their affinity and
selectivity as NK, receptor antagonists. Alternatively it is
possible that substance P is released from the saphenous
nerve in sufficient quantities to stimulate mast cell degranula-
tion and thus the release of the vasoactive amines histamine
and 5-hydroxytryptamine (5-HT). This has been suggested by
previous studies where evidence for the involvement of his-
tamine and 5-HT has been obtained (Lembeck & Holzer,
1979; Morton & Chahl, 1980). However this would appear
unlikely as the amines do not participate in the oedema
response which, as discussed above, is completely inhibited
by NK, receptor antagonists. It is also possible that another
distinct, perhaps novel vasodilator, in addition to CGRP, is
released from sensory nerves upon saphenous nerve stimula-
tion. This is the most exciting possibility but we have no
evidence to date that this is so.
We consider that the involvement of CGRP in neurogenic

oedema formation is of interest. It has recently been demon-
strated that the NK, receptor antagonist, RP67580, inhibits
oedema formation in the rat dura induced by trigeminal
nerve stimulation (Shepheard et al., 1993); a neurogenic
model that is considered to be relevant to migraine in man.
Also increased CGRP levels have been measured in venous
blood samples taken from patients with migraine (Goadsby
et al., 1990). As CGRP is colocalized with substance P it
could be released in the rat dura in vasodilator amounts. It is
not known whether the endogenous release of CGRP is
pro-inflammatory in terms of vasodilatation or oedema for-
mation in the rat dura; but our results obtained in this study
would suggest that such a possibility may exist. However, it
should also be pointed out that CGRP, at vasodilator doses,
is anti-inflammatory in the hamster cheek pouch causing a
clear inhibition of mediator induced oedema formation
(Raud et al., 1991). Our studies suggest that this anti-
inflammatory mechanism does not operate in rat skin or paw
(Newbold & Brain, 1993); but the collected findings highlight
the possibility that CGRP could well have multiple effects on
the inflammatory response.

In conclusion we have shown that CGRP8-37 inhibits
vasodilatation induced by topical capsaicin and saphenous
nerve stimulation in the rat and thus provide evidence that
endogenous CGRP is the major vasodilator mediator in these
models of neurogenic inflammation. CGRP837 also signifi-
cantly inhibited neurogenic oedema formation induced by
stimulation of the saphenous nerve. We consider this is good
evidence to suggest that CGRP potentiates oedema forma-
tion when co-released from sensory nerves with substance P.

K.J.E. is the recipient of an MRC/Glaxo collaborative studentship.
We thank Dr H. Connors and Dr D. Beattie from Glaxo Group
research, U.K. for their helpful discussion and Dr U. Ney from
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Use of the endothelin antagonists BQ-123 and PD 142893 to
reveal three endothelin receptors mediating smooth muscle
contraction and the release of EDRF

'Timothy D. Warner, Graham H. Allcock, Roger Corder & John R. Vane

The William Harvey Research Institute, St. Bartholomew's Hospital Medical College, Charterhouse Square, London
ECIM 6BQ

1 We have compared the receptors mediating the contractions of rings of rat thoracic aorta or rabbit
pulmonary artery and rat stomach strips in response to the endothelin/sarafotoxin (ET/SX) family of
peptides and to those mediating endothelium-dependent vasodilatations within the isolated perfused
mesentery of the rat. To discriminate ETA receptors from ETB receptors we have used the criteria that
ET-1 is more active than SX6c on ETA receptors, and that the ET/SX peptides are equiactive on ETB
receptors. We have also assessed the effects of the ETA receptor-selective antagonist BQ-123, and the
non-selective ET receptor antagonist PD 142893 on the responses of each preparation to the ET/SX
peptides.
2 ET- 1-induced constrictions of the rat thoracic aorta (ECm 3 x 10-10 M), a prototypic ETA receptor-
mediated response, or isolated perfused mesentery of the rat were antagonized by BQ-123 (10-5 M) or
PD 142893 (10-5 M). SX6c did not constrict either the rat isolated perfused mesentery or the rat thoracic
aorta. Thus, ETA receptors mediate these constrictions.
3 ET-1 and SX6c were approximately equipotent in constricting rabbit pulmonary artery rings (EC50s
3-6 x 101-0 M). Neither BQ-123 (10-5 M) nor PD 142893 antagonized the contractions induced by ET-1.
These effects suggest mediation by ETB receptors but PD 142893 (10-5 M) did give a 3 fold antagonism
of constrictions induced by SX6c.
4 SX6c was more potent than ET-1 in contracting the rat stomach strip (threshold concentrations
101`0 and 3 x 1010 M). Contractions to ET-1 or SX6c were unaffected by BQ-123 (10-5 M), again
indicative of ETB receptor-mediated events. PD 142893 (10-5 M) was ineffective against ET-1 but
produced a 3 fold antagonism of SX6c.
5 In the rat isolated perfused mesentery ET-1 or SX6c (0.3-300pmol) were equipotent in producing
dose-related vasodilatations that were unaffected by BQ-123 (10-6 M), indicative of an ETB receptor-
mediated response. In contrast to the other ETB-mediated responses, PD 142893 (10-6 M) strongly
antagonized these vasodilatations.
6 Thus, ETA receptors mediate constrictions of the rat thoracic aorta and rat isolated perfused
mesentery whereas ETB receptors mediate constrictions of the rabbit pulmonary artery and rat stomach
strip and endothelium-dependent dilatations within the mesentery. However, within the group of ETB
receptor-mediated responses, endothelium-dependent vasodilatations are sensitive to PD 142893, whereas
contractions of the isolated smooth muscle preparations are not. Thus, the receptor present on the
endothelium responsible for the release of nitric oxide in response to the ET/SX peptides is most
probably different from that present on smooth muscle that mediates BQ-123-insensitive contractions.

Keywords: Endothelin-1; endothelin receptors; endothelium-dependent relaxations

Introduction

The endothelins constitute a family of three structurally very
closely related peptides (Inoue et al., 1989) that may well be
expressed in all mammalian species for the genes for endo-
thelin-1 (ET-1), endothelin-2 (ET-2) and endothelin-3 (ET-3)
are present for instance in human, porcine, rat and murine
tissues (Inoue et al., 1989; Saida et al., 1989). Among non-
mammalian species the endothelins are closely related to the
sarafotoxins, which are present in the venom of Atractaspis
engaddensis (Kloog et al., 1988; Bdolah et al., 1989). The
effects of these peptides are considered to be mediated by two
receptors. The ETA receptor has several hundred fold more
affinity for binding ET-1, ET-2 or SX6b than ET-3 or SX6c
whereas the ETB receptor binds the ET/SX peptides with
equal affinity (Ambar et al., 1989; Arai et al., 1990; Sakurai
et al., 1990; Saeki et al., 1991; Williams et al., 1991; Clozel et
al., 1992). Contractions of different isolated smooth muscle
preparations may be mediated by either ETA or ETB recep-
tors (Harrison et al., 1992; Hay, 1992; Moreland et al., 1992).

l Author for correspondence.

In addition, the ETB receptor is present on endothelial and
other cells and mediates the release of endothelium-derived
relaxing factor/nitric oxide (EDRF/NO) (Warner et al., 1989;
Ishii et al., 1991). However, there have also been reports of
an endothelial receptor that selectively responds to ET-3
(Emori et al., 1990) and mediates a prolonged release of
EDRF/NO (Warner et al., 1992b). Thus, the classification of
receptors as ETA and ETB may not describe all the existing
receptor subtypes. BQ-123 (cyclo(-D-Trp-D-Asp-Pro-D-Val-
Leu-)) is a selective ETA receptor antagonist (Ihara et al.,
1992) and PD 142893 (Ac-(3,3-D-diphenylalanyl)-L-Leu-L-Asp-
L-Ile-L-Ile-L-Trp trifluoroacetate) is a non-selective ETA/ETB
receptor antagonist (Hingorani et al., 1992; LaDouceur et al.,
1992; Cody et al., 1992). Using these antagonists and ET-1
and SX6c as agonists we have compared the receptors medi-
ating the constrictor responses of the rat aorta (a prototypic
ETA receptor mediated response, Maggi et al., 1989) that is
antagonized by BQ-123 (pA2 6.93, Sumner et al., 1992), the
rabbit pulmonary artery (a prototypic ETb receptor mediated
response; Maggi et al., 1990; Panek et al., 1992) and the rat
stomach strip, and the vasodilatations of the rat mesentery (a

0 Macmillan Press Ltd, 1993Br. J. Pharmacol. (I 993), 110, 777 782
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prototypic endothelium-endothelin receptor mediated re-
sponse; Warner et al., 1989).
Some of these data have been presented to the British

Pharmacological Society (Warner et al., 1992a; 1993).

i
E

08C)

0

on

_r
u

0.

CL
0

CU
C
0

0

150-

-10 -9 -8
Endothelin-1 (log [Ml)

Figure 1 Effects of BQ-123 and PD 142893 on the contractile res-
ponses of the rat thoracic aorta to endothelin-1 (ET-1). Data are
presented as the contractions of rings of rat thoracic aorta to ET-1
expressed as % of the contraction to KCI (150 mM). Control (0);
BQ-123 (10-5 M), (O); PD 142893 (10-s M), (O). Results are cal-
culated as the mean ( s.e.mean) (n > 6).
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Methods

Organ bath experiments

Male Wistar rats (250-400 g) or New Zealand white rabbits
were killed with thiopentone sodium (Sagatal, 120mg kg-',
i.p. or i.v.). Strips prepared from the fundus of the rat
stomach (resting tension 2 g) and rings of rat aorta with the
endothelium removed (2-3 mm, resting tension 1 g) and the
first branches of the rabbit pulmonary artery (3 mm, resting
tension 1 g) were set up in isolated organ baths containing
10 ml of Krebs buffer. Responses of the tissues were detected
by isometric transducers (Hugo Sachs Electronik, Germany)
and displayed on a chart recorder (Graphtec WR3101). The
bathing Krebs solution, which was gassed with 95% 02:5%
CO2 at a temperature of 37°C, contained bacitracin (3 mg 1-1),
bovine serum albumin (50 mg 1-), indomethacin (5 x 10-6 M),
thiorphan (10-6 M), captopril (10-6 M) and bestatin (10-6 M)
to exclude indirect effects induced by the production of pros-
tanoids and to minimize the possible local metabolism by
tissue enzymes (Maggi et al., 1989). In a range of different
isolated tissues we have found that this can produce up to a
1 log unit decrease in the threshold concentration of ET-1
(data not shown, Maggi et al., 1990). After an equilibration
period of 1 h the tissues were contracted by 0.15M KCI.
After wash out the tissues were incubated with either BQ-123
(10-5 M), PD 142893 (10-5 M) or vehicle for 20 min before
being exposed to cumulative concentrations of ET-1 (10-1 to
3 x 10-7 M). Each tissue was used for only one curve. Con-
tractile responses to the ET/SX peptides were standardized
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Figure 2 (a) Effects of BQ-123 and PD 142893 on the contractile
responses of the rabbit pulmonary artery to endothelin-l (ET-1).
Data are presented as the contractions of rings of rabbit pulmonary
artery to ET-1 expressed as % of the contraction to KCI (150mM).
(b) Effects of BQ-123 and PD 124893 on the contractile responses of
the rabbit pulmonary artery to sarafotoxin 6c (SX6c). Control (0);
BQ-123 (10-i M), (U); PD 142893 (10-5M), (O). Results are cal-
culated as the mean ( ± s.e.mean) (n > 6).
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Figure 3 (a) Effects of BQ-123 and PD 142893 on the contractile
responses of the rat stomach strip to endothelin-I (ET-1). (b) Effects
of BQ-123 and PD 142893 on the contractile responses of the rat
stomach strip to sarafotoxin 6c (SX6c). Data are presented as the
contractions of the tissues to ET-1 expressed as % of the contraction
to KCI (150mM). Control (0); BQ-123 (10-5 M), (U); PD 142893
(10- M), (O). Results are calculated as the mean (± s.e.mean)
(n > 6).
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Figure 4 Representative traces of the effects of BQ-123 and PD 142893 on the vasodilatations of the rat mesentery in response to
bolus injections of endothelin-l (ET-1, 0.3-30 pmol) or sarafotoxin 6c (SX6c, 0.3 -300 pmol). (a) Vasodilatations of the rat
mesentery to ET- 1. Upper panel, control; middle panel, in the presence of BQ- 123 (10-6 M); lower panel, in the presence of
PD 142893 (10-6 M). (b) Vasodilatations of the rat mesentery to SX6c. Upper panel, control; middle panel, in the presence of
BQ-123 (10-6 M); lower panel, in the presence of PD 142893 (10-6 M). Tone was introduced into the preparations by the infusion of
methoxamine (5 x 10-5- 1 X l0-4 M). ACh - acetylcholine (3-300 pmol); SNP - sodium nitroprusside (30 -3000 pmol). Each trace
is representative of at least 4 experiments.

by comparison to the KCI contraction. In some experiments
we confirmed the removal of the endothelial cells from
preparations by the lack of relaxation in response to acetyl-
choline (10-6 M).

Isolated perfused mesentery of the rat

The isolated perfused mesentery of the rat was prepared by
the method of McGregor (1965). Male albino Wistar rats
were anaesthetized with pentobarbitone sodium (120 mg
kg-', i.p.), the abdomen opened and the ileocolic and colic
branches of the superior mesenteric artery ligated. The su-
perior mesenteric artery was cannulated and the superior
mesenteric vascular bed perfused via the artery for 5 min
(2 ml min-') with Krebs buffer containing heparin (100 u
ml-'). The animal was then killed by cutting the diaphragm.
The intestine was separated from the mesentery and the
preparation supported on a petri-dish and the arteries per-
fused at a constant flow of 5 ml min-' with warmed (37TC)
and gassed (95% 02:5% C02) Krebs buffer containing indo-
methacin (5 x 10-6 M) to block cyclo-oxygenase activity.
Changes in perfusion pressure were measured with a trans-
ducer approximately 15 cm from the tip of the arterial can-
nula (Warner et al., 1989). After an equilibration period of
30 min the mesenteric vessels were constricted by methox-
amine (5 x 10-5 M). Vehicle, BQ-123 (10-6 M) or PD 142893
(10-6 M) was then infused for 10 min before and continued
during, injection of drugs in volumes of 1-3 li to minimize
any injection artefacts.

Materials

The Krebs buffer had the following composition (mM):
NaCl 118, KCI 4.7, KH2PO4 1.2, MgSO4.7H2O 1.17, CaC12.
6H20 2.5, NaHCO3 25 and glucose 5.6. BQ-123 and PD
142893 were synthesized by Parke-Davis, MI, U.S.A. ET-1
and SX6c were purchased from Peptide Institute (Osaka,
Japan). BQ-123 and the ET/SX peptides were reconstituted
in 0.9% w/v saline containing 1% w/v bovine serum albumin
and 10 mM sodium bicarbonate. PD 142893 was reconsti-
tuted in dimethylsulphoxide (DMSO, 10-3 M) and added
directly to the organ baths or further diluted into buffer (as
for BQ-123 and the ET/SX peptides) for infusion into the rat
mesentery. Bovine serum albumin, bacitracin, thiorphan, cap-
topril, bestatin, methoxamine, phenylephrine, sodium nitro-
prusside and acetylcholine were obtained from Sigma
Chemical Co. (Poole, Dorset) and dissolved in either distilled
water or saline. Indomethacin (from Sigma) was made as a
stock solution in sodium bicarbonate (5%). The salts for the
Krebs solution were obtained from BDH (Lutterworth,
Leics.).

Statistics

Statistical differences between points were determined by an
unpaired two tail Student's t test and between concentration-
response curves by two-way analysis of variance. P<0.05
was taken as significant.
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Results

Rat thoracic aorta (RTA)

Control constrictions of the RTA induced by KCI were
1.2 ± 0.1 g (n = 50). ET-1 caused contractions of the RTA
with a threshold concentration of 3 x 10-" M and an EC5o of
3 x 10-"I M (Figure la). In the presence of BQ-123 (10-5 M)
or PD 142893 (10-i M) the concentration of ET-1 to produce
75% of the response to KCI (150 mM) was increased from
5 x 10-" to 1.5 x 10-7 M or 2 x 10-8 M, respectively (Figure
la, P<0.05 for each). SX6c (up to I0` M, n =4) did not
constrict the RTA.

Rabbit pulmonary artery (RbPA)

Control constrictions of the RbPA induced by KCI were
2.1 ± 0.1 g (n = 50). ET-1 caused concentration-dependent
contractions of the RbPA (EC50, 6 x 10`0 M) which were
unaffected by BQ-123 or PD 142893 (Figure 2a, P>0.05 for
each). Contractions induced by SX6c (EC5o, 3 x 10-0 M)
were antagonized by PD 142893 (EC50, 10- M, P <0.05) but
not by BQ-123 (Figure 2b).

Rat stomach strip (RSS)

Control constrictions of the RSS induced by KCI were
2.4 ± 0.1 g (n = 50). SX6c was more potent than ET-1 in
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contracting the RSS (threshold concentrations, 10-1 M and
3 x 10' M; concentrations to produce 30% of the response
to KCI (150mM) 7 x I0O` and 5 x 10-8M, Figures 3a and
3b). Contractions induced by ET-1 were unaffected by either
BQ-123 or PD 142893 (Figure 3a, P>0.05 for each), where-
as contractions induced by SX6c (Figure 3b) were antagonized
by PD 142893 (concentration to produce 30% of the res-
ponse to KCl (150 mM) 8 x 10-9 M, P< 0.05), although not
by BQ-123 (Figure 3b).

Rat isolated perfused mesentery (RMes)

Methoxamine (5 x 10- M) increased the perfusion pressure
of the RMes by 91 ± 6 mmHg (n = 36). In preconstricted
preparations ET-1 (Figure 4a) or SX6c (0.3-300 pmol,
Figure 4b) produced dose-related vasodilatations. For ET-1
the higher doses caused short-lived vasodilatations followed
by prolonged vasoconstrictions. SX6c produced only vaso-
dilatations without secondary vasoconstrictions, although
doses of greater than 30 pmol produced progressively smaller
vasodilatations (Figure 4b) possibly due to receptor desensi-
tization. BQ-123 (10-6 M) had no effect on either the magni-
tude or the duration of the vasodilatations caused by ET-1
(Figures 4a, 5a and Sb) or SX6c (Figures 4b, 6a and 6b).
Infusion of PD 142893 (10-6 M) significantly decreased both
the magnitude and the duration of the responses to ET-1
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Figure 5 Effect of BQ-123 or PD 142893 on vasodilatations in
response to endothelin-1 (ET-1) in the rat mesentery. (a) Vasodilata-
tions in response to bolus injections of ET-1 expressed as % relaxa-
tion of tone induced by infusion of methoxamine (5 x 10-5_
1 X 10-4 M). (b) Duration of vasodilatations in response to bolus
injections of ET-1. Control, open columns; BQ-123 (10-6 M), hatched
columns; PD 142893 (10-6M), solid columns. Each column repre-
sents the mean ± s.e.mean of at least 4 determinations.
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response to sarafotoxin 6c (SX6c) in the rat mesentery. (a)
Vasodilatations in response to bolus injections of SX6c expressed as
% relaxation of tone induced by infusion of methoxamine
(5 x 10-5-1 X 10-4 M). (b) Duration of vasodilatations in response
to bolus injections of SX6c. Control (0); BQ-123 (10-6 M), (O);
PD 142893 (10-6 M) (O). Results are calculated as the mean
( ± s.e.mean) (n > 6).
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Figure 7 Effect of BQ-123 or PD 142893 on vasoconstriction in
response to endothelin-I (ET-1) in the rat mesentery. Data are
expressed as the maximum increase in perfusion pressure following
bolus injection of ET-1. Control (O); BQ-123 (Io-6 M) (N); PD
142893 (10-6 M) (O). Results are calculated as the mean
( ± s.e.mean) (n >, 6).

(Figures 4a, Sa and 5b) or SX6c (Figures 4b, 6a and 6b),
causing, for instance, a rightwards shift of 2 orders of mag-
nitude in the dose-response curve to SX6c. BQ- 123 and
PD 142893 both strongly antagonized the secondary vaso-
constriction induced by ET-1 (Figures 4a, 4b and 7). BQ-123
and PD 142893 did not affect endothelium-dependent vaso-
dilatations in response to acetylcholine, or endothelium-
independent vasodilatations in response to sodium nitroprus-
side (Figures 4a and 4b, n > 8 for each).

Discussion

Here we have compared the activities of the two endothelin
receptor antagonists, BQ-123 and PD 142893, on the res-
ponses to ET-1 and SX6c of isolated vascular and non-
vascular preparations. Our data indicate that the division
ETA and ETB may not be sufficient to describe all endothelin-
receptor subtypes, for the ETB receptors present on smooth
muscle are functionally distinct from those present on the
endothelium.
The effects of ET-1I that are mediated via ETA receptors

are sensitive to blockade by BQ-123, whereas those that are
mediated via ETB receptors are BQ-1I23-insensitive (Ihara et
al., 1992; Hay, 1992; Moreland et al., 1992; Sumner et al.,
1992). For instance, BQ-123 antagonizes the constrictions of
the guinea-pig aorta induced by ET-1I but not the guinea-pig
bronchus, and so these responses have been described as ETA
and ETB receptor-mediated, respectively (Hay, 1992). We
found that BQ-123 effectively antagonized constrictions of
the RTA (Sumner et al., 1992) and RMes induced by ET-1,
but not those of the RbPA or RSS. Thus, constrictions of the
RTA and RMes induced by ET-1 represent ETA receptor-
mediated events, whereas the contractions of the RbPA and
RSS as well as the vasodilatations of the RMes are ETB
receptor-mediated events. This would correlate with the
relative potencies of the other ET/SX peptides because we
also observed that SX6c was very much less potent than
ET-1I as a constrictor of the RTA (Panek et al., 1992) or
RMPes typicanl of an PT. receptor_-mdiated riespnse,- wxhe-re-

as in the RbPA (Maggi et al., 1989; Panek et al., 1992) or
RSS (Spokes et al., 1989) SX6c was equipotent with, or even
more potent than ET-1, typical of ETB receptor-mediated
responses.

Thus, the relative activities of the ET/SX peptides and the
effects of BQ-123 are consistent with a division of ET-
receptors into two groups ETA and ETB. However, our
experiments using PD 142893 are not consistent with this
idea. PD 142893 antagonized ETA-mediated responses, i.e.
constrictions of the RTA or RMes, in agreement with pre-
vious reports (Cody et al., 1992). However, PD 142893
revealed differences in those effects of ET-1 that were insen-
sitive to BQ-123, in that it antagonized effectively the vaso-
dilatations of the RMes induced by ET-1, but it had no effect
on ET-1-induced constrictions of the RbPA or RSS. PD
142893 slightly inhibited constrictions of the RbPA or RSS
induced by SX6c, causing approximately three fold shifts in
the SX6c concentration-response curves. In comparison PD
142893, at a ten times lower concentration, caused a 100 fold
shift in the vasodilator response curve to SX6c in the RMes.
This suggests that the ETB receptors consist of two popula-
tions. Although all appear to be equally sensitive to the
ET/SX peptides and insensitive to the effects of BQ-123,
some such as those mediating the release of EDRF/NO are
blocked more readily by PD 142893. These apparent
differences between ETB receptors may correspond with
recent reports that different populations of high- and low-
affinity ETB receptors are present in brain (Sokolovsky et al.,
1992). As low stringency Southern blot analysis of human
genomic DNA revealed only two genes, most probably cor-
responding to the ETA and ETB receptors (Sakamoto et al.,
1991), this third receptor type may represent a post-
translational modification of the ETB receptor, or a novel,
unidentified receptor with low sequence similarities to the
other two receptors.
Our finding that neither BQ-123 nor PD 142893 antag-

onized the effects of ET-1 on the RbPA is consistent with
data derived from receptor binding assays (Panek et al., 1992)
and confirms earlier reports that ETA receptors are not
uniformly expressed on vascular smooth muscle (Harrison et
al., 1992; Moreland et al., 1992). It is also in agreement with
our observations that BQ-123 does not fully antagonize the
pressor effects of the ET/SX peptides in the ganglion-blocked
rat (McMurdo et al., 1993) nor the vasoconstrictions in
response to the ET/SX peptides in all vascular beds in the
anaesthetized rat (Cristol et al., 1993).

In conclusion, our results suggest that there are at least
three ET receptor types. Constrictions of the RTA and RMes
appear to be mediated by ETA receptors, as defined both by
the selective effects of the ET/SX peptides and by antagonism
with BQ-123. Endothelium-dependent vasodilatations of the
RMes and contractions of the RbPA and RSS fit the profile
of effects mediated by ETB receptors, as defined by the
non-selectivity of the ET/SX peptides and the lack of
antagonism by BQ-123. However, the difference in sensitivity
of these ETB receptor-mediated responses to PD 142893 dis-
tinguish the release of EDRF/NO and the constrictions of
the isolated smooth muscle preparations as being mediated
by different receptor types.

This work was supported by the Parke-Davis Pharmaceutical Re-
search Division of Warner-Lambert Co. We thank Drs A. Doherty
and W. Cody of the Chemistry Department for providing the ET
antagonists BQ-123 and PD 142893 (Ac-(3,3-D-diphenylalanyl)-L-
Leu-L-Asp-L-Ile-L-Ile-L-Trp trifluoroacetate) for these studies.
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Characterization of endothelin receptors mediating the effects
of the endothelin/sarafotoxin peptides on autonomic
neurotransmission in the rat vas deferens and guinea-pig ileum
' Timothy D. Warner, Graham H. Allcock, Emma J. Mickley & John R. Vane

The William Harvey Research Institute, St. Bartholomew's Hospital Medical College, Charterhouse Square, London
EC1M 6BQ

1 To characterize the receptors mediating the effects of the endothelin/sarafotoxin family of peptides
on the responses to electrical stimulation of the rat vas deferens (RVD) and guinea-pig ileum (GPI) we
have used endothelin-I (ET-1), ET-3, sarafotoxin 6b (SX6b) and SX6c as agonists and the endothelin-
receptor antagonists BQ-123 (ETA receptor selective) and PD 142893 (non-selective).
2 In the RVD, ET-1 and SX6b increased the twitches induced by field stimulation starting at a
threshold concentration of 10-`' M while the threshold concentration for ET-3 was 3 x 10-9 M. SX6c
(up to 3 x 10-8M) did not potentiate the twitches. SX6b produced significantly (P<0.05) greater
potentiations than ET-1 at concentrations of 3 x 10-9 M and higher, and I0-7 M ET-3 also produced a
significantly greater effect than ET-1 at the same concentration. Thus, at threshold the rank order of
peptides was ET-1 = SX6b>ET-3>>>SX6c, and at concentrations of 3 x 108M and higher,
SX6b> ET-3> ET-1 >>> SX6c.
3 In the presence of BQ-123 or PD 142893 (10-' M) the threshold concentrations for ET-1 to augment
the twitches were increased 30 fold. In the same conditions neither SX6b nor ET-3 potentiated the
responses. The relative activities of the endothelin/sarafotoxin peptides and the effectiveness of the
endothelin receptor antagonists are consistent with postjunctional ETA receptors mediating these effects.
4 In the transmurally stimulated GPI the endothelin/sarafotoxin peptides produced two effects; an
increase in the basal tension of the tissues and an inhibition of the twitch responses. To increase the
basal tension the peptides had the order of potency ET-1 > SX6b>> ET-3 = SX6c. These direct effects
of ET-1 or SX6b were strongly antagonized (100 fold) by either BQ-123 (10-'M) or PD 142893
(10-' M). Thus, ETA receptors mediate contractions of the GPI induced by these peptides.
5 The endothelin/sarafotoxin peptides were approximately equipotent at depressing twitches of the GPI
in response to transmural stimulation (EC,0s, 4 x 10- to 1.5 x 10-10 M). The depressions induced by
ET-1 were unaffected by either BQ-123 (10-' M) or PD 142893 (10-5 M). BQ-123 produced a small
(three fold) antagonism of the inhibitory effects of ET-3 or SX6c. These results indicate that a receptor
of the ETB type mediates the inhibitory effects of the endothelin/sarafotoxin peptides on neurotransmis-
sion in the GPI.
6 Thus, both ETA receptors and ETB receptors mediate the effects of the endothelin/sarafotoxin
peptides on neurotransmission.

Keywords: endothelin-1; endothelin receptors; endothelium-dependent relaxations

Introduction

The endothelin/sarafotoxin peptides potently affect responses
to autonomic nerve stimulation. For instance, endothelin-I
(ET-1) inhibits the release of noradrenaline (Wiklund et al.,
1988; Tabuchi et al., 1989) or acetylcholine (Wiklund et al.,
1989; Hiley et al., 1989) from sympathetic or parasym-
pathetic nerve endings. ET-1 also potentiates contractions
through a postjuctional effect, as in the vas deferens of the
rat (Hiley et al., 1989; Maggi et al., 1989; Wiklund et al.,
1990) or mouse (Rae & Calixto, 1990). The endothelin recep-
tors mediating these effects have not been characterized
although two receptors for the endothelin/sarafotoxin pep-
tides have been identified. The ETA receptor, is more selective
for ET-1 or SX6b whereas the other, the ETB receptor, is
isopeptide non-selective (Ambar et al., 1989; Arai et al., 1990;
Sakurai et al., 1990; Saeki et al., 1991; Williams et al., 1991;
Clozel et al., 1992). BQ-123 (CyClO(-D-Trp-D-Asp-Pro-D-VaI-
Leu-) is a selective ETA receptor antagonist (Ihara et al.,
1992) and PD 142893 (Ac-(3,3-D-diphenylalanine)-L-LeU-L-
Asp-L-Ile-L-Ile-L-Trp) has been shown to be a non-selective
ETA/ETB receptor antagonist (Cody et al., 1992), although
we have found it to have little activity against ETB receptors

' Author for correspondence.

except for those present on endothelial cells (Warner et al.,
1993). Using these antagonists and ET-1, ET-3, sarafotoxin
6b (SX6b) and SX6c as agonists we have characterized the
receptors that mediate the effects of the endothelin/sara-
fotoxin peptides on autonomic neurotransmission in the
guinea-pig ileum and rat vas deferens.
Some of these data were presented to the British Phar-

macological Society (Allcock et al., 1993).

Methods

Organ bath experiments

Male Wistar rats (250-400 g) or Dunkin-Hartley guinea-pigs
(350-450 g) were killed with thiopentone sodium (Sagatal,
120 mg-' kg-' i.p. or i.v.). Rat vas deferens (RVD), pars
prostatica, or sections of guinea-pig ileum (GPI) were
mounted in isolated organ baths containing 1Oml of Krebs
buffer under resting tensions of 0.75-1 g for the isometric
measurement of contractions. The bathing Krebs solution
contained bacitracin (3 mg 1- ), bovine serum albumin
(50 mg 1-'), indomethacin (5 x Io-6 M), thiorphan (10-6 M),
captopril (10-6 M) and bestatin (10-6 M) (Maggi et al., 1989)

Br. J. Pharmacol. (1993), 110, 783-789 '." Macmillan Press Ltd, 1993



784 T.D. WARNER et al.

to protect the peptides and was gassed with 95% 02:5% CO2
at a temperature of 37 'C. After an equilibration period of
60-90 min the tissues were electrically stimulated (ES) (Grass
S48 Stimulator connected to a Med-Lab Stimu-Splitter II)
via platinum electrodes positioned for transmural stimulation
of the GPI (0.1 Hz, 0.5 ms, 80% of current for maximum
response) or field stimulation of the RVD (0.1 Hz, 1 ms
duration, 0.3 mA). When stable reproducible contractions of
the tissues were obtained (approx. 10 min), BQ-123 (10-5 M),
PD 142893 (10-5 M) or vehicle were added before the addi-
tion of cumulative concentrations of ET-1, ET-3, SX6b or
SX6c (10-" to 3 x 1-7 M). Changes in twitch tension were
calculated as a percentage of the initial stable levels. Each
tissue was used for only one curve.

Materials

The Krebs buffer used for the GPI had the following com-
position (mM): NaCl 118, KC1 4.7, KH2PO4 1.2,
MgSO4.7H20 1.17, CaC12.6H20 2.5, NaHCO3 25, glucose 5.6.
Krebs buffer without MgSO4.7H2O was used for the RVD.
BQ-123 and PD 142893 were synthesized by Parke-Davis,
MI, U.S.A. ET-1, ET-3, SX6b and SX6c were purchased
from Peptide Institute (Osaka, Japan). BQ-123 and the
endothelin/sarafotoxin peptides were reconstituted in 0.9%
w/v saline containing 1% w/v bovine serum albumin and
10 mM sodium bicarbonate. PD 142893 was reconstituted in
dimethylsulphoxide (10-3 M) and added directly to the organ
baths. All other compounds were obtained from Sigma
Chemical Co. (Poole, Dorset) and dissolved in either distilled
water or saline.
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Figure 1 Comparison of the potentiating effects of the endothelin/
sarafotoxin peptides on the twitch responses of the rat vas deferens
to electrical field stimulation. Endothelin-I (ET-1; 0); ET-3, (U);
sarafotoxin 6b (SX6b; O); SX6c (*). Results are calculated as the
mean ( ± s.e. mean, vertical bars) (n > 6).

Statistics

Statistical differences between curves were determined by
two-way analysis of variance and a P<0.01 was taken as
significant. Statistical differences between points were deter-
mined by unpaired two-tailed Student's t test, and between
points and basal by a one sample test. For both tests a
P<0.05 was taken as significant.

Results

Rat vas deferens

ET-1 (10-11 to 3 x 10- M) potentiated twitches of the RVD
induced by nerve stimulation in a concentration-dependent
manner (threshold of 101 M, Figure 1). ET-3 also poten-
tiated the responses (Figures 1 and 2) but with a higher
threshold concentration (3 x 10-9M). SX6b had a similar
threshold to ET-1 but at concentrations of 3 x 10-' M or
greater was significantly (P<0.05) more active than ET-1
(Figure 1). The concentration-response curve for ET-3 also
crossed that for ET-1 and at a concentration of 10-7 M ET-3
produced a greater increase in twitch size than did ET-1 at
the same concentration (P<0.05). SX6c at concentrations of
up to 3 x 108 M was without effect. Thus, at threshold the
rank order of peptides was ET-1 = SX6b> ET-3>>> SX6c,
and at concentrations of 3 x 108 M and higher, SX6b> ET-3
> ET- I >>> SX6c. The endothelin/sarafotoxin peptides
were without significant effect on the basal tone of the RVD.

In the presence of BQ-123 (10-5 M) or PD 142893 (10-5 M)
SX6b (Figure 3) and ET-3 (Figure 2) no longer potentiated
the responses to nerve stimulation. In the presence of either
antagonist the concentration-response curve for ET- 1 was
shifted to the same degree such that the new thresholds were
both approx. 3 x 10-1M (Figure 4). In addition, in the
presence of PD 142893, but not BQ-123, the responses to
concentrations of ET-1 of 3 x 10-8 M and I0-7 M were
significantly greater than control (P<0.05, Figure 4).
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Figure 2 Effect of BQ-123 on the potentiation of twitch response in
the rat vas deferens (RVD) induced by endothelin-3 (ET-3). (a)
Cumulative concentrations of ET-3 (10-1 to 10- M) produced
concentration-dependent increases in the twitch responses of the
RVD in response to field stimulation. (b) In the presence of BQ-123
(10- M), ET-3 (up to 10-7M) failed to potentiate the twitch res-
ponses of the RVD. Traces are from original experiments and are
typical of at least 5 other preparations.

Guinea-pig ileum

ET-1, ET-3, SX6b and SX6c were equipotent in inhibiting
twitches of the GPI in response to transmural stimulation
(EC5os 2x10-'0, 1.5xlO-10, 8xl101, 1.2x10-1M, respec-
tively, Figures 5, 6a and b). In addition, ET-1 and SX6b, but
to a much lesser extent ET-3 and SX6c, increased the basal
tension of the GPI (Figure 7). The increases induced by ET-1
(Figure 8) or SX6b (data not shown) were strongly
antagonized by either BQ-123 or PD 142893. For instance,
the EC50 for ET-1 increased from 10-9 M in control to
4 x 10-8 M in the presence of BQ-123 (10-5 M) or PD 142893
(10-5 M).
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In the presence of PD 142893 (10-5 M) the inhibitory
effects of all the endothelin/sarafotoxin peptides were
unaffected (e.g. Figure 9a, P>0.01, n=3-7 for each). BQ-
123 (10-1 M) caused small, but significant (P<0.01) shifts in
the concentration-response curves for ET-3 (Figure 9b) and
SX6c (Figure 9c).
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Figure 3 Effects of BQ-123 and PD 142893 on the potentiating
effects of sarafotoxin 6b on the twitch responses of the rat vas
deferens. Control, (E); +BQ-123 (10-5 M), (U); +PD 142893
(10-5 M), (O). Results are calculated as the mean (± s.e. mean,
vertical bars) (n > 6).
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Figure 4 Effects of BQ-123 and PD 142893 on the potentiating
effects of endothelin-1 on the twitch responses of the rat vas deferens
Control, (0); +BQ-123 (10-5 M), (U); +PD 142893 (10-5 M), (O).
Results are calculated as the mean (± s.e. mean, vertical
bars)(n > 6).
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Figure 5 Effects of endothelin-l (ET-1) and ET-3 on the responses

of the transmurally stimulated guinea-pig ileum (GPI). (a) In the
GPI cumulative concentrations of ET- I (10- " to 3 x o- M) caused
concentration-dependent reductions in twitch size and an elevation in
the basal tone of the tissue. (b) In similar experiments ET-3 (10- " to
l0-9 M) caused only reductions in twitch size. Traces are from
original experiments and are typical of 3 -8 other preparations.

Discussion

We have compared the abilities of BQ-123 and PD 142893 to
antagonize the effects of the endothelin/sarafotoxin peptides
on autonomic nerve transmission in the RVD and GPI. Our
data show that different endothelin-receptors mediate the
effects of the endothelin/sarafotoxin peptides in these two
preparations.

In the RVD the relative potencies of the peptides,
SX6b > ET-1 > ET-3, and the lack of effect of SX6c corres-

pond with an action on the ETA receptor. The strong
antagonism by BQ-123 or PD 142893 of the potentiating
effects of SX6b, ET-3 or ET-1 gives extra weight to this
conclusion. This receptor would correlate with that present,
for instance, in the rat thoracic aorta, on which ET-3 is less
than one tenth as potent as ET-1, SX6c is inactive (Maggi et
al., 1989; Panek et al., 1992; Warner et al., 1993), and
BQ-123 strongly antagonizes the effects of ET-1 (Sumner et
al., 1992). This conclusion is at odds with that of Telemaque
& D'Orleans-Juste (1991), who suggested that ETB receptors
mediate the potentiation of twitches in the RVD. However,
the observation that SX6c is without effect clearly points to
mediation by non-ETB receptors. On the other hand the
relative resistance of the ET-1 response to BQ-123 and
PD142893, and the closeness of the ET-1 and ET-3
concentration-response curves may suggest that this non-ETB
receptor is not identical to the ETA receptor present on the
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Figure 6 Comparison of the inhibitory effects of the endothelin/
sarafotoxin peptides on the twitch responses of the guinea-pig ileum
(GPI) to electrical field stimulation. (a) Comparison of the inhibitory
effects of endothelin (ET-1) and ET-3 on the twitch responses of the
GPI to electrical field stimulation. ET-1, (O); ET-3, (U). (b) Com-
parison of the inhibitory effects of sarafotoxin 6b (SX6b) and SX6c
in the same tissue. SX6b, (O); SX6c, (*). Results are calculated as
the mean (± s.e. mean, vertical bars) (n =3 - 9).

rat thoracic aorta. We also found that at the highest concent-
rations used ET-3 produced a greater potentiation in the
twitch response than ET-1 (Telemaque & D'Orleans-Juste,
1991). One explanation for this lack of parallelism between
the concentration-response curves for ET-1 and ET-3/SX6b
is provided by the presence of endothelin receptors both pre-
and postsynaptically in the RVD. Activation of the presynap-

Figure 7 Comparison of the increases in basal tone of the guinea-
pig ileum induced by the endothelin/sarafotoxin peptides.
Endothelin-I (ET-1; 0); ET-3, (U); sarafotoxin 6b (SX6b; O);
SX6c, (*). Results are calculated as the mean s.e. mean, vertical
bars) (n> 6).
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Figure 8 Effects of BQ-123 and PD 142893 on elevations of the
basal tone of the guinea-pig ileum induced by endothelin-I (ET-1).
Control, (0O); + BQ- 123 ( 10- s M), ( *); +PD 142893 ( 10-~5 M), (*O).
Results are calculated as the mean (+s.e. mean, vertical bars)
(n >, 6).

tic receptors inhibits noradrenaline release, whereas the post-
synaptic ones mediate an increased responsiveness to nerve
stimulation (Wiklund et al., 1991). Thus, at low concentra-
tions ET-1I potentiates transmission by a postsynaptic effect
that becomes limited at higher concentrations due to
presynaptic inhibition. The net result is a flattened ET-1I
concentration-response curve. The subtype of this presynap-
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Figure 9 Effect of BQ-123 or PD 142893 on the inhibitory effects of the endothelin/sarafotoxin peptides on the twitch responses of
the guinea-pig ileum to electrical field stimulation. (a) Endothelin-1 (ET-1): control, (0); +PD 142893 (10-5M), (U). (b) ET-3:
control, (0), + BQ-123 (10-5 M) (U). (c) Sarafotoxin 6c: control, (0); + BQ-123 (l0-5), (U) Results are calculated as the mean
( ± s.e. mean, vertical bars) (n ) 6).

tic receptor is unclear, but may most closely resemble the
ETA receptor. For instance, ET-1 in relatively high concent-
rations, reduces transmitter release, whereas ET-3 does not
(Wiklund et al., 1991). On the other hand PD 142893, but
not BQ-123 appears to antagonize the effects of ET-1 on this
receptor, producing a potentiation of the responses to higher
concentrations of ET-1. In addition, SX6b appears to be
without effect, for its concentration-response curve is parallel
to that of ET-3. Thus, this receptor may represent a subtype
of the ETA receptor. An alternative explanation of the non-
parallelism between the concentration-response curves for
ET-1 and ET-3/SX6b may be that different receptors mediate

the effects of the former and latter peptides. The receptor
mediating the effects of ET-3/SX6b may also be more sen-
sitive to antagonism by BQ-123 and PD 142893, explaining
why the two antagonists were less effective against ET-1.
However, this model does not include a role for those recep-
tors that influence neurotransmitter release presynaptically
(Wiklund et al., 1991). The true reasons for these disparities
in the endothelin/sarafotoxin peptide con-centration-response
curves may finally be provided by experiments examining the
effects of a full range of endothelin/sarafotoxin receptor
agonists and antagonists on neurotransmitter release in con-
junction with studies of mechanical responsiveness. However,
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the results presented here suggest that multiple receptor types
may be involved in mediating the effects of the endothelin/
sarafotoxin peptides within this tissue.

In the GPI the four endothelin/sarafotoxin peptides were
approximately equipotent at inhibiting the twitches induced
by field stimulation, as has been partly demonstrated before
(Maggi et al., 1989; Guimaraes & Rae, 1992) whereas ET-1
and SX6b were considerably more active than ET-3 or SX6c
in directly contracting the preparations. Coupled together
with our observations that both BQ-123 and PD 142893
strongly antagonized the contractions induced by the
endothelin/sarafotoxin peptides, as is the case in the rat
thoracic aorta (Warner et al., 1993), this clearly suggests that
this latter effect is mediated by ETA receptors. Conversely,
the inhibitory effects of ET-1 on twitches were not influenced
by either antagonist. Taken together with the similar poten-
cies of the endothelin/sarafotoxin peptides this suggests
mediation by ETB receptors, but different from those present
on the endothelium, which are antagonized by PD 142893
(Warner et al., 1993). However, we did observe that BQ-123
caused small, approximately three fold rightward shifts in the
inhibitory concentration-response curves to ET-3 or SX6c.
Thus, there may possibly be an involvement of a receptor
mediating these responses that is not identical to that ETB
receptor present, for instance, on the guinea-pig bronchus
(Hay, 1992) or rabbit jugular vein (Sumner et al., 1992)
which is insensitive to the effects of BQ-123.

Thus, at least two receptor populations must be present in
the GPI, one mediating the neuromodulatory effects of the
endothelin/sarafotoxin peptides and one their direct effects
on the intestinal smooth muscle. Interestingly, binding
studies (Wollberg et al., 1991) have indicated only one
population of non-discriminating, i.e. ETB receptors, that

presumably represents those mediating the effects of the
endothelin/sarafotoxin peptides on neurotransmission. Pos-
sibly, therefore, the ET-l/SX6b-selective receptors represent
only a fraction of those present within the tissue. However,
as ET-1 was approximately 10 fold more potent at inhibiting
the twitch response than increasing the basal tone, and ET-3,
which is abundantly expressed in the intestine (Matsumoto et
al., 1989), selectively inhibited the twitch responses, the non-
selective ET receptors mediating the neuromodulatory effects
of the endothelins are likely to be the more important in
regard to ileum motility.

Thus, the effects of the endothelins on neurotransmission
are mediated by both pre- and postsynaptic receptors. In the
RVD and GPI the postsynaptic ET receptor appears to be an
ETA receptor, which produces potentiation of the twitch
response of the RVD and an increase in the basal tone of the
GPI. Activation of the presynaptic receptors leads to a reduc-
tion in transmitter release (Wiklund et al., 1991). In the RVD
this presynaptic receptor is acted upon by ET-1, but appar-
ently not by ET-3. However, it appears to be antagonised by
PD 142893. In the GPI the presynaptic receptor is more
clearly of the ETB subtype. However, the complexity of the
nervous system in this latter preparation may be the explana-
tion for the presence of additional receptors, as indicated by
the effects of BQ-123 on the responses to ET-3 and SX6c.

This work was supported by the Parke-Davis Pharmaceutical
Research Division of Warner-Lambert Co. We thank Drs A.
Doherty and W. Cody of the Chemistry Department for providing
the endothelin antagonists BQ-123 and PD 142893 (Ac-(3,3-d-
diphenylalanyl)-L-Leu-L-Asp-L-Ile-L-Trp trifluoroacetate) for these
studies.
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1 Dendrotoxins from mamba snake venoms are small proteins that block neuronal K+ channels. In
order to investigate structural features associated with their biological activity, partially folded versions
of dendrotoxins I and K from black mamba (Dendroaspis polylepis) were prepared by selectively
reducing one or more of their three S-S bonds.
2 The modified toxins were tested for ability to compete with "25I-labelled native toxin I to high affinity
binding sites on rat brain synaptosomal membranes and for the ability to increase acetylcholine release
in a neuromuscular preparation.
3 Binding affinity increased progressively as the toxins folded to the native conformation and the most
biologically active of the modified species were those in which only the disulphide bond between residues
14 and 38 was not formed. These intermediates had native-like conformations as determined by circular
dichroism but still had about 5-10 times lower affinity than native toxins.
4 Addition of negatively charged groups to block the free sulphydryls at positions 14 and 38 caused a
further, marked loss of activity.
5 The results are consistent with the existence of two important regions in the dendrotoxin molecules.
The region containing two of the disulphide bonds (around Cys5-Cys55 and Cys30-Cys5l) and much of
the secondary structure is essential for the binding affinity of the toxins, while the region around Cysl4
and Cys38, equivalent to part of the antiprotease site of the homologous protease inhibitor from bovine
pancreas (BPTI), plays an important role in the potency of dendrotoxins.
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Introduction

Dendrotoxins are small globular proteins isolated from the
venom of mamba snakes (Dendroaspis species) (Harvey &
Karlsson, 1980; 1982). Their overall structures, as determined
by nuclear magnetic resonance (n.m.r.) and X-ray crystallo-
graphy (Keller et al., 1983; Skarzynski, 1992; Foray et al.,
1992), are similar to those of Kunitz-type protease inhibitors,
such as the well-characterized bovine pancreatic trypsin
inhibitor (BPTI) (Creighton, 1975; Dufton, 1985; Pardi et al.,
1983) (for structure, see Figure 1). The dendrotoxins enhance
the evoked release of neurotransmitters by reducing certain
K+ conductances of nerve membranes (for review, see
Harvey & Anderson, 1991). Although several studies have
been undertaken in order to characterize the membranal
acceptor sites for dendrotoxins, little has been done to
elucidate the structure-activity relationships of the toxins. As
highly homologous dendrotoxins show selective actions on
different subtypes of neuronal K+ channels (Benishin et al.,
1988; Awan & Dolly, 1991), understanding the structural
features of the dendrotoxins that are important for activity
may throw light on how molecules interact with different
types of K+ channels.

Previously, the folding pattern of dendrotoxins I and K
from the black mamba Dendroaspis polylepis polylepis was
studied using the redox properties of the disulphide bridges
linking cysteines 30 to 51, 5 to 55 and 14 to 38 (numbered
according to BPTI) (Hollecker & Creighton, 1983), in a
similar way as had been done for BPTI (Creighton, 1978).
The kinetic intermediates were trapped in a stable form by
blocking the free thiols either with iodoacetate or with
iodoacetamide (intermediates are named after the disulphide

1 Present address: Department of Brain and Cognitive Sciences, Mas-
sachusetts Institute of Technology, Cambridge, MA 02139, U.S.A.
2Author for correspondence.

bonds they contain). The role of the intermediate species in
the kinetics of folding was elucidated: toxin I and toxin K
refold via the formation of the first disulphide 30-51.
Intermediate (30-51) is a disordered form of the molecule
with some elements of secondary structures. Then, the pro-
tein can take two different pathways to attain its final native
conformation. The simple one consists of making a second
disulphide 5-55, followed by formation of disulphide 14-38.
Alternatively, the second disulphide to be formed can be
14-38, giving intermediate (30-51, 14-38). This inter-
mediate has elements of the native secondary structures, the
antiprotease site around disulphide 14-38 is complete, but
the other end of the molecule is open because of the lack of
the disulphide bond 5-55. This species cannot complete its
refolding by simply forming the 5-55 disulphide bond and it
must undertake an internal rearrangement to intermediate
(30-51, 5-55). In both pathways, intermediate (30-51,
5-55) is the last step before complete refolding. This
intermediate has all the secondary structures found in the
native protein, which are localized around disulphides 30-51
and 5-55, but the two loops constituting the equivalent of
the antiprotease site in BPTI are not linked together by the
disulphide bond 14-38. Hence, the cleft between them is
open. Nevertheless, this intermediate has been shown by
crystallography, 2D-n.m.r. and circular dichroism to have an
overall conformation that is native-like. The very last step in
the refolding of the two toxins is the linkage of the disul-
phide bond 14-38, making the equivalent of the antiprotease
site of BPTI complete.

In order to define the structural features of the dendrotox-
ins that are important for their activity, we tested the main
intermediate forms of toxins I and K by using a competition
binding assay with 1251-labelled toxin I and neuronal mem-
branes, and a functional assay for the facilitation of acetyl-
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Figure 1 Backbone structure of bovine pancreatic trypsin inhibitor
(BPTI) showing the disulphide bonds between residues 5 and 55, 30
and 51, and 14 and 38. The hatched region corresponds to the
antiprotease site of BPTI.

choline release, using the chick biventer cervicis nerve-muscle
preparation in vitro. For these experiments, the purity of the
intermediate forms was essential. The various folded species
were separated by ion-exchange chromatography on CM52
cellulose where they eluted very far apart from each other
due to their differences in shape and charge. Hence, con-
tamination by native proteins was practically impossible, but
this was carefully checked by electrophoresis on native
acrylamide gels.
A preliminary account of these results was presented to the

British Pharmacological Society (Marshall et al., 1991).

Methods

Isolation and preparation of toxin derivatives

Dendrotoxins I and K from black mamba Dendroaspis
polylepis polylepis venom (Jabria BV, The Netherlands) were
isolated and purified by ion exchange chromatography on a
CM-cellulose column, as described previously (Hollecker &
Creighton, 1983). The primary intermediates that accum-
ulated transiently during both refolding and unfolding of
reduced and native proteins I and K were trapped in a stable
form with either iodoacetic acid or iodoacetamide, and then
isolated and purified by ion-exchange chromatography
(Hollecker & Creighton, 1983). The purity of the toxin
species was checked by gel electrophoresis and was confirmed
by 2D-n.m.r.; no contamination by native toxins was
detected.

250 Ci mmol 1), and binding assays using rat brain synap-
tosomal membranes were performed as previously described
(Harvey et al., 1989). 251I-labelled toxin I bound in a
saturable manner to synaptosomal membranes with a KD of
5 x 10-10 M. Nonspecific binding was about 15% of total at
1.0 nM ['251I]-toxin I. lodination of dendrotoxins has been
reported to have no effect on their biological activities (Black
et al., 1986). Binding data were analysed by the Equilibrium
Binding Data Analysis (EBDA) programme (Elsevier-Biosoft).

Chick biventer cervicis preparations

Experiments were performed on biventer cervicis nerve-
muscle preparations as described by Harvey & Karlsson
(1980). Twitches were evoked by stimulating the motor nerve
every 10 s with pulses of 0.2 ms duration and a voltage
greater than that which produced a maximal twitch. There
was no change in twitch height in control preparations main-
tained for the duration of the experiment, and, in the
presence of dendrotoxins, the increase in twitch height
reflected the facilitation of acetylcholine release (Harvey
& Karlsson, 1980). Contractions to exogenously applied
acetylcholine (10-3M), carbachol (2 x 10-5M) and KCI
(4 x 10-2 M) were obtained prior to the addition of the toxin
and at the end of the experiment to test for additional effects
of the modified toxins on cholinoceptor sensitivity or muscle
contractility. None of the native or modified toxins affected
postjunctional responses. Because of the small quantities of
modified toxins that could be prepared, each toxin species
was tested routinely at 7.1 x 10-7M (5JAgml ') on 4-8
preparations. With some of the less active species, 3.0 gAM was
also tested.

Results

Correlation of activity and binding affinity with folding
state

In these experiments, the free sulphydryl groups of the partly
refolded species were irreversibly blocked with iodoacetate.
As expected, there was very little displacement of

radiolabelled toxin I from its binding site on rat brain synap-
tosomal membranes by completely unfolded toxins I and K,
even at concentrations of 10-5 M. With both toxins, the one
disulphide intermediates (30-51) and the two disulphide
forms (30-51, 14-38) were also weak at displacing
radiolabelled toxin I. Table 1 summarizes the apparent Ki
values for native and modified toxins. Although the displace-
ment curves were parallel to those with native toxin, con-
siderably more modified toxin was needed: IC50s were around
I0-5 M compared with I0-9 M for native toxin I and 10-8 M
for native toxin K (Figure 2). Nevertheless, the binding
affinity of these two partly folded forms was already higher
than that of a fully folded, structurally homologous molecule

Table 1 Inhibition of '251-labelled toxin I binding to syn-
aptosomal membranes by native and modified dendrotoxins

Apparent K, (M)
Toxin I Toxin KDerivative

Circular dichroism measurements

Circular dichroism measurements were performed in the
spectral range from 190 to 350 nm with a Jobin-Yvon Mark
IIIS dichrograph under the same conditions as described
previously (Hollecker & Larcher, 1989).

Binding of '25"-labelled toxin to synaptosomal membranes

Native toxin I was radioiodinated (specific activity 100-

Native
(30- 51, 5 -55) acetamide
(30- 51, 5 -55) acetate
(30-51, 14-38)
(30-51)
Reduced

1.2 ± 0.3 x 10`-0
6.4 ± 1.0 x 10-'0
2.0 ± 0.6 x 10-8
4.6 ± 2.3 x 10-'
3.2 x l0o-

> 10-5

3.4 ±0.9x 10-9
5.1 ± 3.4x 10-8
1.3 ± 0.5 x 10-7
2.0 x 10-7
2.0 x 10-7

>2.4 x 10-6

Values are means ± s.e.mean of 10 separate determinations
for toxin I, 7 for toxin K, and 4 for the other species, except
where no s.e.mean is given (mean of duplicate deter-
minations).
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Figure 2 Displacement of radiolabelled toxin I binding to rat brain
synaptosomal membranes of modified derivatives of (a) toxin I and
(b) toxin K: (0) native toxin; (-) iodoacetamide form of
intermediate (30-51, 5-55); (0) iodoacetate form of intermediate
(30-51, 5-55); (@) intermediate (30-51, 14-38); (A) intermediate
(30-51); (A) reduced toxin. Each point represents the average of
duplicate determinations. Specific binding in the absence of com-

peting ligands was 620 fmol mg-' protein.

like BPTI, which caused no displacement at concentrations
up to 1.4 x 10- M (data not shown). When tested in chick
biventer cervicis preparations at 7.1 x 10- M, these forms of
the toxins produced little or no augmentation of twitch
height (Figure 3). Toxin I (30-51) and toxin I (30-51,
14-38) also failed to augment twitch height when tested at
3.0 x 10-6 M.
With both toxin I and toxin K, the iodoacetate inter-

mediates (30-51, 5-55) competed more effectively than the
other modified species with radiolabelled toxin I for its bin-
ding sites (Figure 2). Compared to the native forms, toxin I
(30-51, 5-55) showed relatively less activity than toxin K
(30-51, 5-55) (Figure 2), with the toxin I species having less
than 0.6% of the affinity of native toxin I, while the toxin K
derivative had about 3% of the affinity of native toxin K
(Table 1). Similarly, on chick biventer cervicis preparations,
these two variants were more active than the other partly
folded forms. Toxin K (30-51, 5-55) produced about 40%
increase in twitch height after 120 min, whereas toxin I

(30-51, 5-55) produced 6% increase (Figure 3). Increasing
the concentration of toxin I (30-51, 5-55) from 5 to
7.5 Ag ml1 caused a 30% augmentation in twitch height
(data not shown).

Effects of selective modification of the charge of residues
14 and 38

In the previous experiments, the binding affinity of the two
toxins was found to increase in line with the progressive
acquisition of secondary structure and globally native confor-
mation. However, no significant functional activity was
detected until the last step before complete refolding. This
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Figure 3 Augmentation of indirectly stimulated muscle twitches of
chick biventer cervicis nerve-muscle preparations by (a) toxin I and
(b) toxin K derivatives: (0) native toxin; (U) iodoacetamide form of
intermediate (30-51, 5-55); (0) iodoacetate form of intermediate
(30-51, 5-55); (0) intermediate (30-51, 14-38); (A) intermediate
(30-51); (A) reduced toxin (all tested at 7.14 x I0-' M). Each point
represents the mean ( ± s.e.mean) of 4-9 preparations.

activity was still weak compared to that of native toxins,
although the difference in conformation between native pro-
teins and their intermediate forms (30-51, 5-55) is known to
be very small (Hollecker & Larcher, 1989). The region of the
molecules where disulphides 30-51 and 5-55 and all the
secondary structures are localized is already identical, the
only conformational difference observed being at the part
of the molecule corresponding to the antiprotease site of
BPTI, where the two loops formed by the segments 10 to 17
and 33 to 39 are not linked by the disulphide bond 14-38.
This leaves the cleft (containing Trp 35 in toxin I) slightly
open. Added to that conformational change, there is a
difference of two negative charges that are introduced by
blocking thiols 14 and 38 with iodoacetate.

That such local modifications can have a large impact on
the activity of the two toxins pinpoints this region of the
molecule as being a potentially important site for the activity
of the dendrotoxins. The effect of the two negative charges
introduced can be examined by blocking thiols 14 and 38
with iodoacetamide instead of iodoacetate. The steric hind-
rance of the two additional groups is the same, but the
groups are neutral instead of negative. This did not introduce
further differences in the backbone conformation of
intermediate (30-51, 5-55), as checked by CD measurements
on toxin I in the far-u.v. region (Figure 4). In the near u.v.

region, nevertheless, some differences could be seen in the
contributions of residues Trp 35 and Tyr 15 to the spectra,
probably due to interactions between these two residues and
the two different blocking groups.
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Figure 4 Circular dichroism spectra in the (a) far u.v. and (b) near

u.v. regions of the following species: native toxin I ( ), and
intermediates I (30-51, 5-55) and Cys 14 and Cys 38 blocked with
either iodoacetate (---) or iodoacetamide (. ).

Removal of the two negative charges had a large effect on

biological activity: there was a 60 fold increase in affinity
with toxin I and a five fold increase with toxin K (Figure 2
and Table 1). The iodoacetamide forms were more active on
the chick biventer cervicis preparation than the iodoacetate
forms. With the iodoacetamide form of toxin K (30-51,
5-55), there was a maximum augmentation of 70% com-
pared with 40% for the iodoacetate form and with the
iodoacetamide form of toxin 1(30-51, 5-55) 30% compared
with 6% (Figure 3).

Discussion

During refolding of reduced forms of dendrotoxins I and K,
the binding affinity of the toxins increased as the toxins
acquired more of their final secondary structures and 3D
conformation. Biological activity detectable in the functional
assay appeared only in the last step before complete refol-
ding. Although the subtypes of K+ channels sensitive to
dendrotoxins at motor nerve terminals are not known with
certainty, it is expected that they will be represented in the
total binding sites found on brain synaptosomal membranes.
Consequently, some correlation between binding assays and
functional assays on chick biventer preparations would also
be expected, although differences in potency are usually seen

in terms of rate of augmentation, rather than height of
maximum augmentation (Harvey & Karlsson, 1982).
The present results indicate that the overall conformation

of the molecule is necessary for binding affinity of the toxin
to its acceptor sites. This must be primarily because the final
conformation brings the residues responsible for the binding
into the right spatial arrangement, as native BPTI, which has
a virtually identical conformation to toxin I and toxin K, has
even less binding affinity than the reduced forms of the two
toxins. As the binding affinity increases with the acquisition

of secondary structures, one can infer that the residues
important for binding of the toxin to its acceptor sites are
localized in the region of disulphides 30-51 and 5-55.
The iodoacetate form of intermediate (30-51, 5-55) has a

native-like conformation and shows weak biological activity
but relatively high binding affinity. Cysteines 14 and 38 are at
the extreme of the molecule in a region which is not highly
structured. Changing the ionic charges on these two residues
has a major effect on the biological activity, indicating that
this region (called the 'antiprotease site' in BPTI) is involved
in the K+ channel blocking activity of the two toxins.
The selective breaking of cystine 14-38 in toxins I and K,

and blocking of the two thiols with neutral charges reveals
the direct effect of the local conformational changes intro-
duced around cystine 14-38 on biological activity. The loss
of functional activity observed is far higher than could be
expected from the slight decrease in binding affinity. This is
particularly clear with toxin I, and suggests the probable
existence of two important sites on the protein for blocking
K+ channels.

Previous investigations of the amino acid sequences of
dendrotoxins and homologous protease inhibitors predicted
two possible functionally important sites, one involving con-
served Lys residues at positions 3, 26 and 28 (Harvey et al.,
1984), and the other one being the BPTI-like antiprotease
site, i.e. the region around the 14-38 disulphide bond (Duf-
ton, 1985). Our results indicate that both sites are involved.
Among the dendrotoxins, a-dendrotoxin, from green

mamba venom, differs from toxin I in only 5 residues. Two
of them are at the N and C terminals, and should not play a
very important role in binding interactions. The three other
modifications are localized in the region corresponding to the
antiprotease site in BPTI, at positions 16, 32 and 34. In toxin
I, these positions are occupied by three uncharged polar
groups, namely Gln, Gly and Thr, which are replaced in
a-dendrotoxin by two negatively charged residues, Asp, and
one positively charged residue, Arg. ax-Dendrotoxin is five
fold less active than toxin I. As there cannot be any
modification of conformation between the two toxins, the
loss of binding affinity and toxin activity measured in them
can be directly correlated to the charged residues added. In
the case of a-dendrotoxin, the negative charges probably
exert a repulsive effect on the membrane, making the bin-
ding, and hence the activity, weaker.
Toxin I and toxin K are small compact molecules with a

pear shape and a length of about 2.9 nm. These molecules
are highly basic, with a very asymmetrical distribution of the
positive charges. These are concentrated at the broad base of
the molecule, where our experiments indicate that the site
responsible for binding affinity is localized. The other impor-
tant site is at the other extremity of the molecule. This gives
an idea of the way the toxin interacts with the K+ channel.
From studies of a-dendrotoxin and cloned K+ channels ex-
pressed in oocytes, there is evidence that negatively charged
residues in an extracellular part of the channel protein are
important for toxin binding (Hurst et al., 1991). However,
the activity of the toxin is not strongly voltage-dependent,
suggesting that it is not being driven into the pore of open
channels. Our results suggest that there is an ionic interaction
between some of the Lys residues in the 'base' of the toxin
with negatively charged residues on the surface of the K+
channels. However, the toxin must have a conformation close
to native for it to interact fully with the channel to cause
efficient blockade. The precise details of the molecule interac-
tion remain to be elucidated. Studies with selectively mutated
K+ channels confirm that multi-point attachments are
required to explain the high potency and selectivity of the
dendrotoxins (Hurst et al., 1991; Stocker et al., 1991).

We thank Dr P.N. Strong, Royal Postgraduate Medical School,
London, for help with radiolabelling, and Dr F. Culard, C.B.M.,
Orleans, France for use of the circular dichroism equipment.
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Tachykinin NK1 but not NK2 receptors mediate
non-cholinergic excitatory junction potentials in the circular
muscle of guinea-pig colon
*Vladimir Zagorodnyuk, Paolo Santicioli & 'Carlo Alberto Maggi

Pharmacology Department, A. Menarini Pharmaceuticals, Via Sette Santi 3, Florence, Italy and *Department Neuro-muscular
Physiology, Bogomoletz Institute of Physiology, Bogomoletz Str. 4, Kiev, Ukraine

1 The effect of tachykinin NK, and NK2 receptor antagonists on noncholinergic excitatory junction
potentials (ej.ps) evoked by electric field stimulation (EFS) in the circular muscle of the guinea-pig
proximal colon was investigated by means of a sucrose-gap technique.
2 In the presence of 1 JAM atropine, submaximal EFS (10 Hz, 20-30 V, 0.5 ms pulse width, 1 s train
duration) evoked an inhibitory junction potential (ij.p.) followed by ej.p. with superimposed action
potentials (APs) and contraction. Addition of either N0-nitro-L-arginine (L-NOARG, 0.1 mM) or
apamin (0.1 1AM) inhibited the evoked ij.p. and the combined administration of the two agents almost
abolished it. In the presence of both L-NOARG and apamin, an atropine-resistant ej.p. was the only
electrical response evoked by EFS in 50% of cases and a small ij.p. (10% of original amplitude)
followed by ej.p. was evident in the remainder.
3 In the presence of L-NOARG and apamin, the tachykinin NK, receptor antagonists, (±)-CP 96,345
and GR 82,334 (10 nM-3 JM) concentration-dependently inhibited the atropine-resistant ej.p. and
accompanying contraction evoked by EFS. EC50 values were: 0.77 lAM (ej.p. inhibition) and 0.22 JAM
(inhibition of contraction) for (±)-CP 96,345; 0.61 JAM (ej.p. inhibition) and 0.20 JM (inhibition of
contraction) for GR 82,334. The tachykinin NK2 receptor antagonists, MEN 10,376 (up to 3 JAM) and
SR 48,968 (up to 1 1AM) had no effect on the atropine-resistant ej.p. MEN 10,376 (3 1M) but not SR
48,968 produced a slight inhibition of the evoked contraction.
4 (± )-CP 96,345 (3 gM) and GR 82,334 (3 1AM) markedly reduced (81 and 89% inhibition, respectively)
the atropine-resistant ej.p. in the absence of L-NOARG and apamin, without affecting the ij.p. MEN
10,376 (3 1M) and SR 48,968 (1 1AM) had no significant effect on noncholinergic ij.p. and ej.p. evoked in
the absence of apamin and L-NOARG.
5 The electrical and mechanical responses to the NK, receptor agonist [Sar9]substance P (SP) sulfone
were blocked by (± )-CP 96,345 (3 1M) or GR 82,334 (3 1M) which, at the same concentration, failed to
affect the responses to the NK2 receptor agonist [PAla8] neurokinin A (NKA) (4-10). In contrast, MEN
10,376 (3 1M) or SR 48,968 (1 1AM) blocked the response to [PAla8]NKA(4-10) without affecting the
response to [SarlSP sulfone.
6 In the presence of L-NOARG and apamin, and in the absence of atropine, EFS of low pulse width
(0.02-0.03 ms, other parameters as above) produced cholinergic ej.ps and contraction which were
unaffected by GR 82,334 (3 JAM). (±)-CP 96,345 (3 JAM) produced 24% reduction in the area of the
atropine-sensitive ej.p. without affecting the peak amplitude of ej.p. or contraction.
7 These findings demonstrate that the noncholinergic ej.ps and accompanying contraction of the
circular muscle of the guinea-pig colon are produced through activation of intramural tachykininergic
nerves and that the resultant smooth muscle response is almost entirely mediated through NK, receptors.

Keywords: Tachykinins; tachykinin receptors; guinea-pig proximal colon; NK, receptor; tachykinin receptor antagonists;
noncholinergic excitatory junction potentials

Introduction

Anatomical, neurochemical and pharmacological evidence
implies a major role for tachykinins (TKs) as excitatory
neuromuscular transmitters in the mammalian gut (Franco et
al., 1979; Bartho et al., 1982; Costa et al., 1985; Bartho &
Holzer, 1985 for review). Substance P (SP) and neurokinin A
(NKA) are synthesized by enteric neurones projecting to the
circular and longitudinal muscle layers of the mammalian gut
(Costa et al., 1987; Sternini et al., 1989; Too et al., 1989;
Shuttleworth et al., 1991) and the release of endogenous
tachykinins in response to depolarizing and physiological
stimuli (peristalsis) has been demonstrated (e.g. Donnerer et
al., 1984; Theodorsson et al., 1991). SP and NKA are power-
ful spasmogens in the mammalian gut: the direct contractile
activity of tachykinins on smooth muscle cells is mediated, in
many instances, through NK, (SP-preferring) and NK2
(NKA-preferring) receptors (e.g. Maggi et al., 1990; 1992;

'Author for correspondence.

Giuliani et al., 1993). Since both SP and NKA are syn-
thesized by enteric neurones through the expression of the
preprotachykinin I gene (Sternini et al., 1989), the con-
comitant release of the two mediators during nerve activity in
the gut, and the simultaneous presence of NK, and NK2
receptors on target smooth muscle cells represents a putative
example of tachykininergic co-transmission. This raises the
question of the relative contribution of the two mediators to
the final response and the mechanisms governing this event
(e.g. Bartho et al., 1992).

Non-cholinergic excitatory junction potentials (ej.ps) have
been recorded in the circular (Shuba & Vladimirova, 1980;
Bywater & Taylor, 1983; 1986; Crist et al., 1991) and lon-
gitudinal (Bauer & Kuriyama, 1982) muscle of the guinea-pig
gut. It has been proposed that atropine-resistant e.j.ps in the
guinea-pig ileum are caused by the release of SP (Bauer &
Kuriyama, 1982; Niel et al., 1983; Crist et al., 1991).
Evidence for this was obtained in two ways: (i) by studying

Br. J. Pharmacol. (I 993), 110, 795 803 '." Macmillan Press Ltd, 1993
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the effect of SP receptor desensitization on the atropine-
resistant ej.ps; (ii) by using non-selective tachykinins
antagonists such as [D-Arg',D-Pro2,D-Trp7'9,Leu'1]SP or span-
tide. The use of spantide and other TK receptor antagonists
of first generation (Maggi et al., 1993 for review) poses
important limits to the final demonstration of a neurotrans-
mitter role for TKs, for the following reasons: (1) spantide
and its congeners possess, at certain concentrations, local
anaesthetic activity and inhibit the action of mediators (for
e.g. bombesin) unrelated to TKs; (2) owing to their low
potency, spantide and its congeners do not discriminate
between NK, and NK2 receptors (e.g. Buck & Shatzer, 1988).

Previously, we showed that both NK, and NK2 receptors
are present in the circular muscle of the guinea-pig colon to
mediate the direct contractile response to TKs (Giuliani et
al., 1993). The aim of this study was to investigate the effect
of novel potent antagonists selective for the NK, receptor,
(±)-CP 96,345 (Snider et al., 1991) and GR 82,334 (Hagan et
al., 1991) or for the NK2 receptor MEN 10,376 (Maggi et al.,
1991) and SR 48,968 (Emonds-Alt et al., 1992), on the
atropine-resistant ej.p. and following contraction produced
by electrical field stimulation (EFS) in the circular muscle of
the guinea-pig proximal colon. To study noncholinergic ej.ps
in detail it would be necessary to block inhibitory junction
potentials (ij.ps) because EFS excites all nerve fibres within
the smooth muscle strip. It appears possible that more than
one transmitter determines nonadrenergic noncholinergic
relaxation in the gut (Costa et al., 1986; Manzini et al.,
1986). As shown in a previous functional study (Maggi &
Giuliani, 1993), the combined administration of apamin and
NG-nitro-L-arginine (L-NOARG) was most effective in
inhibiting the mechanical nonadrenergic noncholinergic relax-
ation in the circular muscle of the guinea-pig proximal colon.
From this, the effect of selective NK, and NK2 receptor
antagonists was studied in the presence of apamin and L-
NOARG.

Methods

Male albino guinea-pigs (250-300 g) were stunned and bled.
A ring of proximal colon (1-2 cm from the caecum-colonic
junction) was excised and placed in oxygenated (96% 02 and
4% C02) Krebs solution of the following composition
(mmol-'): NaCl 119, NaHCO3 25, KH2PO4 1.2, MgSO4 1.5,
KCI 4.7, CaCl2 2.5 and glucose 11. The pH of the solutions
was 7.4. The ring was opened and pinned flat in a Petri dish
and mucosa-free circular muscle strips were dissected. Strips
approximately 0.5-0.8 mm wide and 10 mm long were cut in
parallel to the circular muscle of the guinea-pig proximal
colon. The strips were superfused with oxygenated Krebs
solution at a rate of 1 ml min -. The temperature of Krebs
solution was kept constant at 35 ± 0.5°C.
A single sucrose-gap, modified as described in details by

Artemenko et al. (1982) and Hoyle (1987) was used to inves-
tigate changes in membrane potential and mechanical activity
in response to electrical field stimulation. The modifications
were made to a rubber membrane type of single sucrose gap
apparatus to facilitate the recording of isometric tension in
smooth muscle strips and enable the simultaneous recording
of electrotonic potentials and junction potentials. Junction
potentials were evoked by electrical field stimulation (EFS) of
intramural nerves. Unless otherwise stated, atropine (1 tLM)
was present in the Krebs solution from the beginning of the
experiments.

In a preliminary study it was found that submaximal
parameters of stimulation were required to demonstrate an

atropine-resistant excitatory junction potential (ej.p.) in res-

ponse to EFS (see results). For this purpose trains of pulses
(pulse width 0.5 ms) were delivered for 1 s at a frequency of
10 Hz at submaximal voltage (20-30 V). In these conditions
an inhibitory junction potential (ij.p.) and e.j.p. were evoked
by EFS. The effect of TK receptor antagonists was inves-

tigated in the presence of L-NOARG (0.1 mM) and apamin
(0.1 LM) to eliminate or inhibit (see results) ij.ps evoked by
EFS. In some experiments, cholinergic ej.ps were evoked in
the presence of L-NOARG and apamin, but in the absence of
atropine by using low pulse width (0.02-0.03 ms) EFS (other
parameters as above).
GR 82,334, MEN 10,376 and SR 48,968 were applied to

the circular muscle for 15 min while (± )-CP 96,345 was
applied for at least 20 min. In some experiments, the elec-
trical and mechanical responses produced by the NK, recep-
tor selective agonist [Sar9SP sulfone and the NK2 receptor
selective agonist [PAla8]NKA(4- 0) were recorded in the
absence and presence of the various TK receptor antagonists.
For each agonist a concentration of 0.3 itM was applied for
10 s through the superfusion system: this concentration was
chosen from preliminary experiments showing that it pro-
duces a reproducible contractile response of comparable size
to [Sar9SP sulfone and LBAla8]NKA(4-10). These experiments
were performed in the presence of 1 ptM atropine.

In preliminary experiments phentolamine (3.1 fLM) and pro-
pranolol (3.4 ltM) did not significantly affect the ij.ps pro-
duced by EFS. For this reason adrenoceptor blockers were
not routinely used in the experiments.
For ij.p. and ej.p., the following parameters were

evaluated: latency, amplitude, duration, time to peak (tl) and
time of recovery from peak to baseline (t2). To evaluate the
effect of TK receptor antagonists on ej.p. the area of
depolarization was calculated by use of a MiniMop
apparatus (Kontron, Germany).

Statistical analysis

All data in the text are mean ± standard error of the mean
(s.e.mean). Statistical analysis was performed by means of
Student's t test for paired or unpaired data, or by means of
analysis of variance, when applicable.

Drugs

Drugs used were: atropine HCI (Serva, Heidelberg, Ger-
many), phentolamine mesylate (Ciba-Geigy), propranolol
HCI, NG-nitro-L-arginine (L-NOARG) and apamin (Sigma).
MEN 10,376 or [Tyr5,D-Trp6'8'9,Lys'INKA(4-10); [PAla8]-

NKA(4-10) and (±) CP 96,345 ((±)-cis-2-(diphenylmethyl)-
N-[(2-methoxyphenyl)-methyl]-1 -azabicyclo [2.2.2.]octan-3-amine)
were synthesized at Chemistry Department, A. Menarini
Pharmaceuticals, Florence, Italy. [SarlSP sulfone was from
Peninsula. GR 82,334 or [D-Pro9[Spiro-y-lactam]Leu'0,Trp"]
physalaemin(-1l1) from Neosystem, Strasbourg, France. SR
48,968 ((S)-N-methyl-N[4-(4-acetylamino-4-phenylpiperidino)-
2-(3,4-dichlorophenyl) butyl] benzamide) was a kind gift of
Drs Emonds-Alt & Le Fur (Sanofi, Montpellier, France).

Results

General

In the presence of atropine (Figure 1) a single pulse of EFS
(0.5 ms, 20-60 V) evoked ij.p. but not ej.p. or contraction.
A train of stimuli at a frequency of 10 Hz (1 s duration)
evoked ij.p., an atropine-resistant ej.p. and contraction
when using submaximal voltage (20-30 V) (Figure 1).
Supramaximal (60V) train stimulation caused ij.p., hyper-
polarization (after the first nonadrenergic ij.p.) and relaxa-
tion but no ej.p. or contraction. After this stimulation the
e.j.p. and contraction evoked by submaximal train stimula-
tion were depressed: 10-15 min were required for recovery of
the original response to submaximal EFS (Figure 1). Because
of these results all junction potentials were evoked by using
submaximal parameters of EFS.

In the presence of atropine (1 JM), EFS (10 Hz, 20-30 V,
0.5 ms for 1 s) induced ij.ps followed by noncholinergic ej.ps
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Figure 1 Electrical (lower tracing) and mechanical (upper tracing) response of the circular muscle of the guinea-pig proximal colon
to EFS in the presence of atropine (I gM). Triangles mark the response to single pulse EFS (A, 20 V; A, 60 V, pulse width was
0.5 ms in both cases). Submaximal (20 V, 0) but not supramaximal (60 V, *) train EFS (10 Hz for 1 s, 0.5 ms pulse width) evoked
an ej.p. and contraction. After application of a supramaximal (U) train EFS, ej.p. and contraction produced by submaximal (0)
train EFS were depressed and recovered 15 min later (expanded time scale at the right).
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Figure 2 Typical tracings showing the effects of NG-nitro-L-arginine
(L-NOARG) (a) and apamin (b) on junction potentials and changes
in tension evoked by EFS (10 Hz, 1 s, 20 V, 0.5 ms, applied at 0) in
the circular muscle from guinea-pig proximal colon. Experiments
performed in the presence of atropine (I JiM). The effect of L-
NOARG (0.1 mM) and apamin (0.1 JIM) are shown after 15 min;
effect of combined administration of apamin and L-NOARG after
30 min of action. (c) Shows the effect of hexamethonium and tetro-
dotoxin (TTX) on ej.p. and contraction of the circular muscle of the
guinea-pig colon produced by EFS (10 Hz, 1 s, 20 V, 0.5 ms, applied
at *) in the presence of apamin and L-NOARG (applied 30 min
beforehand); the effect of hexamethonium (10 jiM) is shown after
20 min and the effect of TTX (0.3 juM) after 15 min of action. Top
tracing is muscle tension, lower tracing is change in membrane
potential.

(rebound excitation, off-response) and action potentials (APs)
(Figure 2a). The mechanical response was dependent on the
tone of the smooth muscle strip; when tone was high (Figure
2a) the response was triphasic: (i) a primary relaxation, (ii) a

rebound contraction and (iii) a secondary relaxation.

Effects ofL-NOARG and apamin on ij.p.

L-NOARG (0.1 mM) produced an increase in tone of the
muscle strips with maximum at 5-O min from its adminis-
tration, followed by a decline to baseline. Resting membrane
potential and the latency of i.j.ps were not significantly
affected by L-NOARG (n = 5). The amplitude of ij.ps was

slightly (12%) but significantly (P<0.05, n = 6) reduced by
L-NOARG. L-NOARG also reduced the duration (37%,
P<0.01, n = 6) and time of decay of ij.ps (t2, 38%,
P <0.05, n = 6) (Table I and Figure 2a).
Apamin (0.1ItM) caused a small depolarization of cell

membrane by 1.96 ± 0.3 mV (n = 5) followed by an increase
in tone of the muscle strip, which declined (after 15-30 min)
to baseline. Apamin markedly reduced the amplitude (56%
inhibition, P <0.01, n = 6) and increased both latency (51%,
P<0.01, n = 5) and time to peak (ti, 31%, P<0.01, n = 6)
of ij.ps (Table 1 and Figure 2b).
The combined application of apamin (0.1 tLM) and L-

NOARG (0.1 mM) caused depolarization of cell membrane
by 1.8 ± 0.3 mV (n = 17) followed by an increase of tone of
muscle strip. The maximum depolarization and increase of
tone was achieved in 10-15 min and with time (30-45 min)
both declined to basal values. The ij.p. was almost abolished
by the combined administration of apamin and L-NOARG.
After application of apamin and L-NOARG, alone or in
combination, a clear enhancement/unmasking of EFS-evoked
e.j.p./APs and accompanying contraction was evident (Figure
2). Owing to the preceding ij.p. and relaxation, these effects
were not quantitated nor it is possible to decide whether this
is due to removal of inhibition or may also involve prejunc-
tional enhancement of noncholinergic excitation.

In the presence of apamin and L-NOARG, submaximal
EFS evoked only noncholinergic ej.ps in 50% of cases; in
the remainder EFS evoked a small nonadrenergic ij.p. (10%
of control) followed by non-cholinergic ej.p. (Figures 2 and
3). If present, the amplitude and total duration of ij.ps (were
1.3 ± 0.3 mV (n = 17) and 703 ± 70 ms (n = 7), respectively.
The electrophysiological parameters of non-cholinergic ej.p.
evoked in the presence of apamin and L-NOARG are sum-
marized in Table 2.
The non-cholinergic ej.p. and APs evoked in the presence

of L-NOARG and apamin were not affected by hex-

3 mN

110 mV

Ie
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Table 1 Effect of apamin (0.1 pM) or N0-nitro-L-arginine (0.1 mM, L-NOARG) on parameters of the inhibitory junction potential
(i.j.p.) evoked by electrical field stimulation (10 Hz, 20-30 V, 0.5 ms pulse width for 1 s) in the circular muscle of the guinea-pig
proximal colon

Control

+ Apamin

Control

+ L-NOARG

Latency
(ms)

140 ± 6.3
(n = 5)

212 ± 12**
(n= 5)

148 ± 4.8
(n = 7)

153 ± 8.4
(n = 7)

Amplitude
(mV)

13.8 ± 0.8
(n = 6)

6.1 ± 0.8**
(n = 6)

13.8 ± 0.8
(n = 6)

12.1 ± 0.7*
(n = 6)

Duration
(ms)

1913 ± 130
(n = 6)

1813 ± 123
(n = 6)

2260 ± 97
(n = 6)

1520 ± 217**
(n = 6)

tl
(ms)

613 ± 26
(n = 6)

806 ± 54**
(n = 6)

573 ± 59
(n = 6)

486 ± 24
(n = 6)

t2
(ms)

1300 ± 122
(n= 12)
940 ± 96
(n = 6)

1660 ± 93
(n = 6)

1033 ± 216*
(n = 6)

Atropine (I gM) was present throughout the experiment.
*P<0.05; **P< 0.01.

Table 2 Electrophysiological parameters of the atropine-resistant and atropine-sensitive excitatory junction potential (ej.p.) evoked
by electrical field stimulation in the circular muscle of the guinea-pig proximal colon

Latency
(ms)

Atropine-resistant
e.j.p.
Atropine-sensitive
e.j.p.

736 ± 31
(n = 24)
147 ± 6.7
(n = 3)

Amplitude
(mV)

12± 0.6
(n = 70)
9.5 ± 0.6
(n = 9)

Duration
(s)

31 ± 0.8
(n = 43)
11.3 ± 0.8
(n = 9)

tl
(s)

3.1 ± 0.3
(n = 40)
1.2 ± 0.1
(n = 9)

t2
(s)

27.5 ± 0.9
(n = 40)
10.1 ± 0.8
(n = 9)

Parameters of EFS were 10 Hz, 20-30 V for 1 s, pulse width was 0.5 ms for atropine-resistant ej.p. and 0.02-0.03 ms for
atropine-sensitive ej.p. Atropine-resistant ej.p. was recorded in the presence of atropine (1 gM), apamin (0.1 gM) and
NG-nitro-L-arginine (L-NOARG, 0.1 mM), atropine-sensitive ej.p. was recorded in the presence of apamin (0.1 gM) and L-NOARG
(0.1 mM).

amethonium (10 JAM, n = 3) but were blocked by tetrodotoxin
(TTX, 0.3 AM, n = 3) (Figure 2c).

Effects of selective NK, and NK2 receptor antagonists on
noncholinergic e.j.ps and contractions evoked by EFS in
the presence ofL-NOARG and apamin

GR 82,334 (up to 3 gM), MEN 10,376 (up to 3 JM) and SR
48,968 (up to 1 JAM) had no agonist effect on mechanical or
electrical activity of the circular muscle. (± )-CP 96,345
(3 1AM) caused a small but significant depolarization of the
cell membrane by 1.0 ± 0.4 mV (n = 7, P<0.05).
The non-peptide NK, receptor antagonist, (±)-CP 96,345

concentration-dependently (Figures 3 and 4) inhibited the
non-cholinergic ej.p. and contractions, ECm (95% c.l. in
parentheses) being 0.77 gM (0.31-1.91 JAM) and 0.22 JLM
(0.17-0.29IAM), respectively.
The peptide NK, receptor antagonist GR 82,334 concen-

tration-dependently inhibited the non-cholinergic ej.p. and
contractions (Figures 3 and 4), EC50 being 0.61 JM
(0.43-0.87gJM) and 0.20 AM (0.09-0.44pJM), respectively.
Typical tracings showing the inhibitory effect of NK, recep-
tor antagonists on the non-cholinergic ej.p. and contraction
are shown in Figure 3. The effect of GR 82,334 (3 JM)
developed faster (more than 50% block occurred within
3-5 min from application) than that of (± )-CP 96,345 (more
than 50% block occurred at 10-15 min after application).
Data on the concentration-dependent inhibition of ej.p. and
contraction are shown in Figure 4.
The non-peptide NK2 receptor antagonist SR 48,968 (up to

1 1M) and the peptide NK2 receptor antagonist MEN 10,376
(up to 3 1M) had no marked effects on non-cholinergic ej.p.
and contractions evoked by EFS (Figures 3 and 4). At the
highest concentration tested, MEN 10,376 (3 JM) and SR
48,968 (1 1AM) caused a small but significant (against control
responses of the same strips) inhibition of non-cholinergic
contractions of 32 ± 5% (n = 6, P<0.01) and 13 ± 5%
(n 11, P <0.05), respectively (Figure 4).

In control experiments, a small spontaneous decay in
amplitude of non-cholinergic contractions during 20 min per-

fusion with Krebs solution was observed. The amplitude of
spontaneous decay of contraction was 16 ± 4% (n = 6,
P <0.05). The inhibitory effect of MEN 10,376 (3 1AM) was
significantly larger than that of spontaneous decay (measured
on different preparations), while the effect of SR 48,968 was
not significantly different from spontaneous decay.
The amplitude of non-cholinergic ej.ps evoked by EFS did

not significantly change (1 ± 4%, n = 6, NS) during 20 min
perfusion with Krebs solution.

Summarizing this section the non-cholinergic ej.ps were
not affected by NK2 receptor antagonists and a small reduc-
tion of contraction was only evident for 3 JAM MEN 10,376.

Effects ofNK, and NK2 receptor antagonists on the
response to EFS in the absence of apamin and
L-NOARG

In atropine-containing Krebs solution, GR 82,334 (3 JAM) and
(±)-CP 96,345 (3 JAM) markedly reduced the non-cholinergic
e.j.ps by 89 ± 2% (n = 6, P<0.001) and 81 ± 4% (n = 5,
P<0.001) while the amplitude of non-adrenergic ij.ps was
unaffected (Figure 5).
SR 48,968 (1 JlM) and MEN 10,376 (3 JiM) had no marked

effect on ej.ps or ij.ps (Figure 5). SR 48,968 (1 JM) slightly
reduced the amplitude of non-adrenergic ij.ps by 8 ± 2%
(n = 6, P<0.01) while leaving non-cholinergic ej.ps un-
affected. MEN 10,376 (3 JAM) caused a small reduction in the
amplitude of both ej.ps and ij.ps by 17 ± 4 (n = 7, P<0.01)
and by 8±2% (n=9, P<0.01).
None of these antagonist displayed any significant agonist

effect on contractile and electrical activity of the circular
muscle under these conditions.

Effect of selective NK, and NK2 receptor antagonists on
electrical and mechanical response to [Sar9]SP sulfone
and [PAla]NKA (4-10)

Application of the NK1 receptor selective agonist, [SarlSP
sulfone (0.3 JAM for 10 s) and of the NK2 receptor selective
agonist, [PAla8]NKA(4-10) (0.3 JAM for 1O s) both produced
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Figure 3 Typical tracings illustrating the effects of (±)-CP 96,345 (a), GR 82,334 (b), MEN 10,376 (c) and SR 48,968 (d) on the
non-cholinergic ej.ps and contractions in the circular muscle from guinea-pig proximal colon in the presence of atropine (1 MM),
apamin (0.1 jIM) and NG-nitro-L-arginine (L-NOARG, 0.1 mM). The effect of (±)-CP 96,345 (3 Mm) is shown after 23 min of
application. The effects of GR 82,334 (3 pM) MEN 10,376 (3 Mm) and SR 48,968 (1 Mm) are shown at 15 min after application.
Upper tracing is muscle tension, lower tracing is change in membrane potential.

depolarization of the membrane by 10.2 ± 0.9 (n = 17) and
4.6 ± 0.4 mV (n = 24), respectively, and accompanying con-

traction of the circular muscle of the colon (range 2-5 MN).
The NK1 receptor antagonist, GR 82,334 (3 JM) inhibited

the amplitude of [SarlSP sulfone (0.3 tiM)-induced contrac-
tion and depolarization by 80 and 75%, respectively
(P< 0.05). (± )-CP 96,345 (3 JAM) inhibited [SarISP sulfone-
induced contraction and depolarization by 95 and 97%,
respectively (P <0.05, Figure 6). Neither GR 82,334 nor

(± )-CP 96,345 inhibited depolarization and contraction
observed in response to [PAla8]NKA(4-10) (Figure 6).
The NK2 receptor antagonist, MEN 10,376 (3 JM)

inhibited the amplitude of the [fAla8]NKA(4-10)-induced

contraction and depolarization by 75 and 80%, respectively
(P<0.05). SR 48,968 (1 JAM) inhibited the amplitude of
PAla8]NKA(4-10)-induced contractions and depolarization
by 90 and 88%, respectively (P<0.05, Figure 6). The res-

ponses to [Sar9]SP sulfone were not significantly affected by
MEN 10,376 or SR 48,968 (Figure 6).

Effects ofNK, receptor antagonists on cholinergic ej.ps
and contractions evoked by EFS

A frequency of stimulation of 10 Hz for 1 s, 20-30 V and
pulse width of 0.02-0.03 ms was selected to obtain consistent
cholinergic ej.ps followed by APs and contractions in the
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Figure 4 Concentration-dependent inhibitory effect of (± )-CP
96,345 (U), GR 82;334 (0), MEN 10,376 (0) and SR 48,968 (0)
on non-cholinergic ej.ps (a) and following contractions (b) in cir-
cular muscle of the guinea-pig colon in the presence of atropine
(1 ILM), apamin (0.1 sM) and N0-nitro-L-arginine (0.1 mM). The effect
of antagonists on area of depolarization of ej.p. and maximum
amplitude of contraction were calculated. Each value is the
mean ± s.e.mean of 4-12 experiments.
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Figure 5 Effect of MEN 10,376 (3 lsM), SR 48,968 (1 I1M), GR
82,334 (3 gM) and (± )-CP 96,345 (3 ylM) on atropine (1 #AM)-resistant
i.j.p. (hatched columns) and ej.p. (solid columns) evoked by submax-
imal train EFS in the circular muscle of the guinea-pig colon in the
absence of apamin and NG-nitro-L-arginine. Each value is mean +
s.e.mean of 5-9 experiments. *Significantly different from controls:
P<0.05.

Figure 6 Effect of (±)-CP 96,345 (3 gsM), GR 82,334 (3 riM), MEN
10,376 (3 gM) and SR 48,968 (1 gtM) on the amplitude of depolariza-
tion (solid columns) and contraction (hatched columns) induced by
[PAla8]NKA(4-10) (a) and [SarISP sulfone (b) in circular muscle
strips from guinea-pig proximal colon. Experiments performed in the
presence of atropine (1 gM). Each value is the mean ± s.e.mean of
3-6 experiments. *Significantly different from control: P<0.05.

presence of apamin (0.1 LM) and L-NOARG (0.1 mM)
(Figure 7a,c). The electrophysiological characteristics of
cholinergic ej.ps are summarized in Table 2. The electrical
and mechanical activity evoked by EFS under these condi-
tions was abolished by 1 jLM atropine (Figure 7).
GR 82,334 (3 fLM) and (±)-CP 96,345 (3 gM) did not

produce any agonist effect on contractile or electrical activity
of the smooth muscle.
GR 82,334 (3 ,UM) had no effect either on cholinergic e.j.ps

or contractions (Figure 7a and b). (±)-CP 96,345 (3 pM)
slightly reduced by 24 ± 5% the cholinergic ej.ps (calculated
as area of depolarization), but did not affect the peak
amplitude of ej.ps or contractions evoked by EFS (Figure 7c
and d).

Discussion

Recent studies on the role of TKs as enteric excitatory
transmitters have taken advantage of novel receptor an-
tagonists of both peptide (second generation) and non-
peptide (third generation) nature (Maggi et al., 1993 for
review) which are more potent than spantide and also possess
remarkable selectivity for either NK, or NK2 receptors. By
use of these novel ligands, evidence has been obtained that
the NK1 receptor is the main mediator of atropine-resistant
neuromuscular transmission in the longitudinal muscle of the
guinea-pig ileum (Taylor & Kilpatrick, 1992), while the NK2
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Figure 7 Effects of GR 82,334 (a and b) and (±)-CP 96,345 (c and d) on the atropine-sensitive e.j.ps and contractions evoked by
train EFS (10 Hz, 20 V for 1 s, pulse width 0.02 ms) in the presence of apamin (0.1 IlM) and NG-nitro-L-arginine (0.1 mM). In (a)
and (c) the effect of GR 82,334 (3 jiM) and (± )-CP 96,345 (3 jiM) are shown at 15 and 25 min from application, respectively. Upper
tracing is muscle tension, lower tracing is change in membrane potential. The area of depolarization of cholinergic ej.ps (solid
columns) and amplitude of contraction (hatched columns) were calculated and are shown in (b) and (d), respectively. Each value is
mean ± s.e.mean of 5 experiments. *Significantly different from control: P <0.05.

receptor predominates in the circular muscle of the guinea-
pig and human ileum (Bartho et al., 1992; Maggi et al., 1992;
Holzer et al., 1993).

Because a previous functional study (Giuliani et al., 1993)
indicated that functional NK, and NK2 receptors mediate
contraction of the circular muscle of the guinea-pig proximal
colon, we have used selective NK, and NK2 receptor
antagonists to gain information as to whether TK receptors
are involved in the generation of noncholinergic e.j.ps in this
preparation. GR 82,334 (Hagan et al., 1991) and CP 96,345
(Snider et al., 1991) have been characterized as highly selec-
tive NK, receptor antagonists, while MEN 10,376 (Maggi et
al., 1991) and SR 48,968 (Emonds-Alt et al., 1992) are highly
selective NK2 receptor antagonists. For each one of these
ligands, evidence for effective blockade of the respective
preferred receptor and selectivity was established by using the
selective NK, receptor agonist, [SarISP sulfone (Dion et al.,
1987) and the NK2 receptor selective agonist [PAla8]NKA(4-
10) (Rovero et al., 1989).
The present results indicate that NK, but not NK2 recep-

tor antagonists concentration-dependently inhibit the non-

cholinergic ej.ps and accompanying contraction in response
to EFS. The NK, receptor antagonists (± )-CP 96,345
(Snider et al., 1991) and GR 82,334 (Hagan et al., 1991)
inhibited the atropine-resistant ej.ps both in the presence and
absence of apamin and L-NOARG. This provides strong
evidence for predominant involvement of NK, receptors in
non-cholinergic excitatory neurotransmission to the circular

muscle of the guinea-pig proximal colon, where this response
is evident either as primary contraction (in the presence of
atropine, apamin and L-NOARG) or as a 'rebound' contrac-
tion (in the presence of atropine alone).
The EC50s of CP 96,345 and GR 82,334 in inhibiting the

atropine resistant ej.p. and contraction produced by EFS are

higher than one would expect on the basis of the affinities of
these ligands for the NK, receptor in this preparation: thus,
when tested against [SarlSP sulfone in the circular muscle of
the colon, both (±)-CP 96,345 and GR 82,334 act as com-

petitive antagonists with pKB values of 8.41 and 7.49, respec-
tively (Maggi, unpublished data). On the other hand, the
EC50 values of (± )-CP 96,345 and GR 82,334 in blocking the
noncholinergic contraction were 0.22 and 0.20 jM, respec-

tively. The reason why higher concentrations of NK, recep-
tors antagonists are needed to block endogenous TKs than
those which are sufficient to inhibit effectively the action of
exogenous TKs is unclear: this may involve a difference in
the accessibility of antagonist to NK1 receptors stimulated by
the endogenous agonist vs those stimulated by exogenous
agonists and/or a high local concentration of the agonist
released during nerve activity. Nevertheless, the EC50 of GR
82,334 for inhibiting the atropine-resistant contraction in
guinea-pig colon is in good agreement with the EC50, of this
antagonist in blocking the atropine-resistant contraction in
the longitudinal muscle of the ileum (Taylor & Kilpatrick,
1992; EC50 0.56 jIM) vs a pKB value of 7.64 at the NK1

receptor in the same preparation (Hagan et al., 1991).
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The present results show that the time course of inhibition
by GR 82,334 is approximately three times faster than for
(± )-CP 96,345. Furthermore, unlike (± )-CP 96,345, the
inhibitory effect of GR 82,334 on noncholinergic ej.p. can be
rapidly reversed by washing (unpublished data) The explana-
tion for the difference in time course of action of the two
antagonists is not known.

Because of the relatively high concentrations of NK, recep-
tor antagonists required to block the atropine-resistant ej.p.,
it was important to assess their selectivity. The highest con-
centration tested of both antagonists is selective at the post-
junctional level because the excitatory responses to NK2
receptor stimulation were unchanged. The present findings
also indicate that 3 tLM GR 82,334 does not exert nonspecific
effects at prejunctional level because neither the nonadrener-
gic ij.p. nor the atropine-sensitive ej.p and contraction were
modified by this antagonist. Likewise, 3 fM (±)-CP 96,345
did not inhibit the nonadrenergic ij.p. and peak amplitude of
the atropine-sensitive ej.p. or contraction: only a minor
reduction of the atropine-sensitive ej.p. was observed, if
measured as total area of depolarization. This is probably a
nonspecific effect of (±)-CP 96,345 which, at high concentra-
tions, can inhibit voltage-dependent calcium channels (e.g.
Schmidt et al., 1992). Although we cannot exclude the pos-
sibility that nonspecific effects of (±)-CP 96,345 may have
contributed to inhibition of the atropine-resistant ej.p. and
contraction, the extent of the inhibitory effect on the area of
the atropine-sensitive ej.p. is certainly minor as compared to
the almost total suppression of atropine-resistant ej.p. We
conclude that the major part of the inhibitory effect of this
nonpeptide antagonist on the atropine-resistant ej.p. and
accompanying contraction is due to blockade of the action of
endogenous TKs at NK, receptors.

At 3 gLm, MEN 10,376 produced a minor inhibitory effect
on the atropine-resistant mechanical response to EFS which
is statistically significant as compared to the spontaneous
decay observed in control strips. Since this concentration of
MEN 10,376 does not affect the electrical and mechanical
response to selective NK1 receptor stimulation, this may
indicate a minor contribution of NK2 receptors to non-
cholinergic excitation of the circular muscle. However, SR
48,968 which is more potent than MEN 10,376 in blocking
NK2 receptors in the colon (Giuliani et al., 1993), did not
significantly affect the atropine-resistant ej.p.

After intravenous administration to anaesthetized guinea-
pigs, both NK1 (CP 96,345) and NK2 (MEN 10,376 and SR
48,968) receptor antagonists produce long-lasting inhibition
of atropine-resistant but hexamethonium-sensitive phasic
pressure waves produced by radial stretch (balloon disten-
sion) in the guinea-pig proximal colon (Giuliani et al., 1993).
On the basis of the present findings, it appears that the
activity of CP 96,345 could involve blockade on neuromus-
cular excitatory transmission from enteric tachykininergic
nerves to the circular muscle. The activity of NK2 receptor
antagonists in the in vivo model (Giuliani et al., 1993) re-
mains unexplained. Since the present study was performed
using only one frequency of stimulation to evoke the non-
cholinergic ej.p. and accompanying contraction, we cannot
exclude the possibility that enteric tachykininergic nerves
were activated by balloon distension in vivo to a sufficient
extent to produce NK2 receptor stimulation.

In the major part of the present experiments, the effect of
NK, and NK2 receptor antagonists was investigated in the
presence of apamin and L-NOARG to block the non-
adrenergic ij.ps. Non-adrenergic ij.ps have a multiple nature
in the guinea-pig colon (Vladimirova & Shuba, 1984). Both
apamin and L-NOARG effectively but partially inhibited the
nonadrenergic ij.p. and a residual small ij.p. was observed
in about 50% of cases in the presence of both drugs. The
identity of the mediators of ij.ps has not been conclusively
demonstrated: for the first, apamin-sensitive, phase of ij.p.,
adenosine triphosphate (ATP) was suggested as a likely
mediator (Vladimirova & Shuba, 1984). The second, apamin-
resistant, phase of ij.ps was inhibited by the nitric oxide
(NO)-synthase blocker, L-NOARG. Thus NO could be res-
ponsible for part of the apamin-resistant ij.ps in the circular
muscle of the guinea-pig proximal colon.

In conclusion, the present findings indicate a major role for
SP and NK, receptors in mediating non-cholinergic ej.ps and
contractions evoked by EFS in the circular muscle of the
guinea-pig proximal colon. Since NK2 receptors mediate
tachykininergic neuromuscular transmission to the circular
muscle of the guinea-pig ileum (Bartho et al., 1992; Holzer et
al., 1993), the use of receptor selective antagonists reveals a
remarkable regional specialization in the TK receptor types
which mediate neuromuscular transmission to endogenous
TKs in the gut.
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Muscarinic effect of atrial natriuretic peptide on rabbit airways

*tA. Robichaud, tC. Saunier, tM.C. Michoud & *t1P. du Souich

*Dept. de pharmacologie, Faculte de Medecine, Universite de Montreal, tHotel-Dieu de Montreal, Quebec, Canada and
tINSERM U14, Vandoeuvre-Les-Nancy, France

1 The aim of the present work was to investigate under which circumstances atrial natriuretic peptide
(ANP) modulates airway resistance.
2 Of the six groups of rabbits (n = 5) studied, three received an infusion of ANP (80 ng min' kg-'
i.v.) for a period of 100 min, while the other three were infused with the vehicle. Before receiving the
infusion of ANP or the vehicle, the animals were pretreated with atropine (0.5 mg kg-' i.v.), propranolol
(2 mg kg-' i.v.) or not pretreated. After 75 min of infusion of ANP, bronchoconstriction was induced by
inhalation of histamine. Respiratory resistance (Rrs) was measured before and 3, 5, 10, 15 and 20 min
post-histamine challenge.
3 Following 75 min of ANP infusion, plasma ANP concentration increased from 153 ± 52 (mean ±
s.e.mean) to 1441 ± 203 pg ml' (P <0.05) without affecting baseline Rrs. Control Rrs values (12.5-
20.4 cmH2OP's) were significantly increased following the inhalation of histamine (P<0.001). By
themselves, atropine, propranolol or ANP did not modify the histamine-induced increase in Rrs.
However, when the animals were pretreated with atropine, ANP infusion significantly reduced the
increase in Rrs induced by histamine (30 ± 2 vs 51 ± 6 cmH2O 1' S; P <0.05).
4 These data suggest that ANP has an indirect modulating effect on the airway smooth muscle and will
decrease Rrs when muscarinic receptors are blocked.

Keywords: Atrial natriuretic peptide; respiratory resistance; airway smooth muscle; rabbit; histamine; atropine; propranolol

Introduction

There is growing evidence that the atrial natriuretic peptide
(ANP), first known for its role in the regulation of vascular
capacitance and of intravascular blood volume (Goetz, 1988,
Cantin & Genest, 1986), also has extravascular effects. In
addition to the cardiovascular system and the kidney, the
central and automonic nervous systems, the lungs, the adre-
nal glands, the digestive and reproductive system and lymph
nodes have been suggested to be target organs for ANP
(Vollmar, 1990; Gutkowska & Nemer, 1989).

In the lung, ANP has been demonstrated to be a powerful
relaxant of guinea-pig and bovine isolated tracheal smooth
muscle (O'Donnell et al., 1985; Hamel & Ford-Hutchinson,
1986; Watanabe et al., 1988; Potvin & Varma, 1989; Ishii &
Murad, 1989). However, it has also been shown that ANP
elicits no effect on rabbit and human airway smooth muscle
in vitro, despite the fact that it can induce a bronchodilata-
tion in vivo (Labat et al., 1988; Candenas et al., 1991; Hulks
et al., 1989; Chanez et al., 1990; Robichaud et al., 1993).

It has been suggested that the vaso- and bronchodilating
actions of ANP are mediated by the guanosine 3':5'-cyclic
monophosphate (cyclic GMP) intracellular messenger that
induces the relaxation of smooth muscle (Hamet et al., 1984;
Winquist et al., 1984; Cornwell & Lincoln, 1989; Watanabe
et al., 1990). However, there is growing evidence suggesting
that these effects may be mediated by the autonomic nervous
system (Kuchel et al., 1987; Debinski et al., 1990; Menard,
1991). Supporting a neuromodulatory function of ANP is the
fact that it has been identified in peripheral parasympathetic
(sensory nodose ganglia) and sympathetic (superior and
inferior cervical, superior mesenteric and celiac) ganglia
(Debinski et al., 1986; 1987a). In addition, several studies
suggest that ANP stimulates vagal activity leading to a fall in
arterial pressure and to a decrease in renal sympathetic nerve
activity (Ackermann et al., 1984; Thoren et al., 1986; Volpe
et al., 1987; Imaizumi et al., 1987; Schultz et al., 1988;
Zeuzem et al., 1990).

' Author for correspondence.

To further understand the contradictory results concerning
the modulatory effect of ANP on respiratory resistance, we
investigated the action of ANP on airway smooth muscle
tone during histamine-induced bronchoconstriction in rabbits
pretreated with parasympathetic or sympathetic blockers.

Methods

Animal preparation

Experiments were conducted on 30 male, New Zealand rab-
bits (2.0-3.3 kg; CEGAV, St Mars d'Egrenne, France), div-
ided into 6 groups of 5 animals each. The animals were
anaesthetized with sodium thiopentone (Rhone-Poulenc,
Paris, France) with an initial dose of 14-20mg kg-1 i.v.
Additional anaesthetic was added as needed during the
experiment. A tracheotomy was performed, but the animals
breathed spontaneously. The left jugular vein and carotid
artery were catheterized (PE60, Clay Adams, Parsippany,
NJ, U.S.A.) to permit the infusion of ANP and the deter-
mination of arterial blood pressure. Blood pressure was
assessed by use of a Bell and Howell transducer (0-750
mmHg, type 4-327 I) coupled to a chart recorder (Brush 2400
Gould).

Experimental protocol

Three groups received an infusion of ANP (80 ng min-' kg-'
i.v.) (ANP [99-126]; IAF Biochem, Montreal, Canada), and
three groups received an infusion of the vehicle, i.e. a solu-
tion of saline 0.9%:glucose 5% (50:50 v/v) containing 0.2%
heat inactivated (50'C, 30min) bovine serum albumin. Im-
mediately before the beginning of the infusion of ANP or its
vehicle, the animals were pretreated with atropine 0.5 mg
kg-' i.v. (groups AT-ANP or AT, respectively), (±)-propra-
nolol 2 mg kg-' i.v. (groups PR-ANP or PR, respectively), or
not pretreated (groups ANP or sham, respectively) (Szarek et
al., 1986).

After surgical preparation of the animals, ANP was in-
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fused for 75 min, in order to raise ANP plasma concentra-
tions to a steady-state level (Marleau et al., 1989). Following
this, bronchoconstriction was induced by inhalation of a
nebulized solution of histamine (1%) for 3 min, (Aerosoliseur
Gauchard, Paris, France; flow rate: 0.12 ml min-'); a dose
producing approximately 50% response in rabbits (Berend et
al., 1986; Quan et al., 1986). The infusion of ANP was
continued during the entire experiment, resulting in a total
infusion time of 100min. Respiratory resistance, ventilation
and respiratory frequency were measured before and 75 min
after the beginning of ANP or vehicle infusion as well as 3, 5,
10, 15 and 20 min post-histamine inhalation. Measurements
of blood gases and mean arterial blood pressure and blood
sampling for plasma ANP determinations were made before
and 75 min after the beginning of ANP infusion and 20 min
post-histamine challenge.

Respiratory parameters

Respiratory resistance was measured by the forced oscillation
method (Peslin, 1986) as described previously (Robichaud et
al., 1993). Briefly, sinusoidal pressure oscillations (amplitude
2 cmH20 peak to peak, frequency 20 Hz) were applied to the
airway opening. The applied pressure and airway flow signal,
measured with a CelescoR LCVR transducer (Canoga Park,
CA, U.S.A.; range ± 2 cmH20) and a Fleish n°O pneumo-
tachograph (Metabo, Epalinges, Switzerland), respectively,
were recorded for a period of 6.4 s at a sample frequency of
160 Hz by an Apple 2 microcomputer. Respiratory resistance
was computed on a cycle-per-cycle basis from the pressure
signal in phase with flow. Ventilation and respiratory fre-
quency were obtained from the flow signal.

Analytical method

Plasma ANP was determined by radioimmunoassay (RIA)
after extraction on Sep-pak cartridges according to the
method described by Larose et al. (1985).

Statistical analysis

Results are presented as mean ± s.e.mean. Statistically
significant differences between group means were calculated
using a two-way analysis of variance for repeated measures
combined with multiple procedures (Tuckey B) for each
significant interaction (Winer, 1971). The alpha error was
fixed at 5%.

Results

Arterial blood gases

In the sham group, arterial oxygen pressure (Pao2) and
arterial partial pressure of CO2 (Paco2) were respectively
81.2 ± 1.6 and 27.1 ± 0.7 mmHg during the control period,
88.4 ± 3.4 and 25.0 ± 1.1 mmHg after 75 min of vehicle in-
fusion, and 87.8 ± 3.5 and 21.2 ± 1.8 mmHg 20 min follow-
ing histamine inhalation. Arterial pH of the sham animals
was 7.43 ± 0.03 and 7.45 ± 0.02 at baseline and following
75 min of vehicle infusion, respectively. It increased
significantly to 7.51 ± 0.02 after the inhalation of histamine.
Mean values of Pao2, Paco2, and pH were comparable
between experimental groups.

Plasma ANP

Mean values of plasma ANP concentrations determined in
the six experimental groups studied are shown in Figure 1.
During the control period, baseline ANP plasma concentra-
tions were similar in all groups. Compared to the baseline,
the infusion of the vehicle, the inhalation of histamine, and
parasympathetic (atropine) or sympathetic (propranolol)

blockade did not affect the levels of endogenous ANP. In the
groups receiving the infusion of ANP (i.e. ANP, AT-ANP,
PR-ANP), plasma ANP concentrations increased approx-
imately ten fold; the concentrations generated by the infusion
of ANP were comparable between the groups.

Mean arterial pressure

In the control period, mean arterial pressure was comparable
between groups (Figure 2). Compared to baseline values, the
infusion of the vehicle did not affect mean arterial pressure,
whether histamine was present or not. The infusion of ANP
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Figure 1 Atrial natriuretic peptide (ANP) plasma concentrations
were determined before (baseline), 75 min after the beginning of the
infusion of ANP (during ANP), and 20 min post-histamine challenge
(post-histamine). *Significant difference from baseline at P< 0.05.
(0) Sham = group receiving an infusion of the vehicle (saline 0.9%:
glucose 5% [50:50 v/v] + inactivated bovine serum albumin 0.2%)
(n = 5); (0) AT = group pretreated with atropine (0.5 mg kg-'
i.v.) + infusion of the vehicle (n = 5); (A) PR = group pretreated
with propranolol (2 mg kg' i.v.) + infusion of the vehicle (n = 5);
(A) ANP = group receiving an infusion of ANP (80 ng min' kg-'
i.v.) (n = 5): (*) AT-ANP = group pretreated with atropine + in-
fusion of ANP (n = 5); (@) PR-ANP = group pretreated with prop-
ranolol + infusion of ANP (n = 5).
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Figure 2 Mean arterial pressure (MAP) was determined before
(baseline), 75 min after the beginning of the infusion of atrial nat-
riuretic peptide (ANP) (during ANP), and 20min post-histamine
challenge (post-histamine). *Significant difference from baseline at
P <0.05. (0) Sham = group receiving an infusion of the vehicle
(saline 0.9%: glucose 5% 50:50 v/v] + inactivated bovine serum
albumin 0.2%) (n = 5); ( EZ ) AT = group pretreated with atropine
(0.5 mg kg-' i.v.) + infusion of the vehicle (n = 5); ( ) PR =
group pretreated with propranolol (2 mg kg-' i.v.) + infusion of the
vehicle (n = 5); (U) ANP = group receiving an infusion of ANP
(80 ng minm ' kg-' i.v.) (n = 5); ( ) AT-ANP = group pretreated
with atropine + infusion of ANP (n = 5); ( M) PR-ANP = group
pretreated with propranolol + infusion of ANP (n = 5).
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Table 1 Respiratory parameters (YE iS ventilation, f is respiratory frequency) were determined prior to (baseline), 75 min after the
beginning of the infusion of atrial natriuretic peptide (ANP) (during ANP), and 20 min post-histamine challenge (post-histamine)

Parameters

VE
(I min- 1)

f
(breaths per min)

Groups

Sham
ANP
AT

AT-ANP
PR

PR-ANP
Sham
ANP
AT

AT-PR
PR

PR-ANP

Baseline

1.0 ± 0.1
1.1 ± 0.1
1.3 ± 0.1
1.1 ± 0.1
1.1 ± 0.1
1.2 ± 0.2
72 ± 7
66± 10
89 ± 5
63 ± 5
93± 10
88± 16

During
ANP

0.8 ± 0.1
1.0 ± 0.1
1.2 ± 0.2
1.5 ± 0.3
0.9 ± 0.1
1.2 ± 0.2
65 ± 7
80± 15
65 ± 9
82 ± 11
76 ± 5
75 ± 3

Post-
histamine

1.0 ± 0.1
1.2 ± 0.1
1.3 ± 0.3
1.3 ± 0.4
1.1 ± 0.1
1.2 ± 0.1
68± 13
77 ± 8
79± 13
83± 16
75±4
86 ± 5

Sham = group receiving an infusion of the vehicle (saline 0.9%: glucose 5% [50:50 v/v] + inactivated bovine serum albumin 0.2%)
(n = 5); AT = group pretreated with atropine (0.5 mg kg-' i.v.) + infusion of the vehicle (n = 5); PR = group pretreated with
propranolol (2 mg kg-' i.v.) + infusion of the vehicle (n = 5); ANP = group receiving an infusion of ANP (80 ng min- kg-' i.v.)
(n = 5); AT-ANP = group pretreated with atropine + infusion of ANP (n = 5); PR-ANP = group pretreated with
propranolol + infusion of ANP (n = 5).
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Figure 3 Mean respiratory resistance (Rrs) values during control
(t = 0) and atrial natriuretic peptide (ANP) infusion periods (t = 75)
and after histamine challenge (a) in the sham, ANP, AT and AT-
ANP groups; (b) in the sham, ANP, PR and PR-ANP groups.
*Significant difference at P< 0.05 compared to sham and ANP
groups. (0) Sham = group receiving an infusion of the vehicle
(saline 0.9%: glucose 5% [50:50 v/v] + inactivated bovine serum

albumin 0.2%) (n = 5); (0) AT = group pretreated with atropine
(0.5mg kg-' i.v.) + infusion of the vehicle (n = 5); (A) PR = group
pretreated with propranolol (2 mg kg- ' i.v.) + infusion of the vehicle
(n = 5); (A) ANP = group receiving an infusion of ANP
(80 ng min' kg-' i.v.) (n = 5); (*) AT-ANP = group pretreated
with atropine+infusion of ANP (n= 5); (A) PR-ANP= group
pretreated with propranolol + infusion of ANP (n = 5).

by itself also did not modify the mean arterial pressure;
however, following histamine inhalation, blood pressure was
significantly lower than baseline values. Atropine did not
alter mean arterial pressure, but the combination of atropine
and ANP infusion (i.e. AT-ANP group) produced a
significant drop in blood pressure, a decrease that was slight-
ly potentiated by the inhalation of histamine. Sympathetic
blockade with propranolol did not significantly modify mean
arterial pressure of animals receiving the vehicle. In animals
receiving the infusion of ANP and pretreated with prop-
ranolol (i.e. group PR-ANP), mean arterial pressure remain-
ed stable during the infusion period. However, following the
inhalation of histamine a significant fall in blood pressure
was noted.

Ventilatory parameters

Mean values for ventilation and respiratory frequency of the
different groups are shown in Table 1. These parameters were
not affected by the infusion of ANP or its vehicle, or by the
inhalation of histamine. The administration of parasym-
pathetic or sympathetic blockers did not alter these res-
piratory characteristics of the animals.

Respiratory resistance

During the control period (t = 0), as well as after 75 min of
ANP infusion, respiratory resistance remained stable in each
group studied (Figure 3). In the sham group, the values of
respiratory resistance increased significantly following the
inhalation of histamine (from 16.9 ± 1.3 to 40.6 ± 2.7 cmH2O
1-' s) (P <0.001). The infusion of ANP tended to increase
the respiratory resistance, although the difference was not
statistically significant.

Parasympathetic blockade

Compared to the sham group, the histamine-induced increase
in respiratory resistance was not modified by atropine (i.e.
AT group) (Figure 3a). However, in the animals pretreated
with atropine and receiving an infusion of ANP (i.e. AT-
ANP group), the increase in respiratory resistance induced by
histamine was significantly lower 3 and 5 min after the
challenge, compared to animals receiving only the infusion of
ANP or of the vehicle.

Sympathetic blockade

Compared to the sham group, the administration of prop-
ranolol induced a slight, but not significant, increase in res-
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piratory resistance following the inhalation of histamine
(Figure 3b). The animals receiving the infusion of ANP (i.e.
PR-ANP group) tended to show a decrease in the degree of
histamine-induced bronchoconstriction; however, this did not
reach statistical significance.

Discussion

Histamine is known to induce bronchoconstriction both by a
direct effect on HI receptors and by cholinergic reflex activa-
tion (Shore et al., 1983; Sheppard et al., 1984). Since atropine
did not influence the degree of histamine-induced bron-
choconstriction under the present experimental conditions,
we might assume that the cholinergic component of the
action of histamine did not contribute much to the increase
in respiratory resistance.

It has been demonstrated that rabbit airway smooth mus-
cle is devoid of sympathetic innervation; however, catechola-
mine-containing cells have been identified in the ganglia of
the bronchi (Mann, 1971), although their role in modulating
bronchial tone does not appear important. In the present
study, blockade of sympathetic P-adrenoceptors with pro-
pranolol tended to increase histamine-induced bronchocon-
striction beyond the level observed in the sham group.
Although it did not reach statistical significance, this action
of propranolol is probably attributable to an increased
cholinergic outflow as a result of withdrawal of the sym-
pathetic activity. Alternatively, by treating the animals with a
P-blocking drug, the a-adrenoceptors, being left unopposed,
can induce a contraction of the airway smooth muscle
(Kneussl & Richardson, 1978; Simonsson et al., 1972), that is
potentiated by the administration of histamine (Kneussl &
Richardson, 1978). Therefore, it appears that the sympathetic
nervous system may indirectly modulate rabbit airways and
may partially blunt the response to histamine.

Following histamine inhalation, ANP tended to potentiate
the bronchoconstriction. Since respiratory resistance was
significantly decreased when ANP was infused to atropine-
pretreated rabbits, we can assume that ANP elicits a para-
sympathomimetic effect in the respiratory system, as has
already been described for the cardiovascular system. In
addition, ANP appears to increase cholinergic activation by
histamine, since atropine reduces ANP-induced changes in
respiratory resistance below the values observed following the
inhalation of histamine alone.

Several studies have demonstrated a direct sympatho-
inhibitory effect of ANP in vitro as well as in vivo (Drewett et

al., 1988; 1989; Zukowska-Grojec et al., 1986; Debinski et al.,
1987b; Bergey et al., 1989; Floras, 1990). Therefore, in addi-
tion to a direct parasympathomimetic effect, we may speculate
that ANP enhanced cholinergic outflow through sympathetic
inhibition and induced a small bronchoconstriction that is
reduced by atropine.
A slight decrease in the degree of histamine-induced bron-

choconstriction (although not statistically significant) was
also noted when ANP was infused in the presence of prop-
ranolol. Since, ANP exerts sympatho-inhibitory effects in the
lung, it is possible that it exerts an a-adrenoceptor inhibition;
this may explain why the combination of ANP and prop-
ranolol decreases histamine-induced increase in respiratory
resistance. Supporting such speculation, Haass et al. (1985)
have shown in vagotomized pithed rats that ANP can block
blood pressure responses to ua-adrenoceptor agonists.

In another study, we found that ANP decreased respir-
atory resistance following histamine inhalation (Robichaud et
al., 1993). The discrepancy with the results of the present
investigation may be explained by differences in the experi-
mental conditions. In the other study, the animals had a
higher ventilation and tidal volume immediately before the
histamine challenge, as well as a higher level of histamine-
induced bronchoconstriction. Since lung irritant receptors
associated with vagal reflex activation are more active in
rabbits breathing more deeply (Mills et al., 1969), it is possi-
ble that histamine triggered a more important cholinergic
reflex activation in the previous study. Another difference
between the two investigations, is the reduction in mean
arterial pressure after ANP infusion. As a consequence, we
may speculate that homeostatic reactions (activation of sym-
pathetic, renin-angiotensin systems, etc.) were more impor-
tant in the present study and that they may have changed
bronchial reactivity to histamine in the presence of ANP,
either directly or indirectly.

In summary, it appears that ANP may influence airway
smooth muscle tone by affecting the pulmonary autonomic
nervous system, and that the effect of ANP on airway
smooth muscle tone depends upon the baseline conditions of
the animal.

The authors wish to thank C. Duvivier and C. Gallina (INSERM
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grant MA 10324 from the Medical Research Council, by the Quebec
Lung Association and by the H6tel-Dieu Foundation. A.R. is
recipient of a studentship from MRC.
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Characterization of the effects of lithium on phosphatidylinositol
(PI) cycle activity in human muscarinic ml receptor-transfected
CHO cells
'John R. Atack, Angela M. Prior, Douglas Griffith & C. Ian Ragan

Merck Sharp & Dohme Research Laboratories, Neuroscience Research Centre, Terlings Park, Eastwick Road, Harlow,
Essex CM20 2QR

1 The effects of lithium on [3H]-inositol and [3H]-cytidine incorporation into [3H]-inositol monophos-
phates ([3H]-InsP,) and [3H]-cytidine monophosphorylphosphatidate ([3H]-CMP-PA), respectively, and
inositol 1,4,5-trisphosphate (InsP3) and inositol 1,3,4,5-tetrakisphosphate (InsP4) mass were studied in
carbachol-stimulated human ml muscarinic receptor-transfected Chinese hamster ovary cells (ml CHO
cells).
2 Lithium alone (10 mM) had no appreciable effects on any of the four parameters measured; it was
only in carbachol-stimulated cells that the effects of lithium became apparent.
3 In the presence of carbachol (1 mM), lithium (10 mM) caused a relatively rapid (within 5 min)
accumulation of [3H]-InsP, and [3H]-CMP-PA which continued up to about 20-30min, after which
accumulation slowed down. On the other hand, the elevation in InsP3 and InsP4 levels produced by
carbachol was not altered by lithium in the short-term and only at later times (>20-30min) was the
response attenuated, with InsP3 and InsP4 levels approaching basal.
4 The effects of lithium on carbachol-stimulated [3H]-InsP, and [3H]-CMP-PA accumulation and the
attenuation of the carbachol-induced elevation of InsP3 and InsP4 were all dose-dependent, with EC50s in
the region of 1 mM.
5 The lithium-induced effects on [3H]-CMP-PA and InsP3 and InsP4 in carbachol-stimulated cells could
be reversed, in a dose-dependent manner, by preincubation with exogenous myo-inositol
(EC50 = 2-3 mM) but not by the inactive analogue scyllo-inositol, indicating that these effects occur as a
consequence of depletion of inositol.
6 The temporal effects of lithium are consistent with lithium inhibiting inositol monophosphatase,
causing accumulation of InsP1, resulting in lower free inositol levels. This leads to accumulation of
CMP-PA and reduced PI synthesis which, once agonist-linked membrane inositol phospholipids are
depleted, produces attenuated InsP3 and InsP4 responses.
7 These results in ml CHO cells support the hypothesis that lithium affects the PI cycle cell signalling
pathway by depletion of inositol due to inhibition of inositol monophosphatase.
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Introduction

It is over 40 years since the original description of the use of
lithium in the treatment of manic depression (Cade, 1949),
yet the mechanism by which lithium exerts its therapeutic
effects remains uncertain. It has been proposed, however,
that manic depression may be associated with hyperactivity
of certain transmitter systems linked to the phos-
phatidylinositol (PI) signal transduction pathway and that
lithium may act by inhibiting the PI cycle as a consequence
of depletion of intracellular inositol, thereby reducing the
hyperactivity in these transmitter systems (Berridge et al.,
1982; 1989; Nahorski et al., 1991).
According to this hypothesis, lithium inhibits inositol

monophosphatase (IMPase), which is a key enzyme in the PI
cycle in that it dephosphorylates inositol monophosphates
(InsPj) producing inositol that can combine with cytidine
monophosphorylphosphatidate (CMP-PA) to produce PI in a
reaction catalysed by the enzyme PI synthase (Berridge &
Irvine, 1989; Ragan, 1990). Intracellular inositol originates
either from transport into the cell via a low- or high-affinity
mechanism or from dephosphorylation of InsP,, which are
derived from the inositol 1,4,5-trisphosphate (InsP3) and
inositol 1,3,4,5-tetrakisphosphate (InsP4) second messengers
or as an intermediate in the de novo synthesis of inositol from

' Author for correspondence.

glucose 6-phosphate. In cells where inositol is derived
primarily from the dephosphorylation of InsP, by IMPase
rather than by transport mechanisms, inhibition of IMPase
effectively depletes intracellular inositol and results in
reduced membrane inositol phospholipids available for signal
transduction, ultimately resulting in reduced levels of InsP3
and InsP4 following stimulation.

Evidence in support of this hypothesis originates primarily
from work in rat or mouse cortical slice preparations in
which, under stimulated conditions, lithium results in an
accumulation of InsP, (Batty & Nahorski, 1985; Kennedy et
al., 1989). There is a concomitant accumulation of CMP-PA,
presumably as a result of decreased inositol concentrations
(Godfrey, 1989; Kennedy et al., 1989; Nahorski et al., 1991)
and an attenuation of the stimulus-dependent increase in
InsP3 and InsP4 (Kennedy et al., 1989; 1990; Varney et al.,
1992).

Clearly, the effects of lithium on [3H]-InsP, and [3H]-CMP-
PA, which accumulate as a direct effect of the inhibition of
IMPase, should occur prior to any effects on the second
messengers InsP3 and InsP4, which should occur not in
parallel with the effects on [3H]-InsP, and [3H]-CMP-PA, but
only after a lag interval that corresponds to the finite time
required to deplete existing agonist-linked membrane inositol
phospholipids. To examine the temporal effects of lithium on
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the PI cycle, we have measured, in Chinese hamster ovary
cells transfected with the PI-linked (Fisher et al., 1992)
human muscarinic ml cholinoceptor (ml CHO cells), the
incorporation of [3H]-inositol into [3H]-InsP, and [3H]-
cytidine into [3H]-CMP-PA and, using radioreceptor binding
assays, the mass of InsP3 and InsP4 second messengers. The
results show that in carbachol-stimulated cells, lithium pro-
duced a relatively rapid (i.e. within 5 min) accumulation of
[3H]-InsP, and [3H]-CMP-PA but that the attenuation of the
carbachol-induced increase in InsP3 and InsP4 occurred only
after 20-30min. These effects were all dose-dependent and
their reversal by myo- but not scyllo-inositol is consistent
with them being due to a depletion of inositol secondary to
inhibition of IMPase.

Methods

[3H]-inositol incorporation into [3H]-InsP,

The method for the incorporation of [3H]-inositol into [3H]-
InsP, was a modification of methods used in the rat cortical
slice preparation (Batty & Nahorski, 1985) as described in
more detail elsewhere (Atack et al., 1993). Briefly, cells were
grown to confluence for 2 days in Eagles minimal essential
medium (inositol concentration = 11 M) containing 10%
foetal bovine serum and 0.5 jCi ml-1 [3HJ-inositol
(80 Ci mmol '). Cells were harvested (2 x 106 cells ml-') into
Krebs Henseleit buffer plus 0.5 iLCi ml' [3H]-inositol. Cells
(280 1tl) were then incubated at 37°C in the presence of LiCl
for 30 min followed by, as required, carbachol (assay concen-
tration = 1 mM), to give a final assay volume of 300 ftl.
Incubations were stopped by addition of 1 M trichloroacetic
acid and samples were centrifuged, washed with diethyl ether
and neutralised. Finally, [3H]-InsP, were separated from [3H]-
inositol by Dowex-formate anion exchange chromatography
(Berridge et al., 1983).

[3H]-cytidine incorporation into [3H]-CMP-PA

The method employed was modified from that of Downes &
Stone (1986). Cells were grown to confluence in 24-well
plates (2 x 105 cells/well) and the medium replaced with
200 Il/well of fresh Dulbecco's minimal essential medium
(inositol concentration = 40 gM) containing 3 pCi [3H]-
cytidine, lithium, myo- or scyllo-inositol as appropriate and
were incubated at 37°C for 30 min followed by stimulation
with carbachol (I mM). Incubations were stopped with 1 ml
chloroform:methanol (1:2 v/v) and a further 500 fl
chloroform and 500 jil water added to each sample. Samples
were aspirated from the wells and centrifuged at 1000 r.p.m.
for Omin and the upper phase removed. The lower phase
was washed with 1 ml methanol: 1 M HCI (1: 1 v/v). Finally,
200 ptl of lower phase was transferred to scintillation vials for
counting.

Measurement of InsP3 and InsP4

Cells were grown, harvested, incubated and extracted as for
the incorporation of [3H]-inositol into [3H]-InsP, except that
no [3H]-inositol was included. The concentrations of InsP3
and InsP4 were measured in separate triplicate 30 IAI aliquots
(total assay volume of 120 1l) of the same sample using
previously published radioreceptor binding assays employing
bovine adrenal and rat cerebellar membranes for InsP3 and
InsP4 measurements, respectively (Challiss et al., 1988; 1990;
Challiss & Nahorski, 1990). Protein concentrations were
determined on aliquots of harvested cells by the method of
Lowry et al. (1951).

Materials

[3H]-inositol and unlabelled InsP3 and InsP4 were obtained

from Amersham International plc, [3H]-InsP3 and [32P]-InsP4
were from Du Pont (UK) Ltd, Dowex formate anion
exchange resin from Bio-Rad, cell culture media from Gibco
and organic solvents from Fisons plc. [3H]-cytidine, car-
bachol, lithium chloride, myo-inositol, scyllo-inositol and all
other reagents were purchased from Sigma.

Results

Time course of effects of lithium on [3H]-InsP, and
[3H]-CMP-PA accumulation

[3HJ-InsP, In the presence of lithium alone (10 mM) or
carbachol alone (1 mM) there was a slight elevation in InsP,
levels, by about 20%, even at the earliest time points studied.
This degree of increase in InsP, was maintained throughout
the 60min duration of the experiment with lithium alone
whereas with carbachol alone InsP, levels increased to about
40% above basal at times greater than 20min (Figure la).

In the presence of both lithium and carbachol, there was a
pronounced increase in [3H]-InsP, levels over and above
levels in control (i.e. lithium-alone or carbachol-alone) by
5 min after which [3H]-InsP, continued to accumulate linearly
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Figure 1 Levels of [3H]-inositol monophosphates ([3H]-InsP,) (a)
and [3H]-cytidine monophosphorylphosphatidate ([3H]-CMP-PA) (b)
in ml CHO cells as a function of time after addition of carbachol or
buffer under a variety of experimental conditions: (0) basal (no
lithium and no carbachol); 0 plus carbachol (no lithium plus
stimulation with I mM carbachol for varying times); (U) plus lithium
(preincubation for 30 min with 1Omm lithium followed by addition
of buffer); (M) plus lithium and carbachol (preincubation for 30 min
with 10 mm lithium and stimulation with I mm carbachol); (V) plus
lithium, carbachol and inositol (preincubation for 30 min with
10 mm lithium and 10 mm myo-inositol and stimulation with I mM
carbachol). Values are expressed as a percentage of basal and are
presented as mean ± s.e.mean (n = 7 and n = 4 for [3H]-InsP, and
[3H]-CMP-PA, respectively). Note that in carbachol-stimulated cells,
accumulation of both [3H]-InsP, and [3H]-CMP-PA occurred within
5 min and that 10 mm myo-inositol reversed the lithium-induced
accumulation of [3H]-CMP-PA.
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until after 20 -30 min of stimulation. After 30 min the rate of
accumulation slowed down considerably. Maximum levels of
[3H]-InsP, levels reached about 600% of basal levels (Figure
la).

[3H]-CMP-PA Generally, the effects of lithium on the
accumulation of [3H]-CMP-PA (Figure lb) were similar to
those seen with [3H]-InsP,. Thus, lithium alone (10 mM)
elevated [3H]-CMP-PA levels by about 20% and carbachol
alone (1 mM) also stimulated accumulation but to a greater
extent than seen for [3H]-InsP,, with [3H]-CMP-PA achieving
levels after 10 min of cholinoceptor stimulation about 4 fold
of basal. With lithium plus carbachol there was a 70%
increase in levels at 2 min which became pronounced after
5 min. As with [3H]-InsP,, there was a linear accumulation of
[3H]-CMP-PA up to about 20 min after which levels
plateaued, with maximum [3H]-CMP-PA levels reaching
about 30 fold higher than basal.
When cells were preincubated with myo-inositol (10 mM) in

addition to lithium and then stimulated with carbachol, the
effects were dramatic with the large increase in [3H]-CMP-PA
seen with lithium and carbachol in the absence of myo-
inositol being abolished. However, although [3H]-CMP-PA
levels were initially (up to about 2 min) around 40% lower
than basal, at later time points there was a slight, progressive
increase in levels to about 250% of basal by 60 min, suggest-
ing that the reversal of the effects of lithium was about 95%.
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Time course of effects of lithium on InsP3 and InsP4

InsP3 Lithium alone (10 mM) had essentially no effect on
InsP3 concentrations whereas carbachol alone (1 mM) rapidly
produced, within 10 s, a large increase in InsP3 levels to
about 300% of basal (Figure 2a). Thereafter, InsP3 concen-
trations were maintained at between 200-300% of basal
throughout the duration of the experiment. In the presenoe
of lithium and carbachol, the short-term (< 10 min) effects
(i.e. large increase in InsP3 levels) were essentially the same as
in the absence of lithium. However, by 30 min lithium had
clearly attenuated the increase in InsP3 caused by carbachol,
with InsP3 concentrations reaching basal (Figure 2a). The
attenuation of the carbachol-induced elevation of InsP3 by
lithium could be reversed by the addition of exogenous myo-
inositol (10 mM) with the response in lithium/carbachol/myo-
inositol-treated cells being the same as in cells stimulated by
carbachol alone (i.e. myo-inositol cancels out the effects of
lithium). Indeed, if anything, InsP3 levels were enhanced in
the presence of exogenous myo-inositol (see also Lee et al.,
1992).

InsP4 The effects of lithium on InsP4 (Figure 2b) were
qualitatively the same as seen with InsP3. Hence, lithium
alone (10 mM) had no effect on InsP4 levels whereas car-
bachol alone (1 mM) produced a rapid increase in InsP4 levels
to about 500% of basal within the first minute. The
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Figure 2 Levels of inositol 1,4,5-trisphosphate (InsP3) (a) and inositol 1,3,4,5-tetrakisphosphate (InsP4) (b) in ml CHO cells as a
function of time after addition of carbachol or buffer under a variety of experimental conditions (figures on left show 0-5 min,
figures on right show 5-60 min): (0) basal (no lithium and no carbachol); (0) plus carbachol (no lithium plus stimulation with
1 mM carbachol for varying times); (U) plus lithium (preincubation for 30 min with 10 mM lithium followed by addition of buffer);
(@) plus lithium and carbachol (preincubation for 30 min with 10 mm lithium and stimulation with 1 mm carbachol for varying
times); (V) plus Li, carbachol and inositol (preincubation for 30 min with 10 mm lithium and 10mM myo-inositol plus stimulation
with 1 mM carbachol). Values are expressed as a percentage of basal values (averaged across the various time points) and are
presented as mean ± s.e.mean (n = 7 and n = 4 for InsP3 and InsP4, respectively). Basal InsP3 and InsP4 concentrations were in the
region of 30 and 10 pmol mg- ' protein, respectively. Note that lithium only started to attenuate the carbachol-induced elevation of
InsP3 and InsP4 after 20-30min and that this attenuation was reversed by the addition of exogenous myo-inositol (10mM).
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carbachol-induced elevation of InsP4 was sustained through-
out the experiment, with values varying between about
500-600% of basal. The short-term (<10 min') effects of
lithium on the carbachol-stimulated increase in InsP4 were
essentially negligible, but by 20 min the response to carbachol
became attenuated. However, this attenuation was not as
marked as with InsP3 (which reached basal levels by 30 min)
with InsP4 levels approaching basal only by 60 min. Again as
with InsP3, the lithium attenuation of the carbachol-induced
increase in InsP4 could be reversed by myo-inositol, with the
lithium/carbachol/myo-inositol time course being the same as
seen with carbachol alone.

Lithium dose-response curves

Figure 3 shows that the effects of lithium on [3H]-InsP, and
[3H]-CMP-PA accumulation and on the attenuation of the
carbachol-induced elevation of InsP3 and InsP4 levels were all
dose-dependent. Moreover, the mean ECsos ( ± s.e.mean) for
these various effects were all comparable: 1.2 ± 0.4 mM ([3H]-
InsP, response); 0.8 ± 0.2 mM ([3H]-CMP-PA); 0.9 ± 0.2 mM
(InsP3); and 0.9 ± 0.2 mM (InsP4).
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Reversal of effects of lithium by myo- but not scyllo-
inositol

Figure 4 shows that the effects of lithium on [3H]-CMP-PA
accumulation and on the attenuation of the carbachol-
induced elevation of InsP3 and InsP4 levels could all be
reversed, in a dose-dependent manner, by myo- but not
scyllo-inositol. The mean EC50s ( ± s.e.mean) for reversal by
myo-inositol were: 1.4 ± 0.2 mM for prevention of lithium-
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Figure 3 Effects of various concentrations of lithium (preincuba-
tion = 30 min) in carbachol-stimulated (1 mM; duration = 60 min)
ml CHO cells on accumulation of [3H]-inositol monophosphates
(pH]-InsP,) (*) and [3H]-cytidine monophosphorylphosphatidate
([3H]-CMP-PA) (A) (a) and attenuation of carbachol-induced inc-
rease in inositol 1,4,5-trisphosphate (InsP3) (O) and inositol 1,3,4,5-
tetrakisphosphate (InsP4) (A) (b). Mean ( s.e.mean) EC,0 values
were 1.2 ± 0.4 mM (n = 7) for [3H]-InsP1; 0.8 ± 0.2 mM (n = 6) for
[3H]-CMP-PA; 0.9 ± 0.2 mm (n = 6) for InsP3; and 0.9 ± 0.2 mm
(n = 5) for InsP4.
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Figure 4 Reversal of the effects of lithium (10 mM, preincuba-
tion = 30 min) on carbachol-stimulated (I mM; duration = 60 min)
[3H]-cytidine monophosphorylphosphatidate ([3H]-CMP-PA) accum-
ulation (a) and inositol 1,4,5-trisphosphate (InsP3) (b) and inositol
1,3,4,5-tetrakisphosphate (InsP4) (c) levels by myo-inositol (-) but
not scyllo-inositol (0) (i.e. experimental conditions plus lithium,
carbachol, and [various] myo- or scyllo-inositol). Mean (± s.e.mean)
EC50 values for myo-inositol reversal for [3H]-CMPA-PA, InsP3 and
InsP4 were 1.4 ± 0.2 mm (n = 6), 2.7 ± 0.3 mM (n = 4) and
3.3 ± 0.4 mM (n = 3), respectively.

induced [3H]-CMP-PA accumulation and 2.7 ± 0.3 mM and
3.3 ± 0.4 mM for the reversal of the lithium-induced attenua-
tion of the InsP3 and InsP4 responses, respectively.

Discussion

The linearity of [3H]-InsP1 accumulation over the first
20-30min in carbachol-stimulated ml CHO cells is com-
parable to that seen in the rat cortical slice preparation
(Gonzales & Crews, 1984; Kennedy et al., 1989) and the EC50
for this lithium-induced effect in ml CHO cells (1.2mM,
Figure 3; in agreement with a previous report of 1 mM;
Atack et al., 1993) was equivalent to that in cortical slices
(1-2 mM for total inositol phosphates i.e. inositol mono-
plus polyphosphates [Berridge et al., 1982; Brown et al.,

I
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1984] and 0.5 and 0.3 mM for InsP, [Batty & Nahorski, 1985;
Kennedy et al., 1989]). However, the EC50 for lithium in
mouse cortical slices was much lower (ca. 0.1 mM; Whitworth
& Kendall, 1988). The reduced rate of [3H]-InsP, accumula-
tion after about 20-30 min was also very similar to that seen
in rat cortical slices (Gonzales & Crews, 1984) and in
thyrotropin-releasing hormone-stimulated GH3 pituitary
tumour cells (Drummond et al., 1984; Hughes & Drummond,
1987) and is consistent with reduced PI cycle activity,
presumably as a consequence of inositol depletion. Unfor-
tunately, using the present method involving [3H]-inositol
prelabelling, it is not possible to address the issue of whether
exogenous myo-inositol can reverse this effect (i.e. can
exogenous inositol maintain stimulated PI cycle turnover
resulting in a continued, linear InsP, accumulation?) since
exogenous inositol would upset the established isotopic
equilibrium. However, this issue could be addressed by mass
measurements of InsP, isomers (Atack et al., 1992).
The dramatic accumulation of [3H]-CMP-PA seen in ml

CHO cells resembled that seen following cholinoceptor
stimulation in parotid gland slices (Downes & Stone, 1986)
and rat cerebral cortex slices (Godfrey, 1989; Kennedy et al.,
1990; Nahorski et al., 1991). However, whereas in rat cortical
slices (Godfrey, 1989; Kennedy et al., 1990) accumulation
was immediate, there was a 2-5 min lag period in ml CHO
cells whilst in parotid gland there was a slightly longer lag
(Downes & Stone, 1986). These differences are presumably
due to the different tissue preparations employed. The dose-
dependency of the effect of lithium on [3H]-CMP-PA
accumulation in ml CHO cells (0.8 mM; Figure 3) was
similar to that seen in the rat cortical slice preparation
(0.6 mM: Godfrey, 1989; Kennedy et al., 1990). A striking
feature of the response in both ml CHO cells and the rat
cortical slice preparation is the similarity between the [3H]-
CMP-PA accumulation and the [3H]-InsP, accumulation i.e.
2-5 min lag in ml CHO cells and immediate response in rat
cortical slices (Figure 1 and Kennedy et al., 1989; 1990).
These data confirm that [3H]-CMP-PA accumulation is a
sensitive indicator of inositol depletion caused by accumula-
tion of [3H]-InsP, due to inhibition of IMPase (Downes &
Stone, 1986; Kennedy et al., 1990; Nahorski et al., 1991).
With respect to InsP3 and InsP4, the greater increase in

InsP4 compared to InsP3 following cholinoceptor stimulation
in the absence of lithium is similar to that reported in rat,
mouse and guinea-pig cortical slices (Whitworth & Kendall,
1988; Kennedy et al., 1990; Nahorski et al., 1991; Lee et al.,
1992). As regards the time course of carbachol-stimulated
increases in InsP3 and InsP4, there was an initial spike of
InsP3 within the first min, whereas InsP4 levels rose less
dramatically with no evidence of a peak within the first min.
These results are in agreement with previous observations
using ml CHO cells (Lambert et al., 1991b) or the human
neuroblastoma cell line SH-SY5Y, which express endogenous
m3 muscarinic receptors (Lambert & Nahorski, 1990;
Lambert et al., 1991a). In the presence of lithium, there was
a definite lag time of about 20-30 min before lithium started
to attenuate the carbachol-induced elevation in InsP3 and
InsP4; at early time points, carbachol-stimulated InsP3 and
InsP4 concentrations were essentially the same in the presence
and absence of lithium. A similar lag period of about
10-20 min has been reported for reductions in InsP3 and
InsP4 in the rat (Kennedy et al., 1989; 1990; Nahorski et al.,
1991; Varney et al., 1992) and mouse (Whitworth & Kendall,
1988) cortical slice preparations. Furthermore, in electro-
physiological studies, the ability of muscarinic stimulation to
block the inhibitory actions of adenosine in a hippocampal
preparation was inhibited by lithium only after a 10-15 min
lag (Worley et al., 1988) and the densitization of carbachol-
induced hippocampal cell firing was attenuated by lithium
(an effect that could be reversed with 1 mM myo-inositol)
only after an appreciable delay (Pontzer & Crews, 1990).
This lag period presumably represents the time required for
depletion of agonist-linked membrane inositol phospholipids

after which the response to stimulation becomes reduced. The
EC50 of lithium's effect on InsP3 and InsP4 levels in ml CHO
cells were the same, 0.9 mM (Figure 3), which is higher than
seen in the rat cortical slice preparation for InsP3 and InsP4
(0.3 and 0.1 mM, respectively: Kennedy et al., 1989).
The various time course data are consistent with lithium

exerting its effect on the PI cycle via inhibition of IMPase,
resulting in accumulation of [3H]-InsP, and reduced free
inositol available for PI synthesis, thereby causing a con-
comitant increase in [3H]-CMP-PA levels. Although [3H]-
CMP-PA accumulation and therefore reduced PI synthesis
occurred within the initial 5 min after carbachol stimulation,
PI signal transduction presumably continues as normal as
judged by the linearity of InsP, accumulation (suggesting that
the rate of InsP, production is constant) and the lack of
effect of lithium on carbachol-stimulated increases in InsP3
and InsP4. However, after about 20-30 min, membrane
inositol phospholipids become depleted due to continued
stimulation of the cells such that carbachol-induced increases
in InsP3 and InsP4 become attenuated. At this point flux
through the PI cycle becomes reduced resulting in reduced
InsP, production, and hence the decreased rate of [3H]-InsP,
and [3H]-CMP-PA accumulation (Figure 1).
The key aspect of this sequence of events is the reduction

in free inositol available for PI synthesis as a consequence of
inhibition of IMPase. If this is correct then replenishment by
exogenous myo-inositol should reverse all these features (i.e.
accumulation of [3H]-InsP, and [3H]-CMP-PA and attenua-
tion of the carbachol-induced increases in InsP3 and InsP4).
Although it was not possible to study the effects of myo-
inositol on reversal of InsP1 accumulation (see above), myo-
inositol was able to abolish the effect of lithium on [3H]-
CMP-PA and InsP3 and InsP4. Hence, lithium-induced
accumulation of [3H]-CMP-PA following cholinoceptor
stimulation in ml CHO cells was almost completely reversed
by addition of 10mM myo- but not scyllo-inositol with an
ECs0 of 1.4 mM and the attenuation of InsP3 and InsP4
responses by lithium were reversed by myo-inositol with
respective ECsos of 2.7 and 3.3 mM (Figure 4). These results
are similar to those seen in parotid gland where [3H]-CMP-
PA accumulation could be restored to levels seen in the
absence of lithium by 10-30 mM myo-inositol (Downes &
Stones, 1986). In cholinoceptor-stimulated rat brain slices,
Godfrey (1989) observed complete reversal of lithium-
induced [3H]-CMP-PA accumulation by 10 mM myo-inositol,
with an EC50 of 0.8 mM and in an autoradiographic study of
[3H]-cytidine incorporation into membrane [3H]-CMP-PA,
Hwang et al. (1990) reported a reversal of the effects of
lithium by myo-inositol at a concentration of 20 mM. How-
ever, also in rat brain slices, Nahorski and colleagues (Ken-
nedy et al., 1990; Nahorski et al., 1991) reported only partial
reversal of lithium-induced [3H]-CMP-PA accumulation and
attenuation of InsP3 and InsP4 responses by 10 and 30 mM
myo-inositol (but no effect of scyllo-inositol), presumably due
in these particular preparations to relatively poor transport
of exogenous myo-inositol into inositol-depleted cells. The
differences in responses of different tissues may, as suggested
by Nahorski et al. (1991), reflect differences in inositol
reserves, inositol transport systems, resting inositol monophos-
phates and differences in the kinetic properties of PI synthase
between tissues (e.g. different EC50 values for myo-inositol for
the reversal of [3H]-CMP-PA accumulation in rat, mouse and
guinea-pig cortical slice preparations: Lee et al., 1992).

It should be emphasised that in the present study, the
effects of lithium were readily observed in cells grown in low
inositol concentration medium. Indeed, the validity of the
hypothesis that lithium may exert its effects in vivo via its
actions on PI cycle activity due to inositol depletion has
recently been challenged by observations that although
lithium does indeed attenuate agonist-induced increases in
InsP3 and InsP4 in rat and mouse cortical slices, there is no
comparable effect in guinea-pig or monkey brain cortical
slices (Dixon et al., 1992; Lee et al., 1992). These species
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differences were ascribed to differences in endogenous inositol
levels in the different cortical slice preparations.

Clearly, in tissues in which inositol depletion can be easily
achieved (e.g. rat or mouse cortical slices or ml CHO cells),
the effects of lithium on PI cycle activity are readily
observed. However, the key issue, highlighted by the studies
of Hokin and colleagues (Dixon et al., 1992; Lee et al., 1992),
is whether sufficient inositol depletion to impair PI cycle
functioning occurs in vivo. Thus, it is possible that in the
brain in vivo, although free inositol levels fall after lithium
administration, the decrement of about 35% (Allison &
Stewart, 1971; Sherman et al., 1986) may not be sufficient to
be rate-limiting in the synthesis of PI and consequently the
levels of brain InsP3 and InsP4 may not be altered in vivo by
lithium-treatment. However, it has recently been reported
that lithium can attenuate pilocarpine-induced elevations in
rat cortical InsP3 levels (Jope et al., 1992). Moreover, this
effect was observed at 60 min but not 20 min, a time course
consistent with the effects seen in ml CHO cells (Figure 2). It

therefore seems that the reduced levels of inositol in the rat
cortex in vivo are indeed sufficient to impair PI-linked intra-
cellular signalling (or at least InsP3), presumably as a conse-
quence of reduced PI synthesis caused by inositol depletion.

In summary, we have characterized the effects of lithium
on [3H]-InsP, and [3H]-CMP-PA accumulation and InsP3 and
InsP4 concentrations in cholinoceptor-stimulated ml CHO
cells. The effects of lithium were all dose-dependent with
EC"s in the region of 1 mM, which is approximately equiva-
lent to therapeutic plasma levels of lithium (Drummond,
1987) and also comparable to the K, for lithium vs inositol
monophosphatase (Hallcher & Sherman, 1980; Gee et al.,
1988; McAllister et al., 1992). The effects of lithium on
[3H]-CMP-PA and InsP3 and InsP4 were all consistent with
being due to inositol depletion since exogenous myo- but not
scyllo-inositol were able to reverse these effects. These data
support the hypothesis that lithium can modulate PI cycle
activity due to inositol depletion as a consequence of inhibi-
tion of IMPase.
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The role of nitric oxide in cholinergic neurotransmission in rat
trachea
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1 We have investigated the role of nitric oxide (NO) in cholinergic contraction in rat trachea.
2 Methylene blue (1O nM to 30 fLM) potentiated cholinergic contraction induced by electrical field
stimulation (EFS) at 5 Hz in a concentration-dependent fashion. At a concentration of 30 i1M, methylene
blue decreased responses to log EFS frequency, producing 50% of maximum contraction from a control
value of 0.74 ± 0.09 Hz to 0.30 ± 0.05 Hz without a significant effect on concentration-response curves
to acetylcholine (ACh).
3 NG-monomethyl-L-arginine (L-NMMA; 100 1AM) also potentiated cholinergic contraction induced by
EFS at 5 Hz (131.5 ± 4.6% of control) without having any effect against ACh (3 jiM)-induced contrac-
tions. Likewise, L-NMMA (10011M) significantly increased EFS (5 Hz)-evoked release of ACh from
tracheal segments into the bath solution (51.4 ± 4.0 pmol ml-' in the presence of L-NMMA and
35.0 ± 1.8 pmol ml-' in the absence of L-NMMA, respectively).
4 Administration of NO (present in acidified soluton of NaNO2) (1 nM to 10 tM) and sodium
nitroprusside (100 nM to 10 ytM) concentration-dependently reduced EFS (5 Hz)-induced cholinergic
contractions without having a significant effect on ACh (3 tLM)-induced contractions. These results were
unaffected by prior exposure of the tissues to L-NMMA (100 ftM).
5 Dibutyryl cyclic GMP (3 mM) also reduced cholinergic contractions induced by EFS at 5 Hz
(70.1 ± 3.6% of control) without any significant effect on ACh (3 f1M)-induced contractions.
6 Pretreatment of tissues with capsaicin (30 1LM) or a-chymotrypsin (1 u ml-') failed to inhibit
methylene blue (30 JLM)-induced potentiation of responses to EFS at 5 Hz.
7 These results suggest that an endogenous NO-like factor may mediate prejunctional inhibition of
cholinergic contraction through a cyclic GMP-dependent mechanism in rat trachea.

Keywords: Nitric oxide; vasoactive intestinal peptide; non-adrenergic inhibitory nerve; acetylcholine release

Introduction Methods

There is evidence that nitric oxide (NO) is a mediator of
non-adrenergic non-cholinergic (NANC) stimulation-induced
relaxations of the anococcygeus muscle of the rat (Li &
Rand, 1989; Gillespie et al., 1989) and mouse (Gibson et al.,
1990) and of rat gastric fundus strips (Li & Rand, 1990). In
the airway, NO plays a role in NANC relaxation of tracheal
smooth muscle in guinea-pigs (Tucker et al., 1990; Li &
Rand, 1991).

Vasoactive intestinal polypeptide (VIP), another candidate
for NANC inhibitory neurotransmitters, has been shown to
inhibit cholinergic neurotransmission in ferret (Sekizawa et
al., 1988), cat (Aikawa et al., 1990; Hakoda & Ito, 1990; Xie
et al., 1991) and dog (Hakoda & Ito, 1990; Xie et al., 1991)
trachea as well as relaxing airway smooth muscle (Altiere &
Diamond, 1984; Palmer et al., 1986). However, the modu-
latory effect of NO on cholinergic neurotransmission is not
known.
We have therefore investigated the effects of Nc-mono-

methyl-L-arginine (L-NMMA), an inhibitor of NO synthesis
and methylene blue, an inhibitior of NO-activated guanylate
cyclase (Ignarro, 1989), on cholinergic contractions evoked
by electrical field stimulation (EFS), to determine whether
endogenous NO has a modulatory action on cholinergic
neurones. We have also investigated the effects of the agonist
NO and sodium nitroprusside (SNP) which is known to
release NO (Moncada, 1992) on EFS-induced cholinergic
contraction.

' Author for correspondence.

Male Sprague-Dawley rats (Funabashi Farm, Shizuoka, Ja-
pan), weighing 250 to 300 g, were anaesthetized with sodium
pentobarbitone (50 mg, i.p.). The trachea was removed rapid-
ly and transverse rings (3 mm long) were cut from it. These
rings were mounted in organ baths containing 5 ml Krebs-
Henseleit solution maintained at 37°C. Isometric tension was
continuously measured with a force transducer (TB 612-T,
Nihon Koden, Japan) connected to a pen recorder (HORIZ-
8K, San-ei Co., Japan). Tracheal rings were placed between
two rectangular platinum electrodes (6 x 40 mm) for EFS.
These tissues were stretched initially to a tension of 1 g for
30s and thereafter maintained for 60 min under a resting
tension of 0.5 g, which was found to be optimal for measur-
ing changes in tension. EFS (supramaximal voltage of 50 V
and 0.5 ms duration) was applied for 30 s. All experiments
were carried out in the presence of indomethaciin (1 SAM),
propranolol (1 tLM) and phentolamine (10 pM). The contrac-
tile responses induced under these conditions were completely
abolished by tetrodotoxin (1 jAM) or by atropine (1 jAM),
confirming the neural and cholinergic nature of the response.

Experimental protocol

To determine the baseline responses, tissues were stimulated
electrically five times at 5 Hz at 5 min intervals. We then
added increasing concentrations of methylene blue (from
10 nm to 30 jAM) and repeated the stimulation 10 min after
the administration of each concentration of methylene blue,
when the effect of methylene blue on the response to EFS
reached its maximum. Methylene blue was administered after
the preceding contraction had returned to the baseline. In

'." Macmillan Press Ltd, 1993Br. J. Pharmacol. (I 993), 110, 816 820
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preliminary studies, we found that methylene blue caused a
concentration-dependent increase in contractions induced by
EFS at 5 Hz. However, because methylene blue itself changed
the baseline tension at concentrations higher than 100 JAM, we
studied the effect of 30 JM methylene blue on stimulus
frequency-response curves to EFS. To determine the effects
of methylene blue on stimulus frequency-response curves we
stimulated tissues by varying the stimulus frequencies from
1 Hz to 50 Hz. After the first frequency-response curve was
completed, we performed the second one 10 min after the
administration of methylene blue at a concentration of
30 gM. To determine whether the effects of methylene blue
are mediated by postjunctional cholinergic mechanisms, we
studied the effects of methylene blue (30 JM) on the cumul-
ative concentration-response curves to acetylcholine (ACh)
(from 1 nm to 1 mM). Likewise, we tested the effects of
L-NMMA on the contractile response to EFS at 5 Hz and
ACh (3 JAM), which produced a contractile response equiva-
lent to that produced by EFS at 5 Hz. L-NMMA (100 I1M)
was added 20 min before the response to EFS or ACh was
elicited.

Effects of the agonists NO (from 1 nM to 1 mM), SNP
(from 100 nM to 0.1 mM) and dibutyryl guanosine 3':5'-cyclic
monophosphate (db cyclic GMP, 3 mM) on the contractile
responses to EFS at 5 Hz and ACh (3 JAM) were also studied.
Because ACh (3 JM)-induced contractions required 2 min to
reach maximum, NO was added immediately before ACh,
but 2 min before the more rapidly developing response to
EFS. Other agonists were added 10 min before stimulation
with either EFS or ACh. To evaluate further whether endo-
genous NO released during EFS modified the agonist-in-
duced effects on the contractile response to EFS, we tested
NO (10 JM), sodium nitroprusside (SNP) (10 JAM) and db
cyclic GMP (3 mM) on contractions induced by EFS at 5 Hz
in the presence of L-NMMA (100 JM).
To examine the effect of endogenously released VIP and

sensory neuropeptides such as substance P and neurokinin A
on EFS-induced contractions, we tested the effects of a-
chymotrypsin (1 u ml-') and capsaicin (30 jaM) on methylene
blue (30 gM)-induced potentiating actions on contractions
induced by EFS at 5 Hz. Tissues were pretreated with a-
chymotrypsin for 15 min before the study. In the case of
capsaicin, tissues were pretreated for 20 min and were wash-
ed out before the study.

Measurement of ACh release

To examine whether endogenous NO inhibits ACh release
from rat trachea, we performed parallel studies on paired
rings of the same length (3 mm) from the same animal. One
randomly chosen tracheal ring was pretreated with L-NMMA
(100 gM) and the other was pretreated with the vehicle of
L-NMMA. The tracheal rings were mounted in the 2 ml
organ bath and maintained for 60 min in the same condition
as in the case of tension measurement. Then, the contents of
the bath were emptied, the bath was refilled with buffer
(same contents), and either L-NMMA (100 JAM) or the vehicle
of L-NMMA was added into the bath. Twenty minutes after
the addition of L-NMMA, EFS at 5 Hz (50 V and 0.5 ms
duration) was applied for 30 min. All experiments were car-
ried out in the presence of indomethacin (10 JM), prop-
ranolol (1 jaM), phentolamine (1 JAM) and neostigmine (1 JAM)
(Baker et al., 1992). Neostigmine was present to prevent
hydrolysis of ACh by endogenous acetylcholinesterase activ-
ity. After the end of EFS, the incubation solution was stored
at - 80°C until analysis. We also examined the release of
ACh from tracheal rings (3 mm long) during 30 min incuba-
tion without EFS. In the analysis, lOOl of a 20 pM solution
of ethylhomocholine (EHC), as an internal standard for
ACh, was added to 1 ml of the incubation solution and
mixed. The mixture was filtered with a 0.45 JAm-millipore
filter and 100 JAl aliquots were subjected to analysis by liquid
chromatography according to the procedure previously des-

cribed (Ikarashi et al., 1984; 1992). The system consisted of a
pump, an injector with a 100 JLI sample loop and a work
station for the data processing used in conjunction with an
amperometric detector with a platinum electrode (IRICA
Instrument Inc., Kyoto, Japan). The analytical column was a
Bioanalytical Systems Acetylcholine Separation Column (60
mm x 4 mm i.d., 3 JAm, polystyrene-based packing materials,
Bioanalytical Systems, BAS, West Lafayette, IN, U.S.A.). An
immobilized column (5 mm x 4 mm i.d., BAS) containing
acetylcholinesterase (AChE) and choline oxidase (ChO) was
used for post-column reaction. A glassy carbon pre-column
(IRICA) was used for removing interfering peaks except for
targeted compounds. The column temperatures were main-
tained at 35°C by means of a temperature controller
(IRICA). The mobile phase comprised a 0.05 M phosphate
buffer, pH 8.4 containing 1 mM EDTA-2Na and 0.4 mM
sodium octanesulphonate. The flow rate was 0.7 ml min-'.
The electrode potential was set at + 0.5 V relative to a
Ag/AgCl reference electrode. The principle of the technique
is based upon the separation of EHC and ACh in the separa-
tion column, followed by their enzymatic conversion through
post-column reaction with AChE and ChO to hydrogen
peroxide, which is detectable electrochemically by platinum
electrode. Under the chromatographic conditions, the reten-
tion times of EHC and ACh were 5.75 and 10.64 min, respec-
tively. A calibration curve for the determination of ACh is
linear between 0 and 80 pmol ml-'. The minimum detection
limit in the injected sample was at least 0.25 pmol for ACh.
In preliminary experiments, the addition of indomethacin
(10 JAM), propranolol (1 JM), phentolamine (1 JAM), neostig-
mine (1 JM) or L-NMMA (100 JM) to the Krebs-Henseleit
buffer did not create retention peaks.
The following drugs were used: tetrodotoxin, atropine

sulphate, indomethacin, methylene blue, capsaicin, a-chymo-
trypsin, vasoactive intestinal peptide, N2, 2'-O-dibutyryl gua-
nosine 3': 5'-cyclic monophosphate, ACh iodide (Sigma),
( ± )-propranolol hydrochloride, sodium nitroprusside dehy-
drate (Wako Pure Chemicals), phentolamine (Ciba Geigy).
NG-monomethyl-L-arginine was kindly given by Dr K. Ais-
aka (Suntory Limited, Osaka, Japan). EHC iodide as IS was
synthesized from iodoethane and 3-dimethylamino-1-propa-
nol.

Values are expressed as mean ± s.e.mean. Statistical analy-
sis was performed by one way analysis of variance.
Significance was accepted at P <0.05.

Results

Methylene blue up to concentrations of 30 JAM did not change
the baseline tension. However, methylene blue (from 10 nM
to 30 JM) caused a concentration-dependent increase in the
contractile response to EFS at 5 z (Figure 1). EFS frequency-
response curves were evaluated by mean ( ± s.e.mean) log
frequency of the stimulation producing 50% of maximal
contraction to EFS (ES50). EFS frequency-response curves
were reproducible and ES50 did not differ significantly be-
tween the first and second frequency-response curves in the
absence of methylene blue (0.74 ± 0.07 Hz vs. 0.75 ± 0.10 Hz;
P <0.50, n = 5). However, methylene blue (30 JAM) shifted
the mean frequency-response curve to the left and signifi-
cantly reduced ES50 (0.74 ± 0.09 Hz vs. 0.30 ± 0.05 Hz; P<
0.01, n = 7) (Figure 2a). In contrast to EFS-induced contrac-
tions, ACh-induced contractions were not affected by methy-
lene blue (30 JM) (- log EC50 = 5.45 ± 0.49 M vs. 5.45 ± 0.38
M; P<0.50, n = 7) (Figure 2b).
L-NNMA (100 JAM) significantly increased the contractile

response to EFS at 5 Hz (131.5 ± 4.6% of control, P<0.01,
n = 7) but it had no significant effect on the contractile
response to exogenously administered ACh (3 JAM) (98.2 +
5.4% of control, P> 0.30, n = 7). The amount of acetyl-
choline in the bath solution was below the detection limit
without EFS. However, EFS at 5 Hz caused a significant
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Figure 1 Concentration-response curves to methylene blue in the
contractile response to electrical field stimulation (EFS) at 5 Hz.
Data are shown as mean ± s.e.mean of values from 7 rats.
Significant differences from control values are indicated by
**P<0.01 and ***P<0.001.
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release of ACh from tracheal segments into the bath solution
and this release of ACh was significantly enhanced by L-
NMMA (100 fLM) (51.4 ± 4.0 pmol ml-' in the presence of
L-NMMA vs. 35.0 ± 1.8 pmol ml-' in the absence of L-
NMMA; P<0.01, n=7) (Figure 3).

Administration of NO (present in acidified solution of
NaNO2) and SNP decreased the amplitude of the contractile
responses to both EFS at 5 Hz and ACh (3 ,UM) (Figure
4a,b). The inhibition of each was concentration-dependent.
NO and SNP at 10lOM inhibited EFS-induced contractions
(67.0 ± 4.8% of control and 72.0 ± 3.6% of control respec-
tively; P<0.01) but did not significantly alter the contractile
response of exogenously administered ACh (3 pM) (95.1 ±
4.7% of control and 96.1 ± 3.2% of control, respectively;
P>0.20). Likewise, inhibitory effects of NO (10O"M) and
SNP (10 tiM) on EFS-induced contractions did not differ
significantly in the presence or absence of L-NMMA (100
gM) (71.0 ± 5.2% of control in the presence of L-NMMA vs.
67.0±4.8% of control in the absence of L-NMMA and
69.3 4.1% of control in the presence of L-NMMA vs.
72.0 ± 3.6% of control in the absence of L-NMMA, respec-
tively; P> 0.20). NO at 1 mm and SNP at 0.1 mM inhibited
EFS-induced cholinergic contractions (14.6 ± 3.0% of con-
trol and 51.2 ± 3.1% of control, respectively; P<0.001) and
ACh-induced contractions (56.8 ± 5.0% of control and 79.0
± 4.0% of control, respectively; P <0.01).
Db cyclic GMP (3 mM) significantly inhibited the contrac-

tile response to EFS at 5 Hz both in the presence and
absence of L-NMMA (100 tAM) (67.2 ± 4.3% of control and
70.1 ± 3.6% of control, respectively; P<0.01, n = 5) without
affecting ACh (3 lIM)-induced contractions (101.8 ± 4.9% of
control; P> 0.50, n = 5).

Pretreatment of tissues with either capsaicin (30 JAM) or
a-chymotrypsin (1 u ml-) failed to inhibit methylene blue
(30 tiLM)-induced potentiating responses to EFS at 5 Hz
(168.2 ± 5.0% of control in the absence of treatment, 164.8
± 4.9% of control in the presence of capsaicin and 171.3 ±
7.2% of control in the presence of a-chymotrypsin, respec-
tively, P> 0.20, n = 5).
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Figure 2 (a) Effects of methylene blue on the frequency-response
curve to electrical field stimulation (EFS). Data are shown as
mean ± s.e.mean of values from 7 rats. EFS at 50 Hz caused con-
tractions of 1.2 ± 0.4 g in control conditions. Methylene blue (30 p.M;
0) shifted the control frequency-response curve (0) to the left. (b)
Concentration-response curves to acetylcholine (ACh) in the presence
(@) and absence (0) of methylene blue (30 JAM). Data are shown as
mean ± s.e.mean of values from 7 rats. Maximal contraction induced
by ACh was 1.1 ± 0.3 g in control conditions.
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Figure 3 Electrical field stimulation (5 Hz)-evoked release of acetyl-
choline in the presence of N0-monomethyl-L-arginine (L-NMMA,
100 JM; solid column) and the vehicle of L-NMMA (open column).
Data are shown as mean ± s.e.mean of values from 7 rats.
Significant difference between columns is indicated by **P<0.01.
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Figure 4 (a) Concentration-response curves to nitric oxide (NO,
present in acidified solution of NaNO2) in the contractile responses
to electrical field stimulation (EFS) at 5 Hz (0) and acetylcholine
(3 tiM; 0). Data are shown as mean ± s.e.mean of values from 7
rats. Significant differences from control values are indicated by
*P<0.05, **P<0.01 and ***P<0.001. (b) Concentration-response
curves to sodium nitroprusside (SNP) in the contractile responses to
electrical field stimulation (EFS) at 5 Hz (0) and acetylcholine
(3ytM; 0). Data are shown as mean ± s.e.mean of values from 7
rats. Significant differences from control values are indicated by
*P<0.05, **P<0.01 and ***P<0.001.

Discussion

In the presence of adrenoceptor antagonists and indome-
thacin, EFS caused contractions which were abolished by
atropine and tetrodotoxin, suggesting that these responses
resulted from cholinergic nerve stimulation. Since these con-
tractions were significantly potentiated by L-NMMA, a
specific inhibitor of NO production (Palmer et al., 1988;
Moncada et al., 1989: Johns et al., 1990), inhibition of these
contractions was mediated by an NO-like factor. In addition,
exogenous administration of NO and SNP, an agent releas-
ing NO (Moncada, 1992) reduced the cholinergic contraction
induced by EFS. Furthermore, methylene blue, an agent
believed to inhibit the activation of NO-activated guanylate
cyclase (Martin et al., 1985; Ignarro et al., 1989) potentiated
the cholinergic contraction induced by EFS, an opposite
effect observed to that with the stable cyclic GMP analogue,

db cyclic GMP. These results indicate the endogenous NO-
like factor modulates cholinergic contraction through a cyclic
GMP-dependent mechanism.

In order to establish whether NO elicits its inhibitory
effects prejunctionally on neuronal terminals or postjunc-
tionally on the acetylcholine receptors of the airway smooth
muscle, we compared the effects of L-NMMA and methylene
blue on the contractile response to EFS with the effects that
they had on the contractile response to ACh. Both L-NMMA
and methylene blue potentiated contractions induced by EFS
without a significant effect on contractions induced by ACh.
Likewise, exogenous NO and SNP in concentrations that did
not alter the contractile response to ACh inhibited similar
contractions induced by EFS. Furthermore, L-NMMA en-
hanced release of ACh from tracheal segments induced by
EFS. These results indicate that an endogenous NO-like
factor inhibits the release of ACh from cholinergic nerves.
Brave et al. (1991) showed that L-NG-nitro-arginine poten-
tiates contractions induced by EFS but has no effect on ACh
release in the guinea-pig trachea. They suggested that NO
released along with ACh during EFS acts directly on smooth
muscle to produce effects opposite to those of ACh. In the
present study, we used the rat trachea and therefore a species
difference may explain the difference between the present
study and that of Brave et al. (1991). However, the present
study cannot rule out the contribution of a postsynaptic
relaxant effect of endogenously released NO on EFS-induced
contractions.

Although the precise nature of the NANC inhibitory
neurotransmitter in the airway is still debated, VIP is be-
lieved to be the most likely candidate. VIP has been shown
to inhibit prejunctionally cholinergic contractions in the air-
way (Sekizawa et al., 1988: Aikawa et al., 1990; Hakoda &
Ito, 1990; Xie et al., 1991). However, a-chymotrypsin which
inhibits the relaxant action of VIP in the airway (Li & Rand,
1991) did not alter methylene blue-induced potentiating res-
ponses to EFS, suggesting that prejunctional inhibition of
cholinergic contractions is not mediated via VIP in rat
trachea. Likewise, sensory neuropeptides such as substance P
and neurokinin A are unlikely to be the mechanism for
prejunctional inhibition of cholinergic contractions because
pretreatment of tissues with capsaicin failed to alter methy-
lene blue-induced potentiating effects on cholinergic contrac-
tions.
The source of NO released during EFS is unknown in the

present study. However, it is possible that NO could be
released from nerves, endothelial cells lining blood vessels or
other cell types that express NO synthase (Moncada et al.,
1991). NO causes relaxation of airway smooth muscle (Tuck-
er et al., 1990; Li & Rand, 1991) and pulmonary artery (Liu
et al., 1991). The receptor for NO in several tissues and cells
including nerves appears to be soluble guanylate cyclase
(Rapoport & Murad, 1983; Moncada, 1992). Cyclic GMP is
reported to inhibit noradrenaline release from sympathetic
nerve endings in canine vascular smooth muscle (Greenberg
et al., 1990). Our data suggest that the effects of NO on
cholinergic nerve endings are also mediated via a cyclic'
GMP-dependent mechanism.

In conclusion, our study suggests that an endogenous NO-
like factor released during EFS may mediate prejunctional
inhibition of cholinergic contraction through a cyclic GMP-
dependent mechanism.

The authors thank Dr K. Aisaka for gifts of L-NMMA and Mr G.
Crittenden for correcting the manuscript.
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The effects of a converting enzyme inhibitor (captopril) and
angiotensin II on fetal renal function

'E.R. Lumbers, J.H. Burrell, R.I. Menzies & A.D. Stevens

School of Physiology and Pharmacology, University of NSW, PO Box 1, Kensington, Sydney, NSW 2033, Australia

1 Renal function was studied in chronically catheterized fetal sheep (119-128 days gestation), before
and during treatment of the ewe with the angiotensin converting enzyme (ACE) inhibitor, captopril,
which crosses the placenta and blocks the fetal renin angiotensin system.
2 An i.v. dose of 15 mg (about 319 tLg kg-') of captopril to salt-replete ewes followed by an infusion to
the ewe of 6 mg h-' (about 128 fig kg-' h-') caused a fall in fetal arterial pressure (P<0.01), and a rise
in fetal renal blood flow (RBF) from 67.9 ± 5.6 to 84.9 ± 8.3 ml min-' (mean ± s.e.mean) (P<0.05).
Renal vascular resistance and glomerular filtration rate (GFR) fell (P<0.01); fetal urine flow (P<0.01)
and sodium excretion declined (P<0.05).
3 Ewes were treated for the next 2 days with 15 mg captopril twice daily. On the 4th day, 15 mg was
given to the ewe and fetal renal function studied for 2 h during the infusion of captopril (6 mg h-') to
the ewe. Of the 9 surviving fetuses, 3 were anuric and 3 had low urine flow rates. When 6 ytg kg-' h-' of
angiotensin II was infused directly into the fetus RBF fell from 69 ± 10.1 ml min-' to 31 ± 13.9 ml
min-', GFR rose (P<0.05) and urine flow (P<0.01) and sodium excretion increased in all fetuses.
4 It is concluded that the small fall in fetal arterial pressure partly contributed to the fall in fetal GFR
but in addition, efferent arteriolar tone fell so that the filtration pressure fell further. Thus maintenance
of fetal renal function depends on the integrity of the fetal renin angiotensin system. These findings
explain why use of ACE inhibitors in human pregnancy is associated with neonatal anuria.

Keywords: Captopril; glomerular filtration rate; angiotensin II; sodium excretion

Introduction

It has been claimed that angiotensin converting enzyme inhi-
bitors (ACE inhibitors) are fetotoxic (Broughton Pipkin et
al., 1982) possibly because of their effects on maternal and
fetal cardiovascular function (Lumbers et al., 1992). When
captopril was given to the pregnant ewe, maternal and fetal
hypotension occurred; uteroplacental and umbilicoplacental
blood flows both fell and there was a small but significant
decline in fetal arterial P02. In addition, fetal urine flow rate
decreased (Lumbers et al., 1992). Clinically, treatment of
pregnancy associated hypertension with ACE inhibitors has
been associated with neonatal anuria (Editorial, Lancet 1989;
Shubiger et al., 1988). Furthermore, recent reports of oligo-
hydramnios and pulmonary hypoplasia (see Brent & Beck-
man, 1991) may result from a fall in the rate of production
of amniotic fluid due to reduced production of fetal urine.
However, previous studies in which captopril was administer-
ed directly to fetal sheep failed to show any marked effects of
the drug on fetal renal function, although it was noted that
in an older group, glomerular filtration rate (GFR) tended to
fall as did renal vascular resistance (Robillard et al., 1983).
Captopril given to the ewe rapidly crosses the placenta and
blocks the formation of fetal angiotensin II (AII) (Lumbers
et al., 1992). Thus it is likely that captopril given directly to
the fetus (Robillard et al., 1983) would cross back into the
maternal circulation so lowering the concentration of capto-
pril in fetal blood.
To test the hypothesis that repeated administration of

captopril to the mother (a more likely clinical regimen)
would adversely affect fetal renal function, and to determine
the role (if any) of the fetal renin-AII system in maintenance
of fetal renal function, experiments were carried out in preg-
nant ewes and their fetuses. In these experiments the acute
effects of maternally administered captopril on fetal renal
function were studied; the ewes were treated with captopril
for a further 2 days and fetal renal function measured on the

' Author for correspondence.

4th day of captopril treatment, after which AII was infused
into the fetus. In an attempt to minimize the maternal and
fetal cardiovascular effects of converting enzyme blockade
described in an earlier study (Lumbers et al., 1992), ewes
were given an excess of salt as a supplement in their diet.

Methods

Experimental protocols were approved by the Animal Care
and Ethics Committee, University of NSW.

Surgery

Thirteen pregnant ewes (119-128 days gestation) were anaes-
thetized with an i.v. dose of 1 g sodium thiopentone and
maintained with 2-3% halothane in oxygen. As these agents
cross the placenta, each fetus was also anaesthetized (Lum-
bers, E.R., unpublished observations).
Under aseptic conditions polyvinyl catheters (1.5 mm o.d.,

1.0 mm i.d.) were inserted into one fetal femoral artery, and
both tarsal veins and a suprapubic catheter was inserted in
the bladder (Lumbers & Stevens, 1983). A polyvinyl catheter
(2.7 mm o.d., 1.5 mm i.d.) was inserted into the right mater-
nal carotid artery, and a Swann-Ganz catheter passed into
the maternal pulmonary artery by the right jugular vein. At
the end of surgery and for the next 2 days, procaine penicillin
(600 mg) and dihydrostreptomycin sulphate mixture (750 mg)
were given i.m. to the ewe and into the amniotic cavity.
The ewes were housed in metabolic cages in a laboratory

maintained at 18-20°C. The average weight of pregnant ewes
in this laboratory is 46.8 ± 0.8 (mean ± s.e., n = 47). They
had free access to water and a diet of lucerne chaff and oats.
An excess of salt, 16.5 g/day of sodium chloride (BDH
Chemicals), was added to the ewe's diet. Lucerne chaff con-
tains about 33 mmol kg-' of salt and the ewes eat 1-1.5 kg/
day (Gibson & Lumbers, 1992). The excess salt was added to
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suppress maternal plasma renin activity and minimize the
effects of captopril on maternal and fetal cardiovascular
function (see Lumbers et al., 1992). Maternal food and water
intake and urine output were recorded daily. No experiments
were carried out for at least 5 days after surgery.

Experimental protocol

Thirteen fetuses (123-133 days gestation) were studied on
the first day of the experiment.
Day I On the first day, the fetal bladder was drained for
45 min; 30 min before the first urine collection, the fetus was
given 1.8 1Ci kg-' estimated body weight of sodium ['25I]-
iothalamte (Amersham) and 250 ymol kg-' of lithium. These
injections were followed by continuous i.v. infusions of sod-
ium iothalamate (0.3 LCi kg-' h-') and lithium (10 imol
kg-' h-'). The ewe was given an i.v. dose of 150 Lmol kg-'
of lithium chloride (BDH Chemical Ltd).

Urine was collected under anaerobic conditions (i.e. into a
glass burette under a 1 cm layer of mineral oil) at 30 min
intervals for 4 h. During the first 2 h, control observations
were made. Then an i.v. dose of 15 mg captopril (about
3191g kg-') was given to the ewe, followed by a continuous
infusion of captopril (6mgh-', about 128ttgkg-'h-') for
the next 2 h. These doses of captopril given to the ewe block
the formation of AII in the fetus (Lumbers et al., 1992).

Arterial blood samples (4 ml) were collected from ewe and
fetus halfway through the 2nd and 4th control collection
periods and halfway through the 2nd and 4th 30 min periods
of captopril treatment. At the end of the experiment, the
maternal captopril infusion was stopped and catheters were
flushed with 0.15 M saline containing 100 i.u. of heparin ml-'.

Days 2 and 3 On days 2 and 3, 15mg (about 319 Lgkg-')
of captopril was given i.v., twice daily to the ewe. To deter-
mine if the fetus was alive, 1-2 ml of fetal arterial blood was
taken; the bladder catheter was opened and drained for 0.5 h
and urine collected for another 0.5 h immediately after the
ewe had been given the first of her 2 daily injections of
captopril.

Day 4 On day 4, the ewe was given an i.v. injection of
15 mg (about 319 gtg kg-') captopril in the period during
which the fetal bladder was drained, i.e. 30 min before urine
collections began. An infusion of 6 mg h-' (about 128 fg
kg-' h-') of captopril for 2 h was also started. After 2 h, the
infusion of captopril was stopped and 6 iLg kg-' h-' of AII
was infused i.v. into the fetus for the next 3 h. This high dose
of AII was chosen to ensure that there was sufficient AII in
the fetal circulation. Fetal plasma AII levels measured during
infusion of a similar dose of All (5.8 ytg kg-' h-') were about
400 pg ml' (Robillard et al., 1992). Arterial blood samples
(4 ml) were collected from both ewe and fetus halfway
through the 2nd and 4th periods during which captopril was
given to the ewe and halfway through the 2nd, 4th and 6th
periods during which AII was infused into the fetus.

Measurements

On days 1 and 4 maternal and fetal arterial blood pressures,
intra-amniotic pressure and heart rates were recorded con-
tinuously throughout the experiment, with Bell and Howell
pressure transducers connected to a Grass Polygraph record-
er and an IBM compatible PC. Fetal pressures were correct-
ed for intra-amniotic pressure.

In 9 sheep on day 1 and 6 sheep on day 4, 5 measurements
of maternal cardiac output were made in each hour and the 5
values were averaged. An Edwards Model COM-1 cardiac
computer was used. Injections of 10 ml of ice-cold saline
were given (for methods, see Caine et al., 1985; Lumbers et
al., 1992).

Blood gases and pH were measured with a CIBA-Corning

Blood Gas System (model 288). Fetal urinary and fetal and
maternal plasma sodium and potassium levels were measured
on a Radiometer Flame Photometer (model FLM3). Fetal
urinary and fetal and maternal plasma osmolality were
measured with a Fiske One-Ten Osmometer (model 3D11).
Plasma and urinary lithium levels were measured in a
Perkins-Elmer absorption spectrophotometer (model 272).
Maternal and fetal plasma renin activity (PRA) were measur-
ed as the rate of formation of angiotensin I at pH 7.5 and at
37°C. Angiotensin I was measured by radioimmunoassay
(Lumbers & Lee Lewes, 1979). Urinary bicarbonate, titrat-
able acid and ammonium excretion rates were measured by
methods of Gyory & Edwards (1967) and Gyory et al.
(1974).

It is not possible to use clearance of p-aminohippurate to
measure fetal renal plasma flow (Elbourne et al., 1990),
therefore, renal blood flows were measured with radiolabelled
microspheres. On day 1, measurements were made 10-15 min
before captopril was given to the ewe and 2 h after it was
first given. On day 4, blood flows were measured 10-15 min
before the infusion of AII began (i.e. during infusion of
captopril to the ewe), and at the end of the All infusion. The
15 ;Lm microspheres were labelled with one of the following
isotopes: "4Ce, '03Ru, 46Sc, 95Nb, 5'Cr, "3Sn (Nentrac, Du-
Pont), and suspended in saline and Tween 80. Tween 80 was
added approximately 30 min before injection of the first dose
of microspheres to make a final concentration of 0.1% (v/v).
The injections of particular isotopes were randomized.
Approximately 2.4 x 106 microspheres were injected into the
fetus via a tarsal vein catheter, and flushed with 5 ml saline.
A reference sample of fetal arterial blood was withdrawn into
pre-weighed, heparinised syringes. Sampling began before the
injection and continued for a further 3 min at a rate of
2 ml min-'. The total withdrawal time was monitored with a
stopwatch and the syringes full of blood were weighed. The
volume of the fetal catheters was approximately 1 ml (see
also Lumbers et al., 1992).

It is unlikely that these injections affected the fetal circula-
tion or fetal renal function as there were no acute circulatory
effects in fetuses given 5 injections of more than 1 million
spheres (Heymann et al., 1977) and no effects of 2 injections
of 4 million spheres on fetal renal function (Robillard et al.,
1981).
At the end of the experiment ewe and fetus were killed by

i.v. injection of sodium pentobarbitone (6 g). Left and right
fetal kidneys were removed and counted. The activities of the
isotopes in tissues and reference samples were measured in a
Packard gamma counter (Model 5650). The activity of pure
samples of each isotope was measured in each channel and
the degree of overlap of each isotope into other channels was
calculated. A matrix set up on a Microsoft Excell spreadsheet
on an IBM compatible PC was used to solve the simultan-
eous equations required to calculate flows. Since the fetal
kidneys were weighed, total renal blood flow (ml min' ) and
renal blood flow g-'(ml min-' g-i) were both measured (see
Lumbers et al., 1992).

Data analysis

Maternal and fetal arterial blood pressures and pulse interval
measurements were collected for 10 s periods every 2.5 min;
the average for each 30 min period was then calculated.
Heart rate was measured from the blood pressure record.

Fetal renal vascular resistance (R, arbitrary units) was
calculated from the formula

R = arterial pressure(mmHg)/flow(ml min-)
Fetal glomerular filtration rate (GFR) was calculated as the
clearance of ['25I]-sodium iothalamate (Lumbers et al., 1985).
Fetal total fractional sodium reabsorption was calculated
from the formula

1- CNa/GFR
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(where CNa is the clearance of sodium).
If the major site of reabsorption of lithium is the proximal

tubule (Thomsen et al., 1981), then the fractional reabsorp-

tion of sodium in the proximal tubule will be the same as

that of lithium, and can be calculated from the formula
1 - CLi/GFR

(where CLi is the clearance of lithium).
Distal fractional sodium reabsorption is therefore

CLi/GFR - CNa/GFR

(see Lumbers et al., 1988).
Plasma bicarbonate levels (mmol I-') were calculated from

the formula

HC03- = 0.0294 x Pco2 x 0(-49911 +0.6576pH +0.0262pH2)
(Armentrout et al., 1977).

Statistical analyses were performed by use of an IBM
compatible PC and SPSS (Statistical Package for the Social
Sciences, Nie et al., 1982). Values are expressed as mean ±

s.e.mean. The number n refers to the number of animals in
which values for a given variable were obtained at a partic-
ular time. Data were analysed by analysis of variance of
repeated measures and Dunnett's 2-tailed multiple compari-
son test (Zar, 1984). The data were analysed as follows.

Day I An analysis of the acute effects of captopril on the
fetus was made by comparing data collected during infusion
of captopril for 2 h (PCI-PC4) with the mean of the 4 x 30
min control (Con) values.

Day 4 An analysis of the effect of stopping captopril treat-

ment and infusing AII on renal function in fetuses whose
mothers had received 3 days of treatment with captopril was

made by comparing the data obtained during the 3 h infusion
of All (Al-A6) with the mean of the 4 x 30 min values
obtained during the preceding 2 h period (D4) during which
captopril was infused into the ewe.

Drugs

Sodium thiopentone (Pentothal, Abbott) and halothane
(Fluothane, ICI) were used as anaesthetic agents. Procaine
pencillin and dihydrostreptomycin mixture (Hydropen, Bo-
mac) was administered post operatively. Captopril (ER
Squibb & Sons Inc.) and angiotensin II (Hypertensin, Ciba)
were dissolved in 0.15 M saline on the day of use. Sodium
pentobarbitone (Valobarb, Coopers Animal Health Australia
Ltd.) was used to kill the ewe and foetus.

Results

Effect of captopril on the survival of the fetus

One fetus died within an hour of captopril being given to the
ewe (results from this animal are not included). Three died
on the second or third day of the experiment, but were

considered healthy on the first day and their results are

included in the analysis of the acute effects of captopril on

fetal renal function. There was no obvious abnormality in
any of the animals which died, although one of them which
died on the second day may have developed an infection. In
another fetus, the venous and arterial catheters became
blocked so that the effects of stopping captopril treatment

and infusing AII to the fetus could not be measured.

Acute effects of captopril on ewe andfetus (Day 1)

Ewe Within the first 30 min period of captopril treatment
maternal mean arterial pressure fell from 89 ± 3.2 to 83 ± 3.1
mmHg and remained low (P<0.01). Cardiac output increas-
ed from 9.0 ± 0.81 min-' to 10.2 ± 0.91 min-' (P<0.01) but

later was unchanged (9.6 ± 0.8 1 min-'). Initially heart rate
was unchanged from control values of 139 ± 5.9 beats min'
(n = 9), but in the third 30 min period of treatment there was
a transient rise to 149 ± 5 beats min-' (n = 7, P<0.05).
Maternal PRA rose (P= 0.05, Table 1). There were no
changes in 12 ewes in arterial Po2 (101 ± 1.5 mmHg), Pco2
(36.7 ± 1.1 mmHg), pH (7.48 ± 0.01), plasma osmolality
(292 3.3 mosm kg-') and plasma sodium levels (147 ± 2.0
mmol 1'). Potassium levels rose by the end of the infusion
and the plasma sodium:potassium ratio increased (P<0.01;
Table 1). Bicarbonate levels fell initially (P<0.05), but were
not different from control at the end of the experiment.
Maternal haematocrit rose and remained elevated (P<0.01;
Table 1).

Fetus Fetal arterial pressure fell slightly (P = 0.01; Table 1)
but heart rate did not change from control values of 169 +
3.5 beats min-'. Fetal PRA increased (P<0.01; Table 1) and
fetal P02 fell (P = 0.01; Table 1). In 12 fetuses arterial Pco2
(52.5 ± 1.0 mmHg) and haematocrit (32.1 ± 0.35%) did not
change, neither did fetal arterial pH (7.38 ± 0.007), plasma
sodium (146 ± 2.1 mmol 1'), potassium (3.6 ± 0.15 mmol
1'1), sodium:potassium ratio (41.1 ± 1.9), osmolality (284 +
2.9 mosm kg-1) and bicarbonate levels (29.7 ± 0.48 mmol

1 ).
Fetal renal blood flow rose from 67.9 ± 5.6 to 84.9 ± 8.3

ml min-' (P <0.05, n = 10) and renal vascular resistance fell
from control values of 0.85 ± 0.09 units to 0.67 ± 0.01 units
(P<0.01, n = 10). Fetal GFR fell within 1 h from 4.2 ± 0.4
mlmin' to 2.7 ±0.4mlmin ' (P<0.01, n= 11; Figure Ib)
and remained low. Thus filtration fraction (FF, GFR/RBF)
decreased from 0.07 ± 0.006 to 0.04 ± 0.006 (P<0.01, n = 10).

Fetal urine flow rate and free water clearance fell after
captopril had been given for 1 h and reached a nadir in the
last period of the experiment (P<0.01; Figure la, Table 1).
Osmolar excretion and urinary sodium excretion decreased
during captopril treatment (P <0.05; Table 1). Potassium
excretion did not change, neither did the urinary sodium:
potassium ratio (Table 1). Although the total amount of
sodium and the amounts of sodium reabsorbed by both
proximal and distal tubules decreased (P<0.05 or P<0.01;
Table 2) neither total nor proximal and distal fractional
sodium reabsorptions were altered (Table 2). The rates of
excretion of ammonium and titratable acid did not change,
but bicarbonate excretion fell (P<0.05; Table 1).

Effects of chronic captopril treatment on ewe andfetus

On the next 2 days 15 mg (about 319 jig kg-' h-') of capto-
pril was given i.v. twice daily to the ewe. Fetal arterial blood
gases and pH were also measured. Fetal arterial P02 remain-
ed low (18.7 + 1.1, n= 7; 19.0±1.0, n= 8); fetal PCo2 and
pH were 54 ± 2.0 mmHg (n = 7), 53 ± 2.2 mmHg (n = 8) and
7.36 ± 0.03 and 7.35 ± 0.008 respectively. Urine flow rate was
low (Figure la). In 3 fetuses on the 4th day following i.v.
administration of captopril to the ewe and during i.v. infus-
ion of 6 mg h- ' (about 128 tLg kg-' h-') of captopril into the
ewe there was either no urine flow or intermittent very low
flow. If no urine flow occurred in a 30 min period a value of
zero flow was recorded. The values for the 4 x 30 min
periods were averaged and this mean value was used. In
another 3 fetuses, urine flow was very low at this time while
the remaining 3 fetuses produced urine at rates that were
within the normal range. The infusion of captopril was stop-
ped after 2 h and an i.v. infusion of 6 fig kg- ' h-' of AII was
given to the fetus to see if fetal urine flow would resume or
increase.

Effects of stopping captopril infusion and infusing AII in
8 ewes and their fetuses

Ewe Maternal arterial pressure started to rise from 80.5 +
4.1 mmHg (n = 8); within 30 min of stopping captopril treat-
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Table 1 Acute effects of captopril on maternal and fetal renal function

Ewe
Con PC2

PRA
HCT (12)
PHCO3 (12)
PK (12)
PNaK (12)
Fetus

PRA
MAPF (12)
Po2F
UVNa

CH20
UVOSM (12)
UosM (12)
UVK
UNaK

UVHCO3
Uvtit
UVNH4

Values are mean ± s.e.mean.

0.2 ± 0
27.2 ± 0.8
25.9 ± 0.5
3.9 ± 0.11
38 ± 0.82

(8)

Con

3.7 ± 1.2
53.8 ± 1.1
21.4 ± 0.8
11.9± 1.7
0.29 ± 0.06
56.3 ± 4.8
152 ± 32
1.5 ± 0.4

17.1 ± 4.8
3 ± 0.06

1.4 ± 0.4
2.5 ± 0.5

6.1 ± 2.4* (8)
29.3 ± 0.9**
24.6 ± 0.6*
4.0 ± 0.1

36.9 ± 1.0

PC2

(1 1)

(12)
(12)
(1 1)

(12)
(12)
(8)
(8)
(8)

12.5 ± 2.7**
50.2 ± 1.4**
19.6 ± 0.7**
8.0 ± 1.6**

0.16 ± 0.04**
37.1 ± 5.2**
168 ± 30
1.3 ± 0.4

14.8 ± 4.4
2.1 ± 0.5
1.5 ± 0.3
1.9 ± 0.5

5.8 ± 1.8* (7)
29.1 ± 0.9**
25 ± 0.5
4.2 ± 0.1**
35.0± 1.I**

PC4

(I 1)

(12)
(1 1)
(10)

(1 1)
(1 1)
(6)
(6)
(6)

12.2 ± 2.6**
50.3 ± 1.6**
20.3 ± 0.8*
7.5 ± 1.0**

0.13 ± 0.04**
36.7 ± 5.2**
185 ± 29
1.2 ± 0.3

14.0 ± 4.1
1.4 ± 0.2*
1.4 ± 0.5
1.9 ± 0.8

(10)

(I 1)
(1 1)
(9)

(1 1)
(1 1)
(4)
(4)
(4)

Acute effects of captopril (PC2 to PC4) on maternal and fetal plasma renin activity (PRA; ng ml-' h-'), maternal haematocrit (HCT,
%), plasma bicarbonate and potassium levels (PHCO3, PK; mmol I-), sodium:potassium ratio (PNaK) and fetal mean arterial
pressure (MAPF; mmHg), arterial oxygen tension (Po2F; mmHg), urinary sodium excretion (UVNa; jtmol min-'), free water clearance
(CH20; ml min- 1), urinary osmolar excretion (UVOSM; yosm min-'), osmolality (UosM; mosm kg-'), potassium (UVK; 1tmol min- 1) and
bicarbonate (UVHCO3; lumol min' ) excretions, urinary sodium:potassium ratio (UNaMI, titratable acid (UVtit; #Lmol min-) and
ammonium excretion rates (UVNH4; 1mol min-1).
*P<0.05, **P<0.01 for differences from control (Dunnett's test). Con=mean of values collected 2h prior to administration of
15 mg (about 319 ILg kg-') of captopril intravenously to the ewe followed by an infusion to the ewe of 6 mg h- (about
128 ILg kg- I h- ') on Day 1 of the experiment. PC2 and PC4 are the 2nd and 4th 30 min collection periods during which captopril was
infused into the ewe. Numbers in parentheses = number of animals from which data were obtained.

0.60a

0.48 - *

0.36

-g 0.24-

0.12-

0.00
CnC1C2C3C4 02 D3 D4A1A2A3A4A5A6

6.00

4.80

1 3.60 ** **
c

E2.4i

1.20 -

Cn C2 C4 D4 A2 M A6

Figure 1 Acute effects (CI-C4) and chronic effects (D4) of captopril
(15mg [about 319 pg kg-'] i.v. followed by an infusion of 6mgh-'
[about 128 iLg kg-' h-'] for 2 h given to the pregnant ewe), and the
effects of an infusion of angiotensin II (AII, 6 1tg kg- h- , A,-A6) to
the fetus on the 4th day on mean ± s.e.mean (a) fetal urine flow, and
(b) fetal glomerular filtration rate (ml min'). Cn = control values.
D2, D3 = days 2 and 3 of the experiment. Al6 = 6 x 30 min period
after captopril treatment of the ewe was stopped and during which
the fetus was given 61ig kg-' h-' of All. *P<0.05; **P<0.01. C1
to C4 were compared with Cn on Day 1 and Al to A6 were
compared with D4 on Day 4.

ment it was 85.3 ± 14.3 mmHg (P<0.01); it continued to
increase over the next 2.5 h so that it was 89.4 ± 4.1 mmHg
(P<0.01) at the end of the experiment. Cardiac output did
not change (control values were 10.9 ± 0.1 1 min-', n = 6);
maternal PRA tended to fall, and haematocrit fell as did
maternal plasma sodium:potassium ratio (P <0.05, P <0.01
respectively; Table 3). In the 9 ewes there were no changes in
maternal arterial P02 (103 ± 1.3 mmHg), Pco2 (36.4± 1.2
mmHg), pH (7.46 ± 0.009) nor in plasma sodium (146 1.3
mmol 1-1), osmolality (294 ± 2.8 mmol 1-) and potassium
(4.2 ± 0.1 mmol 1-'), but the sodium:potassium ratio declined
initially (P <0.05; Table 3).

Fetus Fetal arterial pressure increased when the infusion of
AII to the fetus began, and captopril treatment of the ewe
stopped (Table 3). Heart rate also increased from 161 ± 5.5
beats min~ to 198 ± 11 in the 4th period after captopril treat-
ment finished (P<0.05); fetal PRA fell (P<0.01; Table 3).
By the end of the 3 h infusion of All, fetal arterial P02 was

elevated compared with values obtained during captopril
treatment (P <0.05; Table 3). Arterial PCo2 (54.7 1.4
mmHg, n = 9), pH (7.34 0.005), plasma sodium (144 1.7
mmol 1-'), potassium (3.8 0.13 mmol 1'), sodium:potassium
ratio (38 ± 1.5), osmolality (284 ± 2.0 mosm kg-'), bicarbon-
ate (28.2 ± 0.8 mmol 1') levels and haematocrit (32.4
0.8%) were unchanged in the 8 fetuses given AII.

After captopril treatment of the ewe was stopped and an
infusion of AII into the fetus begun, urine flow rate increased
within 60 min as did urinary sodium and osmolar excretion
in all the animals in which it was measured (Table 3). Free
water clearance and the excretion of potassium were un-
changed as was the urinary sodium:potassium ratio. The
total amount of sodium reabsorbed and the fractional reab-
sorption of sodium did not change, neither did the amounts
and fractions of the filtered sodium load reabsorbed by the
proximal and distal tubules (Table 2).

During captopril, mean fetal renal blood flow was 69
10.1 ml min-' (n = 6, D4). At the end of the infusion of AII,

PC4
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it was 31 ± 13.9 ml min-' (n = 5); it decreased in 4 of the 5
fetuses in which both blood flows were measured. Renal
vascular resistance also increased from 0.8 ± 0.09 (n = 6) to
2.9 ± 0.8 (n = 5) units during All infusion. GFR increased
from a mean value of 1.45 ± 0.4 ml min'- measured during
captopril treatment to 3.42 ± 0.5 ml min'- measured during

A6 (P <0.01, n = 8, Figure Ib). Thus filtration fractions (FF)
increased from a mean value of 0.02 ± 0.01 to 0.17 ± 0.06
(n = 5). This increase occurred in 4 of the 5 fetuses in which
matched values were obtained.

There were no relationships between changes in fetal
arterial pressure caused by captopril treatment and changes

Table 2 Effects of captopril alone (Day 1) and together with i.v. infusion of angiotensin II (Day 4) on handling of sodium by the fetal
kidney

Con

RNa
FRNa

RNaP
FRNaP

RNaD
FRNaD

609 ± 56.8
97.9 ± 0.3

(1 1)
427 ± 48.6
63.3 ± 2.7

(7)
212 ± 35
34.3 ± 2.7

(7)

Day I
PC2

376 ± 156**
97.7 ± 0.4

(9)
269 ± 42**
69.4 ± 2.6

(7)
123 ± 15**
28.7 ± 2.7

(6)

PC4

400 ± 175**
97.4 ± 0.8

(10)
293 ± 49*
70.1 ± 4.3

(7)
112 ± 28**
27 ± 3.5

(7)

D4

355 ± 62.2
97.1 ± 1.0

(5)
168 ± 67.5
76.3 ± 14.6

(4)
62.3± 12
22.8 ± 4.8

(3)

Day 4
A2

395 ± 123.3
96.4 ± 1.6

(4)
172 ± 105
81.7 ± 7.9

(3)
39.4 ± 12.1
21.4 ± 5.9

(2)

A4

437± 110
93.4 ± 3.7

(6)
311 ± 140
77.9 ± 3.4

(5)
54.2 ± 21
14.4 ± 3.2

(4)

A6

489 ± 83.5
96.8± 1.4

(7)
373 ± 96.1
76.9 ± 3.2

(6)
95.2 ± 24.1
19.6 ± 3.1

(5)

Day 1: effect of captopril treatment on the handling of sodium by the fetal kidney. Con = control period. PC2 and PC4 are the 30 min
periods 0.5-1 h and 1.5-2 h after treatment with captopril (15 mg intravenously and 6 1g kg- h-' captopril) began.
Day 4: data were collected on the 4th day during captopril treatment (D4) and then during an i.v. infusion of 6 fig kg-' h-' of
angiotensin II (All) to the fetus. A2, A4 and A6 are the 2nd, 4th and 6th 30 min period of infusion of All into the fetus.
RNa = total reabsorbed sodium (jmol min-'), FRNa = % of filtered sodium load that is reabsorbed, RNaP, FRNaP are the amounts
of and % of the filtered sodium reabsorbed by those segments of the nephron that reabsorb lithium (i.e. proximal) and RNaD and
FRNaD are the amounts and % of the filtered sodium load reabsorbed at those tubular sites from which lithium is not reabsorbed (i.e.
distal).
*P<0.05; **P<0.01 by Dunnett's test. Numbers in parentheses = number of animals from which data were obtained.

Table 3 Values obtained during captopril treatment of ewe and during an i.v. infusion of angiotensin II to the fetus

Ewe

PRA

HCT

PHCO3

PK

PNaK

Fetus
HR

PRA

MAPF (8)
P02

UVNa (8)
CH20

UOSM

UVOSM

UVK

UNaK

5.7± 1.6
(9)

28.5± 1.1
(9)

25 ± 0.5
(9)

4.2 ± 0.1
(9)

35.2 ± 1.0
(9)

161 ± 5.5
(9)

9.3 ± 2.2
(9)

47.8 ± 3.5
18.1 ± 0.7

(8)
5.3 2.2

0.03 +0.01
(8)

228 ± 31.2
(8)

21.8 ± 6.9
(9)

1.1 ±0.5
(9)

5.4± 1.1
(6)

A2

2.7 ± 0.7
(8)

28.8± 1.3
(8)

25.3 ± 0.6
(8)

4.5 ± 0.13
(8)

33 ± 0.9*
(8)

171 ± 8
(8)

7.2 ± 1.3*
(6)

54.2 3.4**
18.6 ± 0.6

(7)
11.4 6.1

-0.01 ± 0.03
(5)

267 ± 32.9
(7)

41 ± 17.0
(8)

1.9± 1.2
(8)

7.0± 1.3
(7)

A4

1.7 ± 0.6
(7)

28.3 ± 1.3
(8)

25.1 ±0.7
(8)

4.3 ± 0.1
(8)

33.8 ± 0.9*
(8)

198± 11*
(8)

5.7 ± 1.2**
(7)

58.6 ± 3.3**
19 0.5

(7)
12.2 5

0.001 ± 0.03
(7)

276 ± 30
(8)

52.1 ± 14.3
(8)

1.9 ± 0.8
(8)

9.4 ± 2.2
(8)

A6

27.4 ± 1.1*
(8)

25.4 ± 0.6
(8)

4.1 ± 0.1
(8)

35.5 ± 0.8
(8)

180 ± 5
(8)

58.6 ± 3.4**
19.8 ± 0.7*

(8)
16± 8.3

0.1 ± 0.06
(7)

222 ± 38.9
(8)

63.5 ± 21.5**
(8)

2.7 ± 1.2
(8)

7.3 ± 1.6
(8)

Mean ± s.e.mean values obtained during captopril treatment of the ewe (i.v. 15 mg [about 319 lAg kg- '], followed by an infusion of
6 mg h- I [about 128 lig kg- ' h-'] for 2 h) on the 4th day (D4), and during an i.v. infusion of angiotensin II (All, 6 1tg kg- I h- ) to the
fetus for 3 h. A2, A4 and A6 refer to the 2nd, 4th and last 30 min periods of infusion of All. Maternal and fetal plasma renin activity
(PRA; ng ml-' h-'), maternal haematocrit (HCT; %), plasma bicarbonate and potassium levels (PHCO3, PK; mmol 1-1), fetal mean
arterial pressure (MAPF), oxygen tension (Po2; mmHg), urinary sodium excretion (UVNa; lmol min -), fetal free water clearance
(CH20; ml min-), urinary osmolality (UosM; mosm kg-'), urinary osmolar (UVOSM; tsosm min-') and potassium (UVK; 1tmolmin-')
excretion rates, and plasma and urinary sodium:potassium ratios (PNaK, UNaK).
*P< 0.05; **P< 0.01 for differences obtained during infusion of angiotensin II (All, 6 itg kg-' h-'; A2, A4 and A6) from mean values
in 2 h period of captopril treatment. Numbers in parentheses = number of animals from which data were obtained.
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in fetal renal blood flow or GFR. There was however a direct
relationship between the rise in fetal mean arterial pressure
and the change in renal blood flow induced by All infusion
(r =-0.93, P< 0.02, n = 5).

Discussion

The ewes were given access to 16-20 g of salt, to reduce the
effects of ACE inhibition on maternal blood pressure. These
doses of captopril given to the ewe block the pressor res-
ponse to AI in both ewe and fetus (Lumbers et al., 1992).
Maternal pressure still fell, although the effects of captopril
on maternal BP were rapidly reversed when captopril treat-
ment was stopped (Table 3). Treatment with captopril was
also associated with a fall in maternal plasma sodium:potas-
sium ratio, a rise in plasma potassium and haematocrit
(Table 1). This rise in haematocrit suggests that a fall in
maternal blood volume occurred; this effect was reversed
when captopril treatment was stopped (Table 3). Lack of All
may have led to a fall in maternal plasma aldosterone levels
which could account for the changes in potassium, sodium:
potassium ratio and haematocrit.

Maternal hypotension due to ACE inhibition is associated
with reduced placental blood flow (Lumbers et al., 1992); this
probably caused the fall in fetal arterial P02 that was observ-
ed (Tables 1 and 3; see also Lumbers et al., 1992). The fall in
fetal arterial Po2 may partly account for the 4 unexplained
fetal deaths that occurred within 2 days of beginning treat-
ment. Broughton Pipkin et al. (1982) first described the
fetotoxic effects of captopril in the fetal sheep and rabbit; the
present findings confirm that this drug is toxic for the sheep
fetus.
A major reason for carrying out this experiment was to

find out why fetal urine flow fell when captopril was given to
the pregnant ewe (see Lumbers et al., 1992), and why there
have been a number of case reports which show an associa-
tion between oligohydramnios and/or neonatal anuria during
treatment of women with ACE inhibitors during pregnancy
(Editorial, Lancet, 1989; Hanssens et al., 1991). In the pre-
sent study in the sheep in which the ACE inhibitor used, i.e.
captopril, crossed the placenta, there was an initial acute fall
in urine flow. Significantly by the 4th day of treatment 6 of
the 9 remaining fetuses were oliguric or anuric, although this
was rapidly reversed when maternal captopril treatment was
stopped and AII infused directly into the fetus. These
changes in urine flow (Figure la) and sodium excretion
(Table 2 and 3) were due to changes in fetal GFR. There
were no changes in tubular handling of sodium except those
that were dependent on the concomitant changes in GFR, i.e.
glomerulotubular balance was maintained (Table 2).
Kleinman & Lubbe (1972) concluded that the arterial pres-

sures of very young animals were below the autoregulatory
range. Blockade of the fetal renin angiotensin system pro-
duces falls in fetal arterial pressure that are variable (see
Broughton Pipkin & O'Brien, 1978; Iwamoto & Rudolph,
1979; Lumbers et al., 1992). In a previous study, i.v. infusion
of the All antagonist, saralasin, had minimal effects on fetal
arterial pressure, yet GFR fell by about 0.9mlmin-', a fall
similar to the fall in GFR that occurred (0.87 ml min1')

when fetal arterial pressure was lowered by 14/9 mmHg
(Lumbers & Stevens, 1987). A contribution to the fall in
GFR of the small fall in fetal arterial pressure (ca. 3 mmHg)
due to captopril treatment cannot be completely excluded. In
sick infants treated with captopril, oliguria in association
with severe hypotension has been reported (Tack & Perlman,
1988). However, it is likely that in fetuses, saralasin and
captopril reduced GFR through effects other than their
effects on arterial pressure. Since RBF increased, and renal
vascular resistance and GFR fell, GFR probably failed
because post glomerular (efferent arteriolar) resistance fell.
When AII levels were increased renal vascular resistance rose
as did GFR. Only a post glomerular action of AII could
cause these changes to occur simultaneously. Therefore, in
the fetus, normal fetal renal function depends on the integrity
of the fetal RAS. This is not the case in the normal adult,
although in the adult underperfused kidney (e.g. in renal
artery stenosis) AII does play an essential role in mainten-
ance of GFR (Hall et al., 1979; Anderson et al., 1990). The
fetal kidney is underperfused, i.e. fetal sheep renal plasma
flow is low (about 1.0 ± 0.2 ml min-' g' kidney). In adult
nonpregnant sheep it is 4.7 ± 0.5 ml min-' g' (Hill, 1985;
Hill & Lumbers, 1988). Fetal and adult GFRs are 0.14 ± 0.01
and 0.66 ml min-' g1 kidney respectively (Hill, 1985; Hill &
Lumbers, 1988). Thus the filtration fractions (FF) are the same
(ca. 0.14), yet the renal perfusion pressure is 35 mmHg less in
the fetus (see Table 1 and Figure la). To maintain a similar
FF at this lower perfusion pressure, fetal post glomerular
resistance (efferent arteriolar tone) must normally be high.
Since lack of AII was associated with failure of GFR and
renal vasodilatation, and infusion of AII restored GFR while
renal vascular resistance increased, it would seem that the
endogenous fetal RAS plays an essential role in maintenance
of post glomerular vascular resistance and therefore GFR.

In summary, inhibition of the activities of fetal and mater-
nal RAS were associated with maternal hypotension, a fall in
fetal arterial Po2, preliminary evidence of reduced maternal
blood volume and unexpected fetal death. All these, except
for the haemoconcentration, have been reported previously
under acute conditions (Broughton Pipkin et al., 1982;
Lumbers et al., 1992). In addition, blockade of the fetal RAS
caused oliguria/anuria due to failure of glomerular ultra-
filtration in 6 of the 9 surviving fetuses. It is not clear why
there was a variability in the sensitivity of individual fetuses
to this effect of captopril. It should be noted, that this is also
seen in clinical case reports, e.g. Kreft Jais et al. (1987)
reported no cases of neonatal anuria among 22 women who
had received captopril, whilst the editorial in Lancet (1989)
cites 10 case reports of oliguria/anuria. Since fetal urine is the
major substrate of amniotic fluid, oliguria and anuria will
cause oligohydramnios and pulmonary hypoplasia (see Brent
& Beckman, 1991). The effects of fetal ACE inhibition on
fetal renal function were rapidly reversed by stopping capto-
pril treatment and infusing AII.
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lonomycin-induced acetylcholine release and its inhibition by
adenosine at frog motor nerve endings
'James M. Hunt & 2Eugene M. Silinsky

Department of Pharmacology, Northwestern University Medical School, 303 East Chicago Avenue, Chicago, IL 60611, U.S.A.

1 Acetylcholine (ACh) evoked secretion by the calcium ionophore, ionomycin, was studied at frog
motor nerve endings.
2 Bath application of ionomycin stimulated an irreversible increase in the rate of spontaneous, quantal
ACh release in the presence of extracellular Ca2". In contrast, local application of ionomycin stimulated
a rapid, reversible acceleration of spontaneous ACh release.
3 The magnitude of the secretory response to ionomycin was dependent both upon the concentration
of ionophore and the concentration of extracellular Ca2".
4 Adenosine or 2-chloroadenosine inhibited ionomycin-stimulated ACh release with the same potency
and efficacy observed previously for these adenosine analogues as inhibitors of ACh secretion evoked by
nerve impulses.
5 These results support the conclusion that adenosine receptor activation inhibits quantal ACh
secretion at a site distal to that of Ca2+ entry at frog motor nerve endings.

Keywords: Neurotransmitter release; frog neuromuscular junction; adenosine; ionomycin; calcium

Introduction

Adenosine inhibits the release of neurotransmitter substances
in both the central and peripheral nervous systems of many
vertebrate species (Phillis, 1985; Ribeiro & Sebastiao, 1986;
Silinsky, 1989). At vertebrate motor nerve endings, exo-

genous adenosine has been shown to reduce both the syn-
chronized release of acetycholine (ACh) by nerve impulses
and the rate of spontaneous secretion of discrete acetyl-
choline quanta (Ginsborg & Hirst, 1972; Silinsky, 1984).
Studies in hippocampal slices (Fredholm et al., 1990), rat
brain synaptosomes (Ribeiro et al., 1979), and rat neuromus-

cular junction (Hamilton & Smith, 1991) have suggested that
adenosine reduces depolarization-induced Ca2" entry into the
nerve terminals, thus reducing the amount of Ca2+ available
to trigger neurotransmitter release. However, studies in rat
brain synaptosomes (Barr et al., 1985), and at neuromuscular
junctions of frog (Silinsky, 1984; Silinsky & Solsona, 1992),
Torpedo (Muller et al., 1987), and rat (Ginsborg & Hirst,
1972) have suggested that adenosine might be acting at a site
distal to Ca2+ entry, thus reducing the amount of neurotrans-
mitter released by a given amount of Ca2 .

Although physiological neurotransmitter release is trig-
gered by a depolarization-induced Ca2+ influx through
voltage-dependent calcium channels, Ca2+ from other sources
is also able to trigger neurotransmitter secretion. For exam-

ple, calcium-containing lipid vesicles (liposomes) have been
found to deliver their entrapped Ca2+ to the nerve terminal
cytoplasm and induce ACh release by a method that
bypasses active Ca2+ channels. ACh release evoked by
calcium-containing liposomes is also inhibited by adenosine
(Silinsky, 1984), thus implying that adenosine is acting at a
site distal to Ca2+ entry in the frog.
With regard to the liposome experiments, it has been

suggested that adenosine could be inhibiting the fusion of
liposomes with the nerve terminal plasma membrane, thus
reducing neurotransmitter release by reducing the rate at
which Ca2+ is delivered to the nerve terminal (see comment
by J.W. Phillis in discussion to Silinsky et al., 1987). To
address this possibility, we have used the Ca2+ ionophore

ionomycin (Beeler et al., 1979) to deliver Ca2" to the nerve

terminal cytoplasm as an alternative method of bypassing
Ca2" channels. Ionomycin is an anionic polyether antibiotic
ionophore which has been shown to be highly selective for
Ca2". In this paper we describe the characteristics of
ionomycin-induced ACh release at frog neuromuscular junc-
tion and its inhibition by adenosine. Some of these results
have been presented previously as an abstract (Hunt et al.,
1992).

Methods

General

Cutaneous pectoris nerve-muscle preparations of the frog
Rana pipiens were dissected and superfused with flowing
Ringer solution. Supramaximal stimulation pulses were
delivered to the nerve supply through a suction electrode.
Intracellular recordings were made at endplate regions by use

of glass microelectrodes filled with 3 M KCI and with resis-
tances of 8-25 Mohms. Signals from the microelectrode were

fed into a conventional high input impedance preamplifier,
the output of which was delivered to an oscilloscope, an

AT-compatible microcomputer (via a TL-1 DMA interface
purchased from Axon Instruments Inc. for on line data
collection), and an Indec IR-2 Instrumentation Recorder (in
the event that further data analysis was required).

Miniature endplate potentials (m.e.p.ps) were recorded on

line and later analysed with the Axotape software package
(Axon Instruments). In a few experiments, endplate poten-
tials (e.p.ps) were recorded on line and later analysed using
the pClamp software package (Axon Instruments).

Measurements of quantal ACh release

The rate of spontaneous, quantal ACh release (m.e.p.p. fre-
quency) was determined by continuously monitoring mem-

brane potential and counting the number of m.e.p.ps per
second. Reported me.p.p. frequencies are the average of at
least 30 s of continuous recording unless otherwise noted in
the text. The plots of m.e.p.p. frequency over time were

constructed using a 10 s bin of m.e.p.p. frequency shifted by

' Present address: Department of Neurobiology, Dook University,
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2 Author for correspondence.
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5 s (Rahamimoff & Yaari, 1973). This method tends to
minimize the effects of small bursts of m.e.p.ps and allows
for a more accurate determination of the time lag between
addition of calcium to the superfusion fluid and a rise in
m.e.p.p. frequency. In a few experiments, the mean number
of ACh quanta released synchronously by a nerve impulse
was calculated by conventional methods (del Castillo & Katz,
1954; see Discussion).
The statistical procedures are identical to those described

previously (see Silinsky, 1984, pp. 244-245). In most in-
stances, appropriate averaging techniques were used to make
statistically significant differences at P<<0.01 (see Silinsky,
1984). In instances where significance was at the P<0.05
level, this is stated within the text.

Solutions and drug application

Normal frog Ringer contained (mM): NaCl 115, KCI 2,
CaC12 1.8, HEPES 2 (to buffer the pH of the Ringer to
7.2-7.4) and was used in the majority of experiments during
electrode impalement. In many experiments Ca2'-free or low
Ca2" Ringer was used to control the level of ACh release.
The Ca2"-free Ringer contained no added CaC12, 1.8 mM
MgCl2 and 1 mg 1' neostigmine methyl sulphate to increase
m.e.p.p. amplitudes. The low Ca2+ Ringer contained 1.8 mM
MgCl2, 1 mg `' neostigmine methylsulphate and the in-
dicated concentration of CaC12. Chemicals were purchased
from Sigma Chemicals (St. Louis, MO, U.S.A.) with the
exception of ionomycin which was obtained from Cal-
Biochem (La Jolla, CA, U.S.A.). Stock solutions of
ionomycin were prepared by injecting 470 jil of dimethylsul-
phoxide (DMSO) into a 5 mg vial of ionomycin. Dilution of
10 fil of this stock solution to 10 ml with Ringer gave a final
concentration of 15 ylM ionomycin and 0.1% v/v DMSO.
When lower concentrations of ionomycin were used, DMSO
was added to maintain a final concentration of 0.1% v/v.

lonomycin and adenosine were dissolved in Ringer solu-
tion and administered by one of two methods of superfusion.
For the first method, bath administration, indicated concen-
trations of drug were superfused over the entire preparation.
Solutions were changed by transferring the inlet tube of the
roller pump from one solution to another. For the second
method, local fast-flow application, solutions were gravity fed
through one of a series of glass barrels (300 j.m inside
diameter, Garner glass), positioned in such a way that the
solution bathed only the area surrounding the site of micro-
electrode impalement (Yellen, 1982). With this rapid super-
fusion system, the latency between the opening of a fast-flow
barrel and the beginning of a depolarization evoked by ACh
(100gAM) was 50-lOOms.

Results

General observations on the effects of ionomycin on
spontaneous ACh release

lonomycin (15 gLM) increased the rate of spontaneous quantal
acetylcholine release (m.e.p.p. frequency) and required
extracellular Ca2+ to do so. Figure 1 illustrates a typical
experiment with bath application of ionomycin. Note that
extracellular Ca2+ was present at the beginning and end of
the experiment but was absent during the period indicated by
the lower bar (Figure 1, Ca2+-free). As Figure 1 shows,
before the additon of ionomycin, when the Ringer was
changed from the Ca2+-containing solution to Ca2+-free
Ringer (lower bar), no changes in m.e.p.p. frequency were
observed. Similarly, addition of ionomycin (upper bar) in the
absence of extracellular Ca2" also had no significant effect on
m.e.p.p. frequency. However, re-introducing Ca2" in the
presence of ionomycin (Figure 1, end of lower bar) increased
m.e.p.p. frequency by more than ten fold before a spon-
taneous muscle contracture dislodged the electrode. In the
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Figure 1 Increases in quantal acetylcholine (ACh) release produced
by bath application of ionomycin (15 I1M). Preparation was super-
fused with calcium Ringer containing 0.9 mm Ca2"and 1.8 mm Mg2"
except during time indicated by the lower bar (Ca2"-free) during
which the preparation was superfused with Ringer containing no
added Ca2" and 1.8 mM Mg2". Upper bar indicates addition of
ionomycin in Ringer. Note m.e.p.p. frequency only began to increase
significantly after Ca2" was returned to the bath.

majority of experiments, muscle contractures occurred within
5-O min following exposure to ionomycin and Ca2". How-
ever, in several experiments the impalements were maintained
as long as 45 min following the withdrawal of ionomycin
with no decrease in m.e.p.p. frequency (data not shown).
The extent to which ionomycin increased m.e.p.p. fre-

quency was quite variable. In one preparation, following a
5-O min exposure to 15 !LM ionomycin, m.e.p.p. frequencies
ranging from 2-3 s-1 to >40 s-' were seen in 25 im-
palements. The m.e.p.p. frequencies remained high after
ionomycin superfusion was stopped but declined in the
absence of extracellular Ca2 . This variability may reflect a
heterogeneity in the ability of nerve terminals to extrude
Ca2+ that had been transported into the cytoplasm via
ionophore (Rasgado-Flores et al., 1987).

Local application of 15 j.M ionomycin by fast flow super-
fusion (Yellen, 1982) also produced increases in m.e.p.p.
frequency, but these were rapidly reversible. Figure 2 shows
an example of a nerve terminal responding strongly to local
application of 15 l4M ionomycin (bar) in the presence of
extracellular Ca2". As with bath application, the response to
ionomycin was quite variable between nerve terminals. How-
ever, the speed with which it is possible to change solutions
with the fast flow superfusion system (see Methods) allowed
us to examine dose-response relationships between ionomycin
or external Ca2" concentration and m.e.p.p. frequency in
single impalements.

Dependency of ionomycin-induced ACh released on the
concentrations of ionomycin and extracellular Ca2"
Figures 3 and 4 illustrate experiments made using fast-flow
superfusion methods to evaluate the dependency of ACh
release upon the concentrations of ionomycin (Figure 3) and
Ca2+ (Figure 4). Figure 3 shows that larger increases in
m.e.p.p. frequency were observed with increasing concentra-
tions of ionomycin. Note that the external Ca2" concentra-
tion was held constant throughout the experiment, suggesting
that the rate of Ca2+ transport increased with the concentra-
tion of ionomycin. Figure 4 shows that a constant concentra-
tion of ionomycin stimulated larger increases in m.e.p.p.
frequencies as the extracellular Ca2+ concentration was in-

li .~~~~~~~~~~~~~~~~~~~~~~~~~
v v t



830 J.M. HUNT & E.M. SILINSKY

creased. These results suggest that ionomycin is an efficient
transporter of Ca2+ from the extracellular fluid to the
strategic regions of the nerve terminal that promote ACh
release.

Inhibition of ionomycin-stimulated ACh secretion by
adenosine

Maximal concentrations of adenosine receptor agonists
generally reduce spontaneous ACh release (m.e.p.p. fre-
quency) and evoked ACh release (e.p.p. amplitude) by
approximately 50% (Silinsky, 1984). In a total of 13

40
lonomycin
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5 10 15
Elapsed time (min)

Figure 2 Increases in acetylcholine (ACh) release produced by local
fast-flow application of ionomycin. Preparation was superfused in
the bath with low Ca2l Ringer containing I mM Ca2l and 1.8 mM
Mg2' for the duration of the experiment. During the time indicated
by the bar 15 ltM ionomycin was superfused locally.
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Figure 3 Concentration-dependence of ionomycin-induced acetyl-
choline (ACh) release. Preparation was bathed in low Ca2l Ringer
containing 0.5 mM Ca2l and 1.8 mm Mg2+. The indicated concentra-
tion of ionomycin was applied via the fast-flow superfusion system.
Similar results were seen in 4 experiments.
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Figure 4 Calcium-dependence of ionomycin-stimulated increases in
m.e.p.p. frequency. Preparation was bathed in Ca2l-free Ringer with
5ylM ionomycin added. The indicated concentration of Ca2" was
applied via the fast-flow superfusion system. Similar results were seen
in 3 experiments.

experiments, 50 gM adenosine or 25 JLM 2-chloroadenosine
reduced m.e.p.p. frequency 50.4 ± 1.9% (range 38-63%) in
the presence of ionomycin and extracellular Ca2". This
implies the maximal effect of adenosine receptor activation is
unchanged in the presence of ionomycin. With regards to the
potency of adenosine, Figure 5 summarizes the dose-response
relationship for adenosine as an inhibitor of ionomycin-
stimulated ACh secretion in two cells. Of the two cells, one
responded strongly to ionomycin (m.e.p.p. frequency t21
s-'), while the other did not (m.e.p.p. frequency ;2.5 s-').
In both of these cells the concentration of adenosine needed
to produce maximal inhibition was 20- 30 jaM. Thus the
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Figure 5 Concentration-dependent inhibition of ionomycin-stimu-
lated acetylcholine (ACh) secretion by adenosine. Preparation was
bathed in low Ca2l Ringer containing 0.5 mM Ca2", 1.8 mm Mg",
and 5 ytM ionomycin. The indicated concentration of adenosine was
applied via the fast-flow superfusion system. The results show the
averaged dose-response data from two experiments. Control m.e.p.p.
frequencies were 2.63 s' and 21.15 s-'. For details of other
experiments, see text.
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potency and efficacy of adenosine is unchanged in the
presence of a Ca2" influx stimulated by ionomycin (see Sil-
insky, 1984, for example).

Discussion

These results are consistent with ionomycin acting as a rapid,
selective ionophore for translocating extracellular Ca2+ into
the nerve terminal cytoplasm. Once in the cytoplasm, the
Ca2" delivered by this ionophore reaches strategic regions of
the nerve terminal that control neurotransmitter release and
accelerates the rate of quantal ACh release.
X-537A, a less specific ionophore, also increases ACh

release (Kita & Van der Kloot, 1976). However, X537A also
admits Na+ and hence causes membrane depolarization as
well as producing a profound decrease in postjunctional ACh
sensitivity. Such effects were not observed with ionomycin in
these experiments. Furthermore, in PC12 cells, X-537A
induced the secretion of catecholamines (Pozzan et al., 1984)
but this effect was accompanied by disruption of cell mor-
phology and lysis of secretory vesicles. In the same study
ionomycin did not induce any morphological changes during
secretion from PC12 cells. A23187, a less selective Ca2+
ionophore (Liu et al., 1978), has also been used to study
secretion. However, at frog neuromuscular junction, A23187
produced irreversible ultra-structural changes both at nerve
endings (Llados et al., 1984) and at post-junctional loci
(Statham et al., 1976). Thus, our present results, when viewed
in the light of these previous studies, suggest that ionomycin
is a kinder, gentler ionophore, which can be a very useful
tool for bypassing voltage-dependent Ca2+ channels while
studying the properties of calcium-dependent neurosecretion.

It should be noted that X-537A was also reported to
increase e.p.p. amplitude (Kita & Van der Kloot, 1976). In
several experiments (data not shown) ionomycin increased
e.p.p. amplitude by increasing the mean number of quanta
released. Increases in evoked ACh release produced by
ionomycin were also antagonized by adenosine (data not
shown).

Both bath application and fast flow superfusion of
ionomycin increased m.e.p.p. frequency in the presence of
extracellular calcium. However, with fast-flow superfusion,
ionomycin increased m.e.p.p. frequency more rapidly and in
a largely reversible manner. This suggests that the kinetics of
the ionomycin response are strongly influenced by tissue
loading, as might be expected for such a lipophilic com-
pound. Indeed, a similar phenomenon has been seen when
phorbol esters are used to activate protein kinase C.
Specifically, initial experiments in hippocampal slices sug-
gested that phorbol esters produced an irreversible potentia-
tion of neurotransmitter release (Akers et al., 1986; Malenka
et al., 1986). In contrast, later experiments using more exten-
sive washing revealed the phorbol-induced potentiation to be
reversible (Muller et al., 1988). Thus, the use of local super-
fusion techniques for the administration of lipophilic com-
pounds may help to avoid experimental artefacts due to
tissue loading.

If voltage-dependent Ca2" channels are the target sites for
the inhibitory effects of adenosine, then ACh secretion
induced by ionomycin should be insensitive to adenosine. In
fact, this is not the case. Adenosine inhibited ACh release
from frog motor nerve endings regardless of whether the
trigger Ca2" emanated from voltage-dependent Ca2" chan-
nels, Ca2+-filled liposomes (Silinsky, 1984), or Ca2+ iono-
phores (this paper). Furthermore, recent evidence suggests
that Ca2+ currents responsible for initiating evoked ACh
release at frog motor nerve endings are not blocked by
adenosine (Silinsky & Solsona, 1992). Thus, at frog neuro-
muscular junctions, adenosine must be acting at a site distal
to Ca2+ entry.

It is not known whether Ca2+-dependent ACh release
evoked by methods which avoid active membrane Ca2+ chan-
nels can be inhibited by adenosine at motor nerve endings in
species other than frog. Some evidence in favour of an
intracellular target site for the effect of adenosine has been
found in studies on rat neuromuscular junctions (Ginsborg &
Hirst, 1972). However, in rat motor nerve, adenosine (50 pM)
reduces Ca2+ currents measured in solutions containing high
concentrations of K+ channel blockers by 29% (Hamilton &
Smith, 1991). As Ca2+ currents in mammalian motor nerve
endings are not blocked by w-conotoxin (Anderson &
Harvey, 1987) and are thus not of the N-type found in frog
(Silinsky & Solsona, 1992), it is possible that adenosine
receptors in different species could be coupled to different
transduction mechanisms. For example mammalian motor
nerve endings may possess P channels (Llinas et al., 1989;
Hamilton & Smith, 1991; Silinsky & Solsona, 1992) which
could be inhibited by adenosine either by a direct coupling
between pertussis toxin-sensitive G-proteins (Hamilton &
Smith, 1991) or indirectly via soluble second messengers
(Chen et al., 1989). It is also possible that moderate effects of
neuromodulatory substances can be observed on Ca2+ entry
under conditions in which the principal inhibitory action is at
the secretory apparatus (see Man-Son-Hing et al., 1989; see
below).

Results of experiments on hippocampus (Dunwiddie, 1984;
Klapstein & Colmers, 1992) and rat cultured hippocampal
neurones (Scholz & Miller, 1992) are consistent with a
mechanism by which adenosine inhibits neurotransmitter
release downstream of Ca2+ entry. Furthermore, in cultured
snail neurones, the predominant mechanism by which FRMF-
amide inhibits ACh release is also independent of Ca2+ entry
(Man-Son-Hing et al., 1989). Finally, in non-neural cells, it
has been suggested that somatostatin inhibits both ACTH
secretion from anterior pituitary (AtT-20) cells (Luini & de
Matteis, 1990) and insulin secretion from HIY-T15 insuloma
cells (Ullrich et al., 1990) independently of Ca2+ entry. These
results suggest that the process by which adenosine inhibits
ACh release at frog motor nerve endings may not be unique
to the neuromuscular junction or even to adenosine, but may
represent a common mechanism by which the release of a
prepackaged secretory product is modulated.

This work was supported by a research grant (NS 12782) and a
training grant from the National Institutes of Health (T32 NS 07140).
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Modulation of cholinergic and substance P-like
neurotransmission by nitric oxide in the guinea-pig ileum
l*tClaes U. Wiklund, *Caroline Olgart, *,**N. Peter Wiklund & *tLars E. Gustafsson

*Department of Physiology, tlnstitute of Environmental Medicine, **Department of Urology at the Karolinska Hospital,
Karolinska Institute, Box 60 400, S-104 01 Stockholm, Sweden

1 The role of endogenous nitric oxide (NO) as a modulator of enteric neurotransmission was
investigated in longitudinal muscle myenteric plexus (LMMP) preparations of guinea-pig isolated ileum.
2 In tissues previously incubated with [3H]-choline, exogenous NO inhibited electrically-evoked [3H]-
choline overflow as well as responses to exogenous agonists, indicating that NO has the potential of
neuromodulation both pre- and postjunctionally.
3 A series of NO synthase inhibitors enhanced contractile responses to nerve stimulation indicating
inhibitory neuromodulation by endogenous NO.
4 The potency order of the NO synthase inhibitors and their consistent effects after dexamethasone, on
responses to nerve stimulation, indicate action on a constitutive NO synthase.
5 Responses enhanced by NO synthase inhibitors were inhibited by the substance P receptor
antagonist, spantide, suggesting a neuromodulatory influence on substance P-like neurotransmission by
the endogenous NO.
6 NO synthase inhibition did not modify contractile responses to application of acetylcholine or
substance P, or [3H]-choline overflow, indicating that endogenous NO mainly has a prejunctional
inhibitory action on substance P-like neurotransmission. Nor did it modify responses to direct electrical
muscle stimulation in the presence of tetrodotoxin. This suggests a prejunctional enhancing effect by NO
synthesis inhibition.
7 Evidence for endogenous NO modulation of acetylcholine release was obtained when NO synthase
inhibition modified atropine-sensitive, nerve-mediated contractile responses. However, [3H]-choline
overflow was unaltered by NO synthase inhibition.
8 NO synthase inhibition did not modify responses to inhibitory neurotransmission.
9 The findings suggest that endogenous NO inhibits substance P-like motor neurotransmission, prob-
ably via prejunctional mechanisms. Cholinergic transmission may also be reduced by endogenous NO,
acting prejunctionally.

Keywords: Nitric oxide; neuromodulation; cholinergic; tachykinin; smooth muscle; transmitter release

Introduction

Endothelial cells can release nitric oxide (NO) in response to
various stimuli such as bradykinin and acetylcholine (Palmer
et al., 1987). NO is enzymatically formed from the amino
acid, L-arginine (Palmer et al., 1988), through oxidation with
molecular oxygen (Leone et al., 1991, Stuehr et al., 1991).
Derivatives or arginine with modified substituents at the
guanidino terminus, such as NG-monomethyl-L-arginine (L-
NMMA) have been shown to inhibit stereospecifically the
NO synthases, responsible for NO synthesis (Hibbs et al.,
1987; Palmer et al., 1988; Rees et al., 1990b). NO is also
formed in other tissues such as the central nervous system
(Garthwaite et al., 1988; Knowles et al., 1989; Bredt &
Snyder, 1990) and in neutrophils (Rimele et al., 1988; McCall
et al., 1989).

It has been proposed that NO is an inhibitory neurotrans-
mitter (Martin et al., 1988; Gillespie & Sheng, 1988; Li &
Rand, 1989; Gibson et al., 1990) and a NO synthase has been
found in enteric nerves (Bredt et al., 1990). Furthermore, it
has been suggested that endogenous NO can inhibit sub-
stance P-like motor neurotransmission in the guinea-pig
ileum (Gustafsson et al., 1990a,b) since L-NMMA enhances
tachykinin-mediated nerve-evoked contractions.
We have now studied the neuromodulatory effects of a

series of L-arginine analogues and the putative presence of
endotoxin-dependent NO synthase, in guinea-pig ileum. This
was investigated since, at least in vascular in vitro prepara-

'Author for correspondence at: Department of Physiology, Karolin-
ska Institute, Box 60 400, S-104 01 Stockholm, Sweden.

tions, activation of an endotoxin-inducible NO synthase can
modify responses to agonist application (Rees et al., 1990a).
NO was applied exogenously to evaluate possible neuro-
modulatory actions at increased concentrations of NO.

Methods

General procedure

Guinea-pigs (300-500 g) of either sex were stunned and bled.
Longitudinal muscle myenteric plexus (LMMP) preparations
of isolated ileum were prepared and suspended vertically in 3
or 6 ml tissue baths, made of Perspex and equipped with
platinum electrodes 10 mm in length and 10 mm apart.
Motor activity was recorded isometrically (release experi-
ments), or isotonically (muscle response experiments). Tyrode
solution (mM: Na 149, K 2.9, Ca 1.8, Mg 0.5, Cl 144, HCO3
23.8, H2PO4 0.4 and glucose 5.5) was continuously aerated
with 5% CO2 in 02 before and throughout the experiments.
After 20 min at room temperature the tissue bath tempera-
ture was raised to and maintained at 37C. Preparation
weights (wet weight) were 10-15 mg in contraction experi-
ments and 60-180 mg in release experiments.

Contractile responses to nerve stimulation

LMMP preparations of the guinea-pig ileum were trans-
murally stimulated (3 Hz, 0.2 ms, 180 pulses at 5 min inter-
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vals) at an isotonic load of 2 mN and with an initial 20 min
period at room temperature as mentioned above.

Relaxations to nerve stimulation

LMMP preparations were treated with histamine (10-6M)
and atropine (3 x I0- M) and stimulated transmurally (3 Hz,
0.2 ms, 15 pulses at 4 min intervals). The relaxation to nerve
stimulation was followed by a rebound contraction. Tetro-
dotoxin (3 x 10-7 M) abolished both the relaxation and the
contraction induced by transmural stimulation.

Application ofNO by means of acid nitrite

To study neuromodulatory effects of exogenous NO, acid
solutions of nitrite were added to LMMP preparations.
Sodium nitrite (NaNO2) in 0.1 M hydrochloric acid emits
NO, and had been used successfully to mimic NO (Furchgott
et al., 1987; Khan & Furchgott, 1987; Furchgott, 1988).

Acetylcholine release

Large (60-180 mg wet wt.) LMMP preparations were
obtained as above, and were incubated for 1 h with 15 .tCi
mlP' [methyl-3H]-choline during continuous transmural
stimulation (0.2 Hz, 0.2 ms) in the presence of 10-6 M
choline. After a 30 min rinsing period, [3H]-choline overflow
was monitored during constant perfusion (1 ml min-') of the
tissue bath with Tyrode containing 10- M hemicholinium-3,
and was taken as a quantitative measurement of acetyl-
choline release (Szerb, 1976; Kilbinger, 1977).

Drugs

N0-monomethyl-L-arginine (L-NMMA) and NG-monomethyl-
D-arginine (D-NMMA), synthesized according to Patthy et al.
(1977), were gifts from Dr S. Moncada, Wellcome Research
Labs, Beckenham, Kent, UK. L-arginine, D-arginine, N`-
nitro-L-arginine methyl ester (L-NAME), N'-nitro-L-arginine
benzyl ester (L-NABE), Nw-nitro-L-arginine (L-NOARG),
NG, N'G-dimethyl-L-arginine (L-NDMA), Myelin basic pro-
tein (MBP) from rabbit brain, 8-methyl-N-vanillyl-6-none-
namide (capsaicin), tetrodotoxin, guanethidine sulphate,
acetylcholine chloride and atropine sulphate were purchased
from Sigma Chemical Co (St. Louis, U.S.A.). For molecular
structures of the L-arginine analogues see Figure 1. N`-nitro-
D-arginine (D-NARG), N@-nitro-D-arginine methyl ester (D-

NAME) and L-NO2-arginine phenylalanine-methyl ester
(NOARG-PHE) were from BACHEM Feinchemikalien AG,
Budendorf, Switzerland. Substance P and spantide were gifts
from the Wellcome Foundation Ltd, Beckenham, U.K.
[Methyl-3H]-choline (15 Ci mmol ') was from Amersham,
UK. Hemicholinium-3 was from Aldrich-Europe, Belgium.
Dexamethasone phosphate was from Merck Sharp &
Dohme, Rahway, N.J., U.S.A. Capsaicin was dissolved in
ethanol (95% v/v). Added amounts of ethanol did not affect
the LMMP preparations in control experiments. All other
drugs were dissolved in distilled water.

Statistics

Experimental data are expressed as mean values ± s.e.mean.
Statistical significance was analysed by Student's t test for
paired or unpaired variables.

Results

Characterization of responses to nerve stimulation

In response to transmural stimulation, LMMP preparations
of guinea-pig ileum exhibited biphasic contractile responses
(Figure 2), which were abolished by tetrodotoxin (3 x 10- M).
The contractions consisted of a fast twitch and a slow tonic
('hump') response. The tonic contraction was more well-
developed in preparations preoxygenated at room
temperature (80.1 ± 5.7% of control twitch contraction),
than in preparations studied after immediate mounting at
37°C (47.6±6.4% of control twitch contraction; P<0.01,
n = 6). The twitch contraction was antagonized by atropine
(Figure 2). The tonic contraction was antagonized by the
substance P-receptor antagonist, spantide (Figure 2). The
substance P-like nerve-mediated tonic contraction was not
affected by 1 h preincubation with capsaicin at I0- M.

Effects ofNO synthase inhibitors on nerve responses in
drug-naive preparations

L-NOARG, at 2 x 10-5M increased the tonic contraction
but did not affect the twitch contraction (Figure 2a, 3a).
Both the tonic and the twitch contractions were enhanced
during L-NMMA (10- M) treatment (Figure 3b). In the
presence of spantide at a concentration that completely
abolished atropine-resistant contractions, L-NOARG
enhanced the cholinergic tonic phase of the contraction
(Figure 4).
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Figure 1 Molecular structures of L-arginine analogues. L-Arginine,
N0-monomethyl-L-arginine (L-NMMA), N0-nitro-L-arginine (L-
NOARG), N0-nitro-L-arginine methyl ester (L-NAME), N'0-nitro-L-
arginine benzyl ester (L-NABE) and NG, N'G-dimethyl-L-arginine
(L-NDMA).

NO synthase inhibitors on atropine-resistant contractile
responses

In the presence of 106 M atropine, the atropine-resistant
response to transmural nerve stimulation was markedly
enhanced by NO synthase inhibitors. All had the same max-
imal effect although they had variable potency (Figure 2, Sa).
The enhancement by the NO-synthase inhibitors was evident
also in the presence of guanethidine, 10- M. Atropine-
resistant contractions in the absence or presence of NO-
synthase inhibitors were abolished by the substance P-
receptor antagonist, spantide (3 x 10-SM) (Figure 2c and
data not shown). The effects of the L-arginine analogues at
maximally effective concentrations were reversible on
washing and did not show any marked tachyphylaxis. At
supramaximal concentrations (10-' and 5 x 10-4 M for the
nitro- and methyl-derivatives respectively), the effects were
only slowly reversible, and showed distinct tachyphylaxis.
The enhancing effects on atropine-resistant contractions
by L-NMMA (10-4 M), L-NOARG, L-NAME and L-NABE
(10-5 M) were stereospecifically reversed by L-arginine
(10-3 M) but not by the enantiomer D-arginine (10-3 M)
(Figure 6). The D-arginine analogues NG-monomethyl-D-
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Figure 3 Contractile responses to nerve stimulation, 3 Hz, 0.2ins,
180 pulses at 5 min intervals in guinea-pig ileum LMMP. Twitch
contractions (open columns) and tonic 'hump' contractions (solid
columns) to nerve stimulation (tonic 'hump' contractions expressed
as a % of control twitch contractions). (a) L-Arginine (10-3 M)
inhibited (P< 0.001) and Nw-nitro-L-arginine (L-NOARG,
2 x i0- m) enhanced the tonic contraction (P<0.001) and did not
affect the twitch contraction (n = 6). (b) The tonic contraction in
preparations pretreated with dexamethasone had a lower amplitude
compared with drug-nalive preparations (P<0.01, n = 12). However,
L-NMMA (10-4 m) enhanced both the twitch and the hump contrac-
tion to nerve stimulation (P <0.001) in the absence and after
pretreatment with dexamethasone (l0-7 M). ***P<0.001;
##P<0.01 (hump contraction: dexamethasone vs control).

Figure 2 Three preparations of guinea-pig ileum LMMP. Contrac-
tile responses to transmural nerve stimulation, 3 Hz, 0.2 ms, 180
pulses at 5 min intervals. (a) N0-nitro-L-arginine (L-NOARG)
(2 x O-I M) enhanced the tonic 'hump' phase of nerve-mediated
contractions. (b) Atropine (Atrop, 10-6 M) abolished the twitch con-
traction. After pretreatment with atropine the enhancement by L-
NOARG was pronounced. (c) The enhancement by L-NOARG was
reversed by L-arginine. The atropine-resistant contractions were
abolished by the substance P-receptor antagonist, spantide.

arginine (D-NMMA), NM-nitro-D-arginine methyl ester (D-
NAME) and N'-nitro-D-arginine (D-NOARG) did not affect
the atropine-resistant contractions (Figure 5b).
Another naturally occurring (McDermott, 1976; Patthy et

al., 1977) arginine analogue, NG, NG-dimethyl-L-arginine
(symmetric dimethyl arginine, L-NDMA) was examined for
effects on neurotransmission. After purification from its
counter-ion 2-(4'-hydroxyazobenzene) benzoic acid (HABA)
on Sep-Pak C18 columns, L-NDMA did not affect contractile
responses to nerve stimulation, regardless of the presence or
absence of atropine (Figure 5a). The commercially available
preparation of L-NDMA inhibited nerve-mediated contrac-
tions, but this effect could be mimicked with HABA. In
contrast to L-NDMA, L-NMMA similarly eluted through

Spantide 3 x 10-5 M
lOmn1~~~~~~~~~~~~~110 min3

H )

t it
L-NOARG 10-4 Atrop 10-6 (M)

Figure 4 Contractile responses to nerve stimulation (3 Hz, 0.2 ms,
180 pulses at 5 min intervals) in guinea-pig ileum LMMP. The
substance P-receptor antagonist, spantide, at a concentration that
abolishes atropine-resistant contractions, (see Figure 2) inhibited
both the twitch and the tonic contractile response. N(-nitro-L-
arginine (L-NOARG, 10-4 M) enhanced both phases of nerve-
mediated contractions after pretreatment with spantide. The
enhanced responses were abolished by atropine.
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I

A

twitch contraction was not affected (Figure 3a). In prepara-
tions stimulated for 5 s at 1 min intervals, L-arginine did not
affect the twitch contractions to nerve stimulation as

previously reported (Gustafsson et al., 1990a).

NO synthase inhibition after dexamethasone

A To study whether endotoxin-inducible NO synthase was

804 -I involved in the neuromodulation in guinea-pig ileum,
i 6 5 4 8 ytmol kg-' dexamethasone was given intraperitoneally to a

-log concentration (M) group of animals 1 h before they were killed. The small
intestine and the muscle preparations were then kept in
dexamethasone-containing (10-7 M) solution before and

Figure 5 Atropine-resistant (10-6 M) tonic contractions to nerve

stimulation (NS, 3 Hz, 0.2 ms, 180 pulses at 5 min intervals) in
guinea-pig ileum LMMP. (a) Enhancement of contractions to nerve

stimulation by L-arginine analogues: N0-monomethyl-L-arginine (L-
NMMA) (0); N"-nitro-L-arginine (L-NOARG) (A); Nw-nitro-L-
arginine methyl ester (L-NAME) (L) and Nw-nitro-L-arginine benzyl
ester (L-NABE) (*); N0, N0-dimethyl-L-arginine (L-NDMA) (V)
did not modify the contractions. (b) The D-arginine analogues N0-
monomethyl-D-arginine (D-NMMA) (0), N0-nitro-D-arginine (D-
NOARG) (A), N0-nitro-D-arginine methyl ester (D-NAME) (0) did
not modify the contractions to nerve stimulation (n = 6).

Sep-Pak columns retained its stimulatory activity. Myelin
basic protein, of which L-NMMA is a constituent (McDer-
mott, 1976; Patthy et al., 1977; Rawal et al., 1992), did not

affect contractions to nerve stimulation at 10 g ml-' regard-
less of the presence or absence of atropine. This corresponds
to 5 x 10-7M concentration of myelin basic protein, and
0.96 x 10-7 M of protein bound L-NMMA and asymmetric
dimethyl arginine, both compounds having nearly similar NO
synthase inhibitory capacity (Vallance et al., 1992). The
dipeptide L-NO2-arginine-phenylalanine methyl ester
(NOARG-Phe methyl ester) enhanced nerve-mediated con-

tractions by 56 ± 10% at 10-4 M in atropine-treated tissues,
and its effect was reversed by L-arginine.

L-Arginine on drug-naive preparations

L-Arginine, the substrate for NO synthesis, at 10-3 M,

inhibited the tonic contraction by 18 ± 2% whereas the

throughout the experiments. Altnougn aexametnasone
inhibited contractile responses slightly, L-NMMA (10-4 M)
enhanced nerve-mediated contractions in the dexamethasone-
treated preparations to a similar degree as in untreated con-

trols (Figure 3b).

NO synthase inhibitors on inhibitory nerve responses

Transmural stimulation in the presence of atropine and his-
tamine elicited biphasic responses, relaxations followed by
contractions before stimulation ceased, and showing max-

imum contraction after stimulation ('rebound contraction')
(Figure 7). The amplitude of the relaxations was small, only
amounting to 1.0 ± 0.6% of control contractions to nerve

stimulation in drug-naive preparations. The rebound contrac-
tions were enhanced by L-NOARG and abolished or greatly
reduced by the substance P-receptor antagonist, spantide
(Figure 7). L-NOARG did not significantly affect relaxations
to nerve stimulation in the absence or presence of spantide
(3 x 10-5'M) (n = 7).

NO synthase inhibitors on responses to exogenous
agonists

L-NOARG 10-4 M did not enhance contractile responses to
acetylcholine (10-7 M), substance P (10-9 M) or direct muscle
stimulation in the presence of tetrodotoxin (3 x 10- M)
(3 Hz, 2.0 ms, 15 pulses at 1 min intervals) (n = 5 for each
group). The contractile responses to these agonists were sub-
maximal (50-75% of responses to transmural nerve stimula-
tion).
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Sensitivity x 10

Histamine 10-6 + Atrop 3 x 10-7 (M)

ni1

L-NOARG i0-5 Spantide 3 x 10-5 (M)

Figure 7 Relaxations and rebound contractions to nerve stimulation
(3 Hz, 0.2 ms, 15 pulses at 4 min intervals) in guinea-pig ileum
LMMP, in the presence of histamine (3 x 10-7M) and atropine
(Atrop 10-6 M). N@-nitro-L-arginine (L-NOARG, 10-1 M) enhanced
the rebound contractions but did not modify the relaxations. Span-
tide (3 x 10-5 M) abolished the enhanced contractile responses.

Exogenous NO on responses to nerve stimulation and
exogenous agonists

NO application by administration of acidified sodium nitrite
(10-9- 10- M) dose-dependently and reversibly inhibited
contractile responses to nerve stimulation (data not shown
and Figure 8). The threshold concentration for the inhibitory
effect was 10-7 M. At 10-6 M both the twitch and the tonic
phase were inhibited by approximately 50%. Higher concent-
rations of sodium nitrite had only minor additional effects,
and HC1 controls lacked effects.
Acid nitrite (l0o6- I0- M) dose-dependently inhibited con-

tractile responses to acetylcholine, substance P or neurokinin

5 min

NaNO2
10-5 M

(in HCI)

Figure 8 Contractile responses to nerve stimulation, (3 Hz, 0.2 ms,
180 pulses at 5 min intervals) in guinea-pig ileum LMMP. Acid
nitrite (NaNO2 in HCI) reversibly inhibited nerve-mediated contrac-
tions. The acid that was used (10-' M HCI), when added to the tissue
bath, corresponded at most to a 10-4 M theoretical addition, and was
effectively buffered by the 23.8 x 10-3 M bicarbonate. Thus, it did
not affect the pH of the bath fluid or the nerve-mediated contrac-
tions in parallel control experiments (not shown).

Figure 9 Stimulation-evoked (3 Hz, 0.2 ms, 180 pulses at 12 min
intervals) [3H]-choline overflow in guinea-pig ileum LMMP prepara-
tions prelabelled with [3H]-choline. The overflow of 3H is expressed
as quotients between two sequential stimulation periods (S2/Sl).
(Control = open column). Sodium nitrite (NaNO2) in 10-' hydro-
chloric acid ( M ) inhibited [3H]-choline overflow (P< 0.01),
whereas NaNO2 in distilled water ( ) was without effect. Hydro-

chloric acid ( MM111) at the concentration used with NaNO2
(theoretically reaching 10-4M in the tissue bath), did not modify the
[3H]-choline overflow. Included are also previous data (Gustafsson et
al., 1990b) showing that NG-monomethyl-L-arginine (L-NMMA,
) or L-arginine ( ) did not modify [3H]-choline overflow.

Number of experiments indicated in parentheses; s.e.mean is shown
except for the effect of HCI where range is denoted. **P<0.01.

A at concentrations submaximally effective when compared
to electrical stimulation (data not shown). At 10-5M acid
nitrite the responses were inhibited by approximately
30-60%.

Effects ofNO and NO synthase inhibition on [3H1-
choline overflow

Multistranded preparations of guinea-pig ileum LMMP were
preincubated with [3H]-choline for 1 h and subsequently
stimulated transmurally (3 Hz, 0.2 ms, 180 pulses at 12 min
intervals) giving reproducible release of [3H]-choline. Sodium
nitrite (10-4M) in 0.1 M hydrochloric acid inhibited
stimulation-evoked release of [3H]-choline by 17 ± 3%
(Figure 9), whereas non-acidified nitrite lacked effect. As
previously shown, L-NMMA or L-arginine did not affect
[3H]-choline overflow (Gustafsson et al., 1990b, and Figure
9).

Discussion

The present study clearly indicates that endogenous NO
modulates autonomic neurotransmission in guinea-pig
isolated ileum. The main function observed is an inhibition
of substance P-like neurotransmission, probably at a prejunc-
tional site. There is also a smaller inhibitory influence on
cholinergic transmission, by endogenous NO.
The main evidence for neuromodulation by endogenous

NO was the enhancement of nerve-mediated contractions by
NO synthase inhibitors. Furthermore, exogenous NO
inhibited [3H]-choline overflow and responses to exogenous
agonists, clearly indicating that NO is capable of both pre-
and postjunctional modulation of neurotransmission. NO
synthase inhibitors did not modify responses to exogenous
agonists, either of the peptide or the acetylcholine type,
lending further support for a prejunctional action of
endogenous NO. The finding that NO synthase inhibition
enhanced responses to nerve stimulation in the presence of
atropine, and that such responses could be abolished by
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substance P receptor antagonism, shows that the
neuromodulatory influence of endogenous NO was exerted
on the substance P-like neurotransmission. Accordingly, NO
synthase inhibition lacked effect on acetylcholine release, as
determined by the [3H]-choline method. Definitive evidence
for prejunctional modulation of substance P-like neurotrans-
mission will have to await determinations of the release of
substance P or its homologues in tissue bath fluid.
NO as a mediator of inhibitory neurotransmission is not a

likely explanation for the enhancement by NO synthase
inhibitors of responses to excitatory neurotransmission. Firs-
tly, exogenous NO inhibited [3H]-choline overflow, showing
that NO is able to inhibit neurotransmitter release.
Secondly, NO synthase inhibition did not modify nerve-
mediated relaxations. This contrasts with a role for NO as a
mediator of inhibitory neurotransmission in other locations
in the gastrointestinal tract, e.g. in the circular muscle layer
of the intestine or in the stomach; or in genital tissue (Desai
et al., 1991; Ignarro et al., 1990a,b).

All the substituted L-arginine analogues except L-NDMA
enhanced contractile responses to nerve stimulation
indicating the presence of endogenous neuromodulatory NO
in guinea-pig ileum, in accordance with previous studies with
L-NMMA (Gustafsson et al., 1990b). The effects of the L-
arginine analogues were not mimicked by their D-
counterparts, and were antagonized by L-arginine but not by
D-arginine, indicating stereoselective inhibition of NO syn-
thase (Palmer et al., 1988; Palacios et al., 1989).

L-Arginine inhibited the tonic phase of contractions to
nerve stimulation suggesting that when substrate for NO
synthase is added, the endogenous NO production is
stimulated.
The potency order of the NO synthase inhibitors is com-

patible with a constitutive, calcium- and NADPH-dependent
NO synthase (Palacios et al., 1989). This is further cor-
roborated by the lack of effect of dexamethasone-
pretreatment in the ileum preparations, making a contribu-
tion of an endotoxin-stimulated inducible NO synthase in
endogenous neuromodulation by NO in the guinea-pig ileum
unlikely. Further support for the involvement of a con-
stitutive enzyme would be gained from demonstration of
calcium-dependence (cf. Moncada et al., 1991), and

preliminary data which show that guinea-pig LMMP is
capable of NO release support such a relationship (Wiklund
et al., 1993).
The effect of the dipeptide L-NOARG-PHE and the lack

of neuromodulating effect by symmetric dimethylarginine (L-
NDMA) or by myelin basic protein, which contains both
mono- and dimethylated arginines (McDermott, 1976; Patthy
et al., 1977), indicate that not all methylated arginines are
active as NO synthase inhibitors. For L-NDMA, this is in
agreement with recent data which also demonstrate that the
unsymmetric dimethyl analogue is a synthase inhibitor (Val-
lance et al., 1992). These results also show that dipeptides
are, in intact or hydrolysed form, capable of NO synthase
inhibition in the ileum, whereas larger proteins like myelin
basic protein seem inactive, at least in vitro. The size limit for
enzyme inhibition by polypeptides in this system remains to
be determined.
The site of production of endogenous NO in the ileum can

also only be a matter of speculation. However, neuronal
localization for one type of NO synthase has been demon-
strated in the small intestine (Bredt et al., 1990). In support,
nerve stimulation in intestine can release NO-like bioactivity
(Bult et al., 1990), and chemiluminescence determination of
NO release also indicates a dependence on neuronal activity
in the intestine (Wiklund et al., 1993).

In conclusion, exogenous NO can inhibit transmitter
release, as evident from the [3H]-choline overflow
experiments. In the guinea-pig isolated ileum, endogenous
NO mainly exerts a tonic prejunctional inhibition on subs-
tance P-like motor neurotransmission, although a slight effect
on cholinergic transmission may also occur. Regardless of the
site of NO action, a modulation by NO of non-adrenergic
non-cholinergic (NANC) excitatory neurotransmission would
be in agreement with observations of NANC neuromodula-
tion by NO in other tissues (Gustafsson et al., 1990a; Ceder-
qvist et al., 1991).
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Stimulated eosinophils and proteinases augment the
transepithelial flux of albumin in bovine bronchial mucosa
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1 The apical to basolateral transmucosal flux of albumin has been measured in isolated sheets of
bovine bronchial and tracheal mucosa. Under resting conditions the net unidirectional flux in the
bronchial mucosa was not significantly different from that measured previously for the basolateral to
apical vector. In contrast, the apical to basolateral flux in the tracheal mucosa was significantly lower
than that measured in the opposite direction.
2 Addition of guinea-pig peritoneal eosinophils to the apical side of the tissues had no significant effect
on the transmucosal flux of albumin in either the bronchial or tracheal mucosa.
3 When eosinophils were stimulated with the ionophore A23187 or by opsonic adherence to tissues
treated with a guinea-pig anti-bovine airway epithelium antibody, the bronchial mucosal sheets that had
been exposed showed a significant increase in the transmucosal flux of albumin. However, tissues from
the tracheal mucosa were resistant to the effects of stimulated eosinophils.
4 Histologically, sheets of mucosa from bovine main bronchi that had been exposed to stimulated
eosinophils were characterized by epithelial injury consisting of loss of columnar epithelium from the
underlying basal cell layer and biomatrix. Much less evidence of cellular injury was observed in tracheal
tissues.
5 Bacterial collagenases applied to the apical side of the sheets were shown to increase the permeability
of the bronchial mucosa to albumin and to produce histological changes that had similarities with the
pattern of damage produced by stimulated eosinophils.
6 These observations demonstrate that the ability of eosinophils to injure the bronchial mucosa is
independent of the side of the tissue on which they are present. Furthermore, key aspects of the injury
process may be reproduced, at least in part, by metalloproteinases.

Keywords: Airway mucosa; trachea; bronchus; proteinases; tissue injury; eosinophil; albumin; matrix metalloproteinase

Introduction

Detachment of airway epithelial cells from their anchorage to
basal cells and the biomatrix sub-stratum is a hallmark
feature of the pathology of bronchial asthma (Naylor et al.,
1962; Laitinen et al., 1985; Elia et al., 1988; Jeffery et al.,
1989; Montefort et al., 1992). Although there is compelling
circumstantial evidence for the involvement of cytotoxic pro-
teins, oxidants and other mediators in this process (Hastie et
al., 1987; Agosti et al., 1987; Ayars et al., 1989; Motojima et
al., 1989) there is little appreciation of the mechanistic events
that occur to cause the phenomenon.

Current evidence suggests that a key event in the chronic
inflammatory progression of asthma involves the priming and
activation of eosinophils that have infiltrated into the bron-
chial sub-mucosa and airway lumen (Djukanovic et al., 1990;
Aalbers et al., 1993). Through their ability to express injury-
promoting mediators, in particular the arginine-rich proteins
of the eosinophil specific granule, eosinophils could play an
important role in both the amplification and attenuation of
airway inflammation (for review see Montefort et al., 1992).
We have previously shown that these events can be mod-

elled in vitro in a manner that allows the mechanism of the
interaction of eosinophils with the airway mucosa to be
studied under carefully controlled conditions (Herbert et al.,
1991a). Using modified Ussing Chambers which permit the
separate bathing of the apical and basolateral faces of sheets
of bovine bronchial epithelium, we have demonstrated that
stimulated eosinophils or neutrophils from guinea-pigs are
able to elicit tissue damage that is rapid in onset. This
damage is characterized functionally by an increase in the
permeability to macromolecules such as serum albumin, and

' Author for correspondence.

morphologically by loss of epithelial cells in a manner that is
strikingly reminiscent of the asthmatic airway (Laitinen et al.,
1985; Herbert et al., 1991a; Montefort et al., 1992). To avoid
misunderstanding with terminology that has been used in a
less precise and undefined way, we will refer to this combina-
tion of functional and structural changes as epithelial or
mucosal injury.
Our previous experiments have been confined to an exam-

ination of the effects of eosinophils added to the basolateral
side of the epithelium. An interesting feature of these results
was the ability of the broad-spectrum anti-proteinase M2-
macroglobulin to inhibit these eosinophil-dependent changes
(Herbert et al., 1991a). We have subsequently shown that the
interaction between eosinophils and the airway mucosa re-
sults in the expression and activation of latent metallo-
proteinases which could be involved in the detachment of
epithelial cells (Herbert et al., unpublished).
The present study had two components. In the first, our

intention was to establish whether the ability of eosinophils
to cause mucosal injury was restricted to their being on the
basolateral side of the tissue. We reasoned that their activa-
tion on the apical side would provide information about
whether eosinophils are capable of producing epithelial shed-
ding when they are present in the airway lumen. In the
second series of studies, we investigated the ability of an
exogenous metalloproteinase to mimic the effect of stimu-
lated eosinophils in this model. Together, these two com-
ponents provide further mechanistic information about the
interaction between eosinophils and the airway mucosa. A
preliminary account of aspects of this work has been presen-
ted to The British Pharmacological Society (Herbert et al.,
1991b).
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Methods

Tissue chambers

The methods used in these experiments have been described
in detail elsewhere. In brief, fresh bovine lungs were obtained
from a local abattoir and used within 1 h post mortem. A
mid length section of trachea and main bronchi were
identified, opened by incision and carefully removed by
dissection. Dissected tissues were placed in Eagle's Minimum
Essential Medium (MEM) buffered with 10 mM HEPES and
washed extensively. The tissues were then cut into 1-2 cm2
sized pieces and mounted between two acrylic plates each of
which had a central aperture (0.8 cm and 0.5 cm diameter for
the tracheal and bronchial tissues respectively). The tissues
were sandwiched between the two plates by means of a
circular array of pins and a leakproof seal obtained by means
of a concentrically positioned rubber 0-ring. Each assembled
tissue 'sandwich' was then mounted between two water-
jacketed half chambers which allowed the independent bath-
ing of the apical and basolateral faces of the tissue.

Both sides of the apparatus were initially filled with MEM
(2 ml per half chamber) and the tissue allowed to equilibrate
at 37°C for 30 min. After equilibration, the chambers were
orientated vertically and the bathing solution on the apical
side replaced with medium containing cells (1 ml) or enzyme
solution (200 p1). After predetermined exposure periods these
solutions were removed, the chambers placed horizontally
and then refilled with fresh cell- or enzyme-free medium prior
to the measurement of albumin flux.

Measurement of albuminflux
The half-chambers on the apical side of the tissue were
loaded with 2 ml MEM containing 2 fiCi 1251I-labelled bovine
serum albumin (BSA, sp. act. 2.1-3.5 gCi L.g-'). After addi-
tion of tracer the chambers were agitated gently throughout
the rest of the experiment. At 0, 15, 30, 60, 90, 120, 150 and
180 min after addition, 25 jil samples of MEM were with-
drawn by microsyringe from the half-chamber on the baso-
lateral side of the tissue. Radioactivity was determined by
gamma counting or scintillation analysis using, respectively, a
Canberra-Packard Cobra B5003 or Packard 2000CA in-
strument. The net unidirectional rate of albumin movement
was calculated as described elsewhere (Herbert et al., 1991a).
For comparative purposes, data are also included for studies
where basolateral to apical fluxes were measured.

Purification and use of eosinophils
A peritoneal eosinophilia was established in male Dunkin-
Hartley strain guinea-pigs by use of polymyxin B (Herbert et
al., 1991a). Peritoneal lavage was performed and the eosino-
phils enriched by centrifugation on discontinuous gradients
of metrizamide (Herbert et al., 1991a). Eosinophil purity was
determined by staining with eosin/pontamine sky blue and
cell viability measured by trypan blue exclusion. Preparations
of <80% purity and <90% viability were discarded.

Eosinophils were stimulated with the calcium ionophore
A23187 and also by initiating an antibody-dependent cyto-
toxicity reaction in mucosal sheets that had been opsonized
by guinea-pig anti-bovine airway epithelium heat-inactivated
serum (Herbert et al., 1991a). For use in experiments the
A23187 was maintained as a stock solution in dimethyl
sulphoxide (DMSO) and diluted in MEM to produce the
final concentration required (5 JAM). Appropriate controls
were employed to establish the effect of the 1% DMSO
vehicle. For immunological activation, appropriate controls
using heat-inactivated non-immune serum (sham treatment)
were incorporated into the experimental design.

Treatment of tissues with enzymes
Solutions of bacterial collagenase were prepared in MEM

and added as 200 .1I aliquots to the apical side of the tissue
when the chambers were mounted vertically. For com-
parison, in some experiments the enzymes were applied to the
basolateral side of the tissue. After predetermined exposure
periods, the enzyme solution was removed from each cham-
ber and the chambers rinsed with MEM prior to measure-
ment of albumin flux.

LDH assay

Lactate dehydrogenase (LDH) activity was measured in
chamber fluid samples and expressed as a percentage of the
total tissue LDH determined in homogenates of airway
mucosa. The activity of LDH was quantified with a col-
ourimetric assay involving the NADH-dependent reduction
of pyruvic acid to lactic acid. Unreacted pyruvic acid was
treated with 2,4-dinitrophenylhydrazine, the absorbance of
the coloured product formed being inversely proportional to
the LDH activity in the sample.

Processing of tissue samples

Sheets of bronchial or tracheal mucosa were fixed in 10%
formalin (phosphate buffered at pH 7.4) whilst still mounted
in the acrylic plates. After 10 min the exposed tissue was
dissected free and fixed for a further 2-7 days prior to
automated processing. The tissues were dehydrated through
70- 100% alcohol, placed into xylene and then wax embed-
ded. Sections (2-4 pm) were cut with a microtome. The
strips were dried for at least 60 min, dewaxed and hydrated
prior to staining. This was achieved by sequential treatment
with xylene, alcohol (100-70%) and finally into water. Sec-
tions were stained with Ehrlich's haematoxylin (45 min room
temperature) washed with water and briefly dipped into 70%
alcohol/ I% hydrochloric acid. Haematoxylin staining was
repeated, and after washing with water the sections were
counterstained for 5 min with 1% aqueous eosin (yellowish)
and washed. Specimens were then dehydrated through 70-
100% alcohol, equilibrated with xylene and mounted in dist-
rine dibutylphalite xylene (DPX).

Materials

The following were purchased as indicated: radiolabelled
albumin (NEN Du Pont Research Products, Stevenage,
Herts.); Opti-Fluor scintillant (Canberra-Packard, Caver-
sham, Berks.); metrizamide (Nycomed, Birmingham); iono-
phore A23187; reagents for assay of LDH; DMSO; Eagle's
MEM (Sigma, Poole, Dorset). Collagenase (Clostridiopep-
tidase A, E.C. 3.4.24.3) from Clostridium histolyticum was
also obtained from Sigma. In the present paper we describe
experiments performed with two types of bacterial col-
lagenase (Sigma type I and Sigma type IV). Both of these
preparations are ammonium sulphate fractionations of bac-
terial culture supernatants and consequently contain small
quantities of other enzyme activities. It should also be noted
that the Sigma 'type' designations do not refer to the type of
collagen preferentially degraded by the enzymes and to avoid
such confusion in this manuscript we shall refer to them by
their respective catalogue numbers as collagenase C0130 and
collagenase C5138. Collagenase C0130 contained 300 col-
lagen digestion units per mg solid and also contained 0.6, 99
and 0.6 units mg-' of clostripain, caseinase and tryptic
activity as determined by spectrophotometric assay. Col-
lagenase C5138 had >650 collagen digestion units per mg
solid and contained the same enzymes as impurities at
specific activities of 0.29, 60 and 0.05 units mg-'. For
reference, the definitions of the individual enzyme units are
as listed below: collagenase-one unit releases peptides from
native interstitial collagen equivalent to 1 tmol L-leucine in
5 h at pH 7.4 and 37°C in the presence of calcium; clos-
tripain-one unit hydrolyses 1 p.mol N-a-benzoyl-L-arginine
ethyl ester (BAEE) per min at pH 7.6 at 25°C in the presence



842 C.A. HERBERT et al.

of 2.5 mm dithiothreitol; caseinase-one unit hydrolyses casein
to produce colouration of Folin-Ciocalteau reagent equiva-
lent to 1 JAmol of L-tyrosine in 5 h at pH 7.5 and 37C; tryptic
activity-one unit hydrolyses 1 ytmol BAEE per min at pH 7.6
and 25°C.

All other reagents were obtained as described previously
(Herbert et al., 1991a).

Statistics

Data are presented as the mean ± s.e.mean of n separate
experiments. Statistical comparisons were made using the
Mann-Whitney two sample test. Probability values (P) < 0.05
were considered statistically significant.

Results

Under control conditions in the absence of added eosino-
phils, the net unidirectional flux of albumin in the bronchial
mucosa was 2.42 ± 0.13 fmol cm-2 min- for the basolateral
to apical vector, whilst the corresponding value for the apical
to basolateral vector was 2.39 ± 0.08 fmol cm-2 min-' (n =
32 for each). In contrast, there was a significant difference
between the vectorial rates in the tracheal preparation. For
the basolateral to apical vector the net unidirectional flux
was 1.00 ± 0.06 fmol cm-2 min-' compared to 0.60 ± 0.04
fmol cm-2 min-' in the reverse direction (P s 0.001, n = 21
and n = 9 respectively).

Eosinophils obtained by peritoneal lavage were enriched to
an average of 86.9 ± 2.8% purity. The remaining cells con-
sisted of 7.4 ± 1.3% macrophages, 3.8 ± 1.7% lymphocytes
and 1.9 ± 0.5% neutrophils. Viability was 97.7 ± 0.5%. We
have shown elsewhere that eosinophils obtained in this way
may be activated by 5 ALM A23187 to produce a maximal
release of leukotrienes (Herbert et al., 1991a). In the presence
of unstimulated eosinophils the net apical to basolateral (i.e.
inward) flux of albumin was 0.64 ± 0.08 and
1.88 ± 0.15 fmol cm-2 min-' in sheets of tracheal and bron-
chial mucosa respectively (data derived by compilation of
information from Table 1). When compared with the corres-
ponding basolateral to apical (i.e. outward) fluxes in the
presence of unstimulated cells, there was no difference be-
tween the values in the bronchi (2.13 ± 0.19 outward, versus
1.88 ± 0.15 fmol cm-2 min-' inward) whereas the inward flux
was significantly lower than the outward in the trachea
(0.96 ± 0.10 versus 0.64 ± 0.08). Data for the basolateral to
apical direction (n = 9 and 11 experiments in trachea and
bronchus) are derived from Herbert et al. (1991a).

Stimulation of eosinophils with 5 .tM A23187 resulted in a
significant augmentation of albumin flux after incubation of
the cells with the bronchial mucosa (Table 1). In contrast,
there was no significant effect in tracheal tissues (Table 1).

Opsonization of the apical side of the bronchial mucosa
with a guinea-pig antibody which binds to epithelial cells had
no significant effect on the resting transmucosal flux of
albumin. Furthermore, addition of eosinophils to the apical
side of these sham-treated tissues did not produce a

significant change in the flux of albumin (data not shown).
However, bronchial tissues that had been actively opsonized
exhibited a significantly increased net rate of albumin flux
when exposed to eosinophils for 60 min (Table 1). In contrast
to this effect in the bronchial tissues, the net unidirectional
flux of albumin in the tracheal tissues was unchanged by this
manoeuvre (Table 1), and it was similarly unaffected by the
process of tissue opsonization.

Histologically, bronchial tissues that had been exposed to
stimulated eosinophils were characterized by gross disruption
of the normal architecture of the epithelium (Figure 1).
Extensive loss of columnar epithelium was noted with, in
most of these cases, retention of attachments between basal
cells and the underlying biomatrix. In areas where columnar
epithelium was still present, there was visual evidence of cell
shrinkage, vacuolation and loss of focal intercellular contact
on the apical side of the epithelium. In contrast to these
striking changes evident in the bronchial mucosa, at this
resolution there was little evidence of disruption of the
tracheal tissues.

In further experiments we examined the effects of exposing
either the apical or the basolateral sides of airway mucosal
tissue to collagenase preparations derived from C. histoly-
ticum. The majority of experiments were performed with
collagenase C5138, although comparative studies were made
with the C0130 preparation. When added to the basolateral
surface of bronchi and incubated for 3 h, 0.1 and 0.5 mg
ml-' concentrations of collagenase C53 18 produced a
significant increase in the basolateral to apical flux of
albumin (Figure 2). Lower concentrations were ineffective,
however. In some cases we also took the opportunity to
investigate the changes in the net flux of mannitol using dual
isotope liquid scintillation counting. Under control condi-
tions the net flux of mannitol was, as expected for a solute of
smaller mass and molecular radius, greater than that of
albumin, and it was significantly increased by the highest
concentration (0.1 mg ml-') of collagenase tested in that
particular series of experiments (Figure 2). At concentrations
of collagenase in the range 0.1-0.5 mg ml-' damage to the
mucosal sheet was sometimes evident at the macroscopic
level and this possibly explains the heterogeneity of response
depicted in Figure 2. At the single 0.5 mg ml- ' concentration
tested, collagenase preparation C0130 was significantly less
active than C5138 (P < 0.05), although this is most probably
due to the fact that its collagenolytic specific activity was
only half that of the C5 138 preparation (see Methods).
Nevertheless it still produced a significant augmentation of
the net flux of albumin when compared to enzyme-free cont-
rols (Figure 2).
When added to the apical surface of the tissue, 0.1 and

0.5 mg ml-' concentrations of collagenase C5138 produced
significant increases in the net apical to basolateral flux of
albumin when compared to the control (Figure 2). These
changes were smaller in magnitude than those produced by
exposure of the basolateral surface to the enzyme, but there
was only a statistically significant difference for the 0.1 mg
ml-' concentration (P . 0.01). In the absence of enzyme,
there was no significant differences between the control net

Table 1 Effect of lumenally applied eosinophils (3.3 x 106 ml ', contact time with mucosa 60 min) on the net apical to basolateral
flux of bovine serum albumin in mucosal tissues from the trachea and main bronchus

Conditions

Eosinophils plus 1% DMSO
Eosinophils plus 5 tAM A23187
Eosinophils plus sham opsonization
Eosinophils plus active opsonization

Net unidirectional flux (fmol cm- 2min- ')
Tracheal mucosa Bronchial mucosa

Data are mean ± s.e.mean from 4 -5 separate donor tissues.
*Significantly (P < 0.05) different from the appropriate control.

0.72 ± 0.15
0.65 ± 0.09
0.57 ± 0.07
0.67 ± 0.07

1.78 ± 0.20
5.95 ± 1.50*
2.02 ± 0.26
3.70 ± 0.41 *
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unidirectional fluxes in this particular series of experiments,
with net rates of 2.92 ± 0.27 and 2.32 ± 0.10 fmol cm-2
min-' for the basolateral to apical and apical to basolateral
vectors respectively.
The exposure of the basolateral side of the bronchial

mucosa to 0.1 mg ml-' collagenase C5138 was not associated

with a significant increase in the net amount of LDH released
from the tissues over the 180 min incubation period (Figure
3), although the data indicate that there appeared to be a
trend to slightly elevated release of LDH after collagenase
exposure.

Both collagenase preparations also produced a significant

Figure 1 Panels (A-D) depict photomicrographs of haematoxylin and eosin-stained sections of bovine bronchial mucosa under (A)
normal conditions, (B) following 180 min exposure of the basolateral side to 0.5 mg ml' C5318 collagenase, (C) after exposure of
the apical surface to ionophore stimulated eosinophils for 60 min and (D) after exposure of the opsonized apical surface to
eosinophils in an antibody-dependent cytotoxicity reaction. Panels (E-G) depict sections of tracheal mucosa under (E) control
conditions, (F-G) following 180 min exposure of the basolateral side to 0.5 mg ml C5318 collagenase. Scale bars depict 50 jLm.
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increase in the outward flux of albumin in the tracheal
mucosa when added to the basolateral side at 0.5mgml1'
for 180min (Figure 4). Apical addition of collagenase and
inward flux of albumin was not tested.

Bronchial tissues that had been exposed to bacterial col-
lagenase exhibited a pattern of injury that was broadly
similar to that seen with eosinophils, although some
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Figure 2 Effect of bacterial collagenase C5318 on the resulting net
unidirectional flux of albumin when applied to bovine bronchial
mucosa for 180 min. In (a) solid columns show basolateral addition
of enzyme and albumin flux for the basolateral to apical vector.
Stippled columns show corresponding addition to the apical surface
and apical to basolateral flux. Data are mean ± s.e.mean from 4-8
experiments. Asterisks indicate significant differences (P < 0.05) with
respect to the appropriate enzyme-free control. In (b) corresponding
changes in the net unidirectional flux of [3H]-mannitol produced by
collagenase C5138 added to the basolateral side of the tissues. Data
are from 3-5 experiments. Asterisks indicate significant differences
(P < 0.05) with respect to the appropriate enzyme-free control. (c)
Comparison of the effect of collagenases C5318 and C0130 added to
the basolateral surface of bovine bronchial mucosa. The albumin flux
vector was measured in the basolateral to apical (b-a) direction after
180 min exposure to 0.5 mg ml-' solutions of the enzymes. For
comparison, the stippled column illustrates the effect of the same
concentration of C5138 applied to the apical side and where the flux
vector was apical to basolateral (a-b). Data from 4-6 experiments.
All treatments produced albumin fluxes that were significantly
greater than enzyme-free controls. Asterisk indicates a significant
(P < 0.05) difference between the C5318 and C0130 preparations.

C5318 a-b

Figure 3 Release of lactic dehydrogenase (LDH) from bovine bron-
chial mucosa following treatment with 0.1 mg ml-' collagenase
C5318 for 180 min added to the basolateral side of the tissue. LDH
activity was measured in pooled medium from the apical and baso-
lateral sides of the chambers in order to obtain a measurement of all
the LDH that had been released. Medium was sampled at 0 min
(start of incubation) and after 180 min (end of enzyme incubation).
The third column in each section of the figure illustrates the net
release. Data from 5 experiments. There was no significant difference
between the control (no enzyme) and enzyme treatments.
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Figure 4 Effect of bacterial collagenases C0130 and C5138 on the
net unidirectional flux of albumin (solid columns) and mannitol
(shaded columns) after application of the enzymes to the basolateral
side of tracheal mucosa of 0.5 mg ml for 180 min. The vector of
solute flow was basolateral to apical for this series of studies.
Asterisks indicate significant differences (P<0.01-0.05) with respect
to the appropriate enzyme-free control value, data from 4-9 experi-
ments in each case.

differences were evident. Intense disruption or frank exfolia-
tion of columnar cells was noted, but where evidence of these
cells remained, the mucosa was characterized by loss of
intercellular contacts between adjacent epithelial cells and
their-shrinkage or vacuolation (Figure 1). Although contact
between basal cells and the matrix substratum was appar-
ently normal at this level of resolution, there was occasional
evidence of basal cell denudation (Figure 1), a finding that
was not generally observed in tissues exposed to eosinophils.
With the exception of basal cell loss, the metalloenzymes also
produced changes in the gross morphology of the tracheal
mucosa similar to those in the bronchi (Figure 1).

Discussion

In this study we have provided a further demonstration that
guinea-pig eosinophils stimulated either by the calcium iono-
phore A23187 or by adherence to an opsonized bronchial
mucosa are capable of augmenting the rate of flux of
albumin across the tissue. This increase in permeability is
accompanied by histological evidence of the loss of columnar
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epithelium. Unlike the bronchial mucosa, the tissue dissected
from the trachea was, under the conditions employed here,
resistant to being exposed to stimulated eosinophils.

Previously, we have used eosinophils added to the baso-
lateral side of tissues in order to mimic the infiltration of
these cells into the airway sub-mucosa during an

inflammatory reaction. We have now shown that the ability
of stimulated eosinophils to initiate mucosal injury is
independent of the side of the bronchial mucosa to which
they are added. The magnitude of the changes in net flux
produced under the present conditions are broadly com-

parable with those reported in our earlier work (Herbert et

al., 1991a). This suggests that whatever the mechanism(s) of
this mucosal injury it is not impeded by the presence of
interepithelial tight junctions at the apical side of the tissue.
From a theoretical viewpoint, our findings are consistent

with the mediator(s) of this effect being able to act directly
on epithelial cells, or being of sufficiently small molecular
radius to negotiate intercellular junctions and act upon other
cell types present in the tissue preparations. Amongst the
many putative mediators released by eosinophils there are

numerous contenders for either of these roles. Thus the
arginine-rich proteins of the eosinophil granules are attractive
candidates as macromolecular mediators that exert effects
directly on epithelial cells, whilst oxidants (superoxide anion,
hydrogen peroxide and hydroxyl radicals) are pervasive, tis-
sue injury promoting species that might act at sites in addi-
tion to epithelial cells themselves. Further experiments will be
necessary to establish the relative importance of different
routes to epithelial injury.
Our previous studies have highlighted the possible involve-

ment of proteinases in eosinophil-mediated epithelial injury
in this model (Herbert et al., 1991a). Little is known about
proteolytic activities released by eosinophils, but one study
has suggested that they contain collagenolytic activity dir-
ected toward type I and type III collagen (Davis et al., 1984).
In support of our initial pharmacological studies we have
found that the interaction between eosinophils and the air-
way epithelium is associated with expression and activation
of metalloproteinases (our unpublished data) that appear to
be derived from the airway mucosa and not the eosinophils
themselves. This series of observations suggested to us that
matrix metalloenzymes may become activated by eosinophils
and contribute to the detachment of columnar epithelial cells,
particularly if structural components of the biomatrix are

already damaged by oxidants (Thomas et al., 1982; Grisham
et al., 1984; Vissers & Winterbourn, 1991).

Using collagenases derived from a bacterial source we have
confirmed that metalloenzymes do have the potential to elicit
a striking pattern of injury when added to either the baso-
lateral or apical side of the bronchial mucosa. This loss of
cells was not predominantly a cytolytic process as judged by
the modest release of LDH. Addition of the enzyme to the
apical side of the bronchial mucosa produced a marginal
decrease in its effectiveness, most likely because its diffusion
was initially restricted by epithelial tight junctions. In con-

trast to basolateral addition in the bronchial mucosa, the
trachea was more resistant to the effects of both enzyme

preparations tested, possibly as a result of the greater thick-
ness of the tracheal mucosa e.g. compare Figure 2a with
Figure 4. Damage of the airway mucosa by proteinases, basic
proteins or other factors is known to have functional conse-

quences by increasing tissue penetration of agonists (Jepp-
sson et al., 1991; Takubo et al., 1991; Yang et al., 1991;
Sparrow & Mitchell, 1991; Omari & Sparrow, 1992; Omari et
al., 1993a,b).

Morphologically, although the pattern of injury caused by
eosinophils and bacterial collagenase exhibited some similar-
ities, there were also some differences. The most significant of
these was the failure of eosinophils but not collagenase
(under the conditions used) to injure the tracheal mucosa. In
the bronchial mucosa, outright detachment of columnar

epithelium occurred with both enzyme and eosinophil treat-
ment, although it was a more notable feature of tissues
exposed to stimulated eosinophils. Where columnar cells were
still visible, their gross morphology was abnormal, with
evidence of vacuolation, shrinkage and disruption of contacts
between adjacent epithelial cells. Bronchial mucosa that had
been exposed to eosinophils usually retained a layer of basal
cells attached to the biomatrix, whereas foci of basal cell loss
were evident in enzyme-treated bronchi. The reasons for the
apparent resilience of basal cells to detachment in the injury
process is not known, although it has been speculated that
this may arise because of differences in cellular adhesion
mechanisms present in columnar and basal cells (see Monte-
fort et al., 1992 for review). However, it is likely that other
explanations account for at least some of this resilience,
either as a result of biochemical differences in the composi-
tion of lipid membranes, or a differential distribution of
antioxidant and antiproteinase defences between the two cell
types. Indeed, under in vitro culture, cell types exhibit
differential sensitivities to eosinophil cytotoxicity in condi-
tions that are not easily explicable by differences in cellular
adhesion (Davis et al., 1984).
The passage of serum albumin across the airway mucosa

itself deserves some comment. In the present study we have
provided evidence that both under resting conditions in the
absence of any external manipulations, and in the presence of
unstimulated eosinophils, there was a significantly greater
outward flux of albumin. This difference was not observed in
the bronchial mucosa, although it was noteworthy that the
presence of unstimulated eosinophils caused a downward
trend in the unidirectional fluxes measured in the bronchial
tissues. We have observed this tendency previously (Herbert
et al., 199 la) and it may be related to the coating of the
bronchial mucosa by adherent eosinophils leading to a reduc-
tion in the opportunities for macromolecular solute flow.
The precise routes by which albumin crosses the airway

mucosa are not known. In addition to paracellular diffusion,
previous studies in the airway epithelium have presented
preliminary evidence for active basolateral to apical transport
of albumin (Webber & Widdicombe, 1989; Price et al., 1990),
or its carrier-facilitated movement in the apical to basolateral
direction in other species (Kwang-Jin et al., 1985; Johnson et
al., 1989). We have observed saturability of the apical to
basolateral flux of albumin in bovine bronchial mucosa, also
consistent with the existence of carrier-mediated events (Her-
bert et al., 1990 and unpublished data). Because virtually
nothing is known about how these poorly characterized pro-
cesses may be regulated by both physiological and pathophy-
siological events, it is possible that the presence of
inflammatory cells and their mediators may exert an
influence on the permeability of solutes. Current information
suggests that, at least for platelet activating factor, this is
likely to be the case (Rogers et al., 1990). Clearly, the
physiological control of mucosal permeability to mac-
romolecules warrants further investigation given the likely
importance of the protein load of epithelial lining fluid to its
microviscosity and biochemical properties.

In summary, we have demonstrated that interaction of
stimulated eosinophils with the apical side of the bronchial
epithelium results in a rapid disorganization of its architec-
ture and a significant increase in the permeability of the
mucosa to albumin. Although it is probable that many
different mediators contribute to these complex events, they
can be reproduced, in part, by treatment of tissues with
collagenase. This suggests that metalloproteinases deserve
consideration as putative mediators of the eosinophil-
dependent exfoliation of epithelial cells.
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Medical Research Council and The British Lung Foundation. We
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Extracellular ATP and UTP activation of phospholipase D is
mediated by protein kinase C-e in rat renal mesangial cells
'Josef Pfeilschifter & Claire Merriweather

Department of Pharmacology, Biocenter, University of Basel, Klingelbergstrasse 70, CH-4056 Basel, Switzerland

1 We have studied whether a nucleotide receptor mediates the effects of extracellular ATP and UTP on
phosphatidylcholine metabolism in rat cultured glomerular mesangial cells.
2 ATP and UTP stimulated a biphasic 1,2-diacylglycerol (DAG) formation in [3H]-arachidonic acid-
labelled mesangial cells. In contrast, in cells labelled with [3H]-myristic acid, a tracer that preferentially
marks phosphatidylcholine, both nucleotides induced a delayed monophasic production of DAG with a
concomitant increase in phosphatidic acid and choline formation.
3 A phospholipase D-mediated phosphatidylcholine hydrolysis was further suggested by the observa-
tion that ATP and UTP stimulate the accumulation of phosphatidylethanol, when ethanol was added to
mesangial cells.
4 The rank order of potency of a series of nucleotide analogues for stimulation of phosphatidylethanol
formation was UTP = ATP> ITP> ATPyS> P3-imido-ATP = ADP> 2-methylthio-ATP = P-
methylene-ATP = ADPPS, while AMP, adenosine, CTP and GTP were inactive, indicating the presence
of a nucleotide receptor.
5 Elevation of cytosolic free Ca2" by the calcium ionophore A23187 (1 fLM) or the Ca2+-ATPase
inhibitor, thapsigargin (200 nM) slightly increased phosphatidylethanol formation. However, chelation of
cytosolic Ca2" with high concentrations of Quin 2 did not attenuate ATP- and UTP-induced phos-
phatidylethanol production, thus suggesting that Ca2" is not crucially involved in agonist-stimulated
phospholipase D activation.
6 The protein kinase C (PKC) activator, phorbol 12-myristate 13-acetate (PMA), but not the
biologically inactive 4a-phorbol 12,13-didecanoate, increased phospholipase D activity in mesangial cells,
suggesting that PKC may mediate nucleotide-induced phosphatidylcholine hydrolysis.
7 Down-regulation of PKC-a and -6 isoenzymes by 8 h PMA treatment still resulted in full phos-
pholipase D activation. In contrast, a 24 h treatment of mesangial cells with PMA, a regimen that also
causes depletion of PKC-e, markedly attenuated nucleotide-evoked phosphatidylethanol formation. In
addition, the selective PKC inhibitor, calphostin C attenuated ATP- and UTP-induced phos-
phatidylethanol production.
8 In summary, these data suggest that extracellular ATP and UTP use a common nucleotide receptor
to activate phospholipase D-mediated phosphatidylcholine hydrolysis. Stimulation of phospholipase D
appears to involve the PKC-8 isoenzyme, activated by DAG derived from phosphoinositide hydrolysis
by phospholipase C.

Keywords: Phospholipase D; nucleotide receptors; renal mesangial cells; protein kinase C

Introduction

Extracellular adenine nucleotides have an important impact
on a wide range of physiological responses of cells (Gordon,
1986). These effects of extracellular adenosine 5'-triphosphate
(ATP) on cells appear to be mediated through specific P2-
type purinoceptors (Burnstock, 1978). In 1985, Burnstock &
Kennedy proposed a further subclassification of P2-
purinoceptors into P2X, and P2y subtypes on the basis of
agonist potency order and functional responses. Later, addi-
tional subtypes of P2-purinoceptors have been described on
platelets (P2T-type) and on mast cells (P2z-type) (Gordon,
1986). Extracellular ATP has been demonstrated to couple
via P2-purinoceptor to polyphosphoinositide degrading phos-
pholipase C in hepatocytes (Charest et al., 1985), endothelial
cells (Pirotton et al., 1987), HL-60 cells (Cockcroft &
Stutchfield, 1989), macrophages (Pfeilschifter et al., 1989) and
various other cell types (for review see El-Moatassim et al.,
1992). In the kidney, ATP has been reported to stimulate the
inositol lipid signalling cascade and subsequent Ca2"
mobilization in mesangial cells (Pfeilschifter, 1990a,b;
Schulze-Lohoff et al., 1992; Pavenstadt et al., 1993),

' Author for correspondence.

glomerular epithelial cells (Pavenstadt et al., 1992) and
MDCK cells (Paulmichl et al., 1991).
More recently another nucleotide, UTP, was shown to be

involved in the regulation of diverse cell functions (for review
see Seifert & Schulz, 1989). Haussinger et al. (1987) and von
Kugelgen et al. (1987) were the first to suggest that the action
of UTP could involve a receptor distinct from the P2-
purinoceptor in rat liver. However, in certain other tissues,
ATP and UTP may use a common nucleotide receptor for
triggering their biological responses (Pfeilschifter, 1990b;
Davidson et al., 1990; for review see O'Connor, 1992). This
latter receptor type appears to be distinct from previously
described P2-purinoceptor subtypes. Using rat mesangial
cells, we have previously demonstrated that UTP and ATP
stimulated phosphoinositide turnover, and that responses to
both agonists were affected equally well by pertussis toxin
and phorbol ester, non-additive at maximal concentrations,
similarly attenuated by reactive blue 2 and displayed cross-
desensitization. These features are all consistent with the
hypothesis that ATP and UTP activate a common nucleotide
receptor (Pfeilschifter, 1990b).
Another important signalling pathway appears to act

exclusively on phosphatidylcholine in response to a wide
variety of agonists and thus generates phosphatidic acid and
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1,2-diacylglycerol (DAG) from lipid sources other than phos-
phoinositides (for review see Billah & Anthes, 1990). In
mesangial cells, platelet-derived growth factor (Pfeilschifter &
Hosang, 1991), angiotensin II (Pfeilschifter et al., 1992),
endothelin (Kester et al., 1992) and vasopressin (Troyer et
al., 1992) have been reported to stimulate phosphatidyl-
choline hydrolysis by phospholipase D activity. In the pres-
ent study we have investigated the effects of ATP and UTP
on phosphatidylcholine hydrolysis. We present evidence that
ATP and UTP activate with similar potencies and charac-
teristics phospholipase D-mediated phosphatidylcholine tur-
nover, thus suggesting that a common nucleotide receptor
not only triggers phosphoinositide, but also phosphatidyl-
choline signalling cascades in rat mesangial cells.

Methods

Cell culture

Rat glomerular mesangial cells were cultured as described
previously (Pfeilschifter et al., 1984). In a second step, single
cells were cloned by limited dilution using 96-micro-well
plates. Clones with apparent mesangial cell morphology were
used for further processing. The cells exhibited the typical
stellate morphology. Moreover, there was positive staining
for the intermediate filaments desmin and vimentin, which
are considered to be specific for myogenic cells (Travo et al.,
1982), positive staining for Thy 1.1 antigen, negative staining
for factor VIII-related antigen and cytokeratin excluded
endothelial and epithelial contaminations, respectively. The
generation of inositol trisphosphate upon activation of the
angiotensin II AT, receptor was used as a functional criterion
for characterizing the cloned cell line (Pfeilschifter, 1990c).
The cells were grown in RPMI 1640 supplemented with 10%
fetal calf serum, penicillin (100 u ml-'), streptomycin
(100 fg ml-') and bovine insulin at 0.66 u ml-' (Sigma).

Extraction and separation of diacylglycerol

Mesangial cells were labelled for 24 h with [3H]-arachidonic
acid (1.0 gtCi ml-'; specific activity 240 Ci mmol ') or [3H]-
myristic acid (2.0 gCi ml-'; specific activity 54 Ci mmolh') in
RPMI 1640 containing 10% fetal calf serum. The lipid ex-
traction was performed according to Bligh & Dyer (1959).
For separation of DAG the lipid extracts were dissolved in
chloroform/methanol and spotted onto thin layer chromato-
graphy (t.l.c.) plates (precoated silica gel 60 with concentra-
tion zone, 0.25 mm thick). The chromatographs were
developed in one dimension using n-heptane/diethyl ether/
acetic acid (75:25:4, by vol.) as described by Pfeilschifter et
al. (1984).

Assay ofphospholipase D-catalyzed phosphatidylcholine
hydrolysis

Nucleotide stimulated phosphatidylcholine hydrolysis was
measured in cells prelabelled for 40 h with [methyl-3H]-choline
(5 jiCi ml'; specific activity 76 Ci mmol ') or for 24 h with
[3H]-myristic acid (2.0 fiCi ml1'; specific activity 54
Ci mmol -). Prelabelled confluent cells were washed several
times with medium to remove unincorporated label. The cells
were incubated for a further 1 h. Ethanol was added to cell
monolayers prelabelled with [3H]-myristic acid 5 min prior to
the addition of ATP or UTP. Incubations were terminated
by collecting the medium and adding ice-cold methanol to
the cells. After harvesting the cells from the dishes with a
rubber policeman, lipids were extracted according to Bligh &
Dyer (1959). Radioactivity in aliquots of medium, aqueous
phase and chloroform phase was determined. Lipid extracts
were separated by t.l.c., developed with either the top phase
of ethyl acetate /2,2,4-trimethyl pentane/acetic acid/water
(13:2:3:10, by vol.) for separation of phosphatidylethanol

and phosphatidic acid or with chloroform/methanol/acetic
acid/water (100:30:35:3, by vol.), for separation of phos-
pholipids. Aqueous cell extracts and media were separated by
ion-exchange chromatography on Dowex 50-WH+ columns
exactly as described by Cook & Wakelam (1989). Separation
of aqueous extracts was cross-checked by a t.l.c. procedure
modified from that described by Pritchard & Vance (1981) on
silica gel G plates, developed with 0.5% NaCl/methanol/
concentrated NH40H (10:10:1, by vol).

Statistical analysis
Statistical analysis was performed by one way analysis of
variance (ANOVA). For multiple comparisons with the same
control group, the limit of significance was divided by the
number of comparisons according to Bonferroni.

Chemicals

[3H]-choline and [3H]-myristic acid were purchased from
Amersham International, UK; [3H]-arachidonic acid was
from Du Pont de Nemours International, Regensdorf,
Switzerland; ATP ATP'yS, ADP, AMP, UTP, GTP, CTP,
ITP, adenosine, cell culture media and nutrients were from
Boehringer-Mannheim, Rotkreuz, Switzerland; Pfy-imido-ATP,
Pfy-methylene-ATP and ADPPS were from Fluka Chemie,
Buchs, Switzerland; 2-methylthio-ATP and calphostin C were
from Ciba-Geigy Ltd., Basel, Switzerland; suramin was from
Sigma Chemicals, Buchs, Switzerland; and phorbol 12-
myristate 13-acetate (PMA), 4a-phorbol 12,13-didecanoate
were from Calbiochem, Lucerne, Switzerland.

T.l.c. plates and all other chemicals used were from Merck,
Darmstadt, Germany.

Results

ATP and UTP stimulate a biphasic DAG formation

Previously we have shown that [3H]-myristic acid is selec-
tively incorporated into phosphatidylcholine, whereas [3H]-
archidonic acid is equally distributed in phosphatidylcholine,
phosphatidylethanolamine and phosphoinositides (Pfeil-
schifter et al., 1992). Stimulation of mesangial cells with ATP
(100 iM) or UTP (100I1M) increased the labelling of DAG,
irrespective of the tracer used. The production of DAG was
biphasic in [3H]-arachidonic acid-labelled cells, with a first
peak occurring at 20 s after the exposure to either ATP or
UTP and a second peak at 5 min (Figure la). The first peak
corresponds to the formation of inositol 1,4,5-trisphosphate
(Pfeilschifter 1990a,b). DAG formation, therefore, may
derive from phospholipase C-induced phosphoinositide
hydrolysis. The second DAG peak occurred after inositol
1,4,5-trisphosphate levels had returned to control values. The
time course of ATP- and UTP-stimulated DAG production
in [3H]-myristic acid-labelled cells is depicted in Figure lb.
DAG formation started to increase at 1 min and reached a
maximum at 10min. ATP- and UTP-induced production of
DAG was dose-dependent as shown in Figure 2. There was
no significant difference in the DAG response to ATP and
UTP stimulation as regards the time-course and potency of
both nucleotides, although UTP tended to be slightly more
potent than ATP. In parallel to the nucleotide-triggered
DAG formation there was a marked stimulation of phos-
phatidic acid generation (Figure 3).

ATP and UTP activate phospholipase D

Mesangial cells were labelled with [3H]-choline and phos-
phatidylcholine hydrolysis was studied by analysis of the
hydrophilic degradation products. Exposure of the cells to
ATP (100 JM) or UTP (100 JM) caused a strong increase in
choline production (Figure 4). There was no significant in-
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Figure 1 Time course of ATP and UTP-stimulated 1,2-diacylgly-
cerol (DAG) formation in mesangial cells. Confluent cells were

labelled with either [3H]-arachidonic acid (a) or [3H]-myristic acid (b)
for 24 h. Cultures were then stimulated with ATP (100 tlM, Oi), UTP
(100 gM, O) or vehicle (A) for the indicated time periods. [3H]-DAG
formation was determined as described in Methods. Data are ex-

pressed as percentage of total incorporated radioactivity and are

means of four experiments; the s.d. ranged from 5-12%.

crease in [3H]-choline phosphate or in [3H]-glycerophospho-
choline upon stimulation of cells with ATP or UTP (data not
shown). These data suggest that extracellular nucleotides
activate a phospholipase D in mesangial cells, which degrades
phosphatidylcholine. Phospholipase D can be more
specifically assessed by its ability to catalyze a phosphatidyl
transfer reaction in which ethanol or other primary alcohols
act as the phosphatidyl moiety acceptor, thus generating
phosphatidylethanol (Billah & Anthes, 1990). In the absence
of ethanol, ATP and UTP stimulated the formation of phos-
phatidic acid and DAG (Figure 5). In the presence of 1%
ethanol, ATP and UTP triggered the production of phos-
phatidylethanol, paralleled by a concomitant decline in phos-
phatidic acid and DAG accumulation (Figure 5). Obviously,
both nucleotides triggered phospholipase D activation to a
comparable extent. Preincubation of the cells with the
putative P2-receptor antagonist, suramin, dose-dependently
attenuated both ATP- and UTP-induced phosphatidylethanol
formation (Figure 6).

Table 1 shows the specificity for nucleotides and one
nucleoside (100I1M each) in stimulating the production of
phosphatidylethanol in mesangial cells. ITP, ATP'S, ADP
and P7-imido-ATP potently stimulated phosphatidylethanol
production. 3y-Methylene-ATP, 2-methylthio-ATP and ADPPS
had only a weak effect on phosphatidylethanol formation,
while AMP, CTP, GTP and adenosine were completely
ineffective in this capacity. The rank order of potency of
the nucleotide analogues is compatible with a (common)

10 100
Nucleotide (,uM)

Figure 2 Dose-response curve of ATP- and UTP-stimulated 1,2-
diacylglycerol (DAG) formation in mesangial cells. Confluent cells
were labelled with [3H]-myristic acid for 24h and then stimulated
with the indicated concentrations of ATP (0) or UTP (O) for
10 min. [3H]-DAG formation was determined as described in
Methods. Data are expressed as percentage of total incorporated
radioactivity and are means of four experiments; the s.d. ranged
from 4-18%.
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Figure 3 Time course of ATP- and UTP- stimulated phosphatidic
acid (PA) formation in mesangial cells. Confluent cells were labelled
with [3H]-myristic acid for 24 h and then stimulated with ATP
(I00 JAM, 0), UTP (100 jAM, O) or vehicle (A) for the indicated time
periods. [3HI-PA formation was determined as described in Methods.
Data are expressed as percentage of total incorporated radioactivity
and are means of four experiments; the s.d. ranged from 6-17%.

Time (min)

Figure 4 Time course of ATP- and UTP-stimulated choline forma-
tion in mesangial cells. Confluent cells were labelled for 40 h with
[3H]-choline. Cultures were then stimulated with ATP (100 JiM, 0),
UTP (100 I1M, O), or vehicle (A) for the indicated time periods.
[3H]-choline formation was determined in the culture supernatant.
Results are means of four experiments, the s.d. ranged from 6-17%.
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PEt
Table 1 Effects of different nucleotides and one nucleoside
on phosphatidylethanol (PEt) formation in mesangial cells

Addition

£zO.
Con ATP UTP

Figure 5 Effect of ATP and UTP on phosphatidic acid (PA), 1,2-
diacylglycerol (DAG) and phosphatidylethanol (PEt) formation in
mesangial cells. Confluent cells were labelled with [3H]-myristic acid
and then exposed to ATP (100 JM), UTP (100I1M) or vehicle (Con)
for 10 min, either in the presence (hatched columns) or absence
(open columns) of 1% ethanol. [3H]-phosphatidic acid (PA), [3H]-
phosphatidylethanol (PEt) and [3H]-DAG formation was determined
as described in Methods. Data are expressed as percentage of total
incorporated radioactivity and are means of four experiments; the
s.d. ranged from 3-13%. Significant differences from corresponding
control (without ethanol): **P<0.01 and ***P<0.001, ANOVA.

PEt (% of total radioactivity)

Control
ATP
UTP
ITP
CTP
GTP
ADP
AMP
Adenosine
ATP'yS
Py-imido-ATP
Py-methylene-ATP
2-methylthio-ATP
ADPPS
ATP + UTP

0.21 ± 0.05
1.85 ± 0.19***
1.97 ± 0.21***
1.64 ± 0.09***
0.30 + 0.07
0.30 ± 0.06
1.14 0.1 I***
0.24 ± 0.03
0.19 ± 0.05
1.42 0.14***
1.12 + 0.10***
0.57 0.09
0.64 ± 0.08*
0.53 0.07
1.98 ± 0.22***

Confluent mesangial cells were incubated for 24 h with
[3H]-myristic acid and then exposed to the different
nucleotides or one nucleoside (100I1M each) for 10min in
the presence of 1% ethanol. Lipid extraction and separation
was performed as described in Methods. Results are
means ± s.d. of four experiments.
Significant differences from control: *P< 0.05 and
***P<0.001; ANOVA.

Ca2" ionophore, A23187, the Ca2" ATPase inhibitor, thap-
sigargin and by chelation of intracellular Ca2" with high
concentrations of Quin 2. As shown in Figure 7, A23187
(1 JAM) and thapsigargin (200 nM) slightly increased
phophatidylethanol formation. However, chelation of
cytosolic Ca2+ with high doses of the Ca2+ buffer, Quin 2,
did not attenuate ATP- or UTP-stimulated phos-
phatidylethanol formation, thus suggesting that an increase
in cytosolic free Ca2+ is not essential for phospholipase D
activation by nucleotides in mesangial cells.
The possible involvement of PKC in the nucleotide

stimulation of phospholipase D activity was examined using
phorbol esters, PKC down-regulation experiments, as well as
a specific inhibitor of PKC. As shown in Figure 8, the PKC
activator PMA caused a dose-dependent increase in phos-

000L..L..i.U1.U0 phatidylethanol production. In contrast, the biologically inac-
1000 10 000 tive phorbol ester, 4a-phorbol 12,13-didecanoate, did not

Figure 6 Effect of suramin on ATP- and UTP-stimulated phos-
phatidylethanol (PEt) formation in mesangial cells. Confluent cells
were labelled for 24h with [3H]-myristic acid and pretreated for
30 min with the indicated concentrations of suramin. Cultures were

then stimulated with ATP (1001AM, 0), UTP (100 1AM, O) or vehicle
(A) for 10min in the presence of 1% ethanol. Lipid extraction and
separation was performed as described in Methods. Results are

means of four experiments; s.d. ranged from 5-18%.

nucleotide receptor-mediated phospholipase D activation.
Further evidence for this suggestion was provided by the lack
of additivity of maximal doses of ATP and UTP on phos-
phatidylethanol formation (Table 1).
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It has been previously demonstrated that ATP and UTP
evoke an increased inositol 1,4,5-trisphosphate and DAG
generation from phosphatidylinositol 4,5-bisphosphate which
trigger Ca2" mobilization and PKC activation, respectively
(Pfeilschifter, 1990a,b). We were, therefore, interested to
investigate what role, if any, the increased intracellular Ca2+
and PKC play in ATP- and UTP-stimulated phospholipase
D-mediated phosphatidylcholine hydrolysis. The requirement
of Ca2" for phospholipase D activity was examined using the

Figure 7 Effects of Ca2" on phosphatidylethanol (PEt) formation in
mesangial cells. Confluent cells were labelled for 24 h with [3H]-
myristic acid and pretreated for 60 min with 100 1M Quin 2/AM
where indicated. Cultures were then stimulated with ATP (100 1M),
UTP (100 gM), the Ca2" ionophore A23187 (1 1M) or the Ca2+-
ATPase inhibitor, thapsigargin (Tg, 200 nM) for 10 min in the
presence of 1% ethanol. Lipid extraction and separation was per-
formed as described in Methods. Results are means of four
experiments; s.d. ranged from 4-11%. Significant differences from
control: ***P<0.001; ANOVA.
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activate phospholipase D (Figure 8). Furthermore, PKC
down-regulation by prolonged PMA treatment (24 h)
blocked ATP- and UTP-stimulated phosphatidylethanol syn-

thesis (Figure 9). However, a 8 h treatment with PMA that
causes depletion of a- and 6-isoenzymes of PKC in mesangial
cells (Huwiler et al., 1991; 1992) was not sufficient to
eliminate nucleotide-induced phospholipase D activation
(Figure 9). It was necessary to preincubate the cells for 24 h
with PMA, a regimen that also causes depletion of PKC-c
(Huwiler et al., 1991), to prevent completely the responses to
ATP and UTP (Figure 9). Moreover, the selective PKC
inhibitor, calphostin C (1 fLM) (Kobayashi et al., 1989)
attenuated ATP- and UTP-stimulated phosphatidylethanol
formation (Figure 10).
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Figure 8 Dose-response curve of phorbol ester-s
phatidylethanol (PEt) formation in mesangial

were labelled for 24 h with [3H]-myristic acid

with the indicated concentrations of phorbol 12-my

(PMA, 0), or 4ax-phorbol 12,13-didecanoate

presence of 1% ethanol. Lipid extraction and

formed as described in Methods. Results

experiments; s.d. ranged from 3-9%.
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Figure 9 Effects of protein kinase C (PKC) dov
ATP- and UTP-stimulated phosphatidylethanol (PI
mesangial cells. Confluent cells were labelled

myristic acid and either non-pretreated (control) I
or 24h with phorbol 12-myristate 13-acetate

indicated. Cultures were then washed and

(100MLm, open columns), UTP(1001 m, hatched

(cross-hatched columns) for 10 mm in the presence

Lipid extraction and separation was performed

Methods. Results are means of four experiments;

5519%. Significant differences from corresponding

stimulation): ***P <0.001; ANOVA. Significant

corresponding control ATP and UTP stimulation
pretreatment): tttP<0.001; ANOVA.

Figure 10 Effect of calphostin C on ATP- and UTP-stimulated
_o0 phosphatidylethanol (PEt) formation in mesangial cells. Confluent

cells were labelled for 24 h with [3H]-myristic acid and pretreated for
30 min with calphosin C (I !LM, hatched columns) or vehicle (open
columns). Cultures were then stimulated with ATP (100 pM), UTP
(100 pM) or vehicle for10 min in the presence of1% ethanol. Lipid
extraction and separation was performed as described in Methods.
Results are means of four experiments; s.d. ranged from 7-14%.
Significant differences from corresponding control: ***P<0.001;
ANOVA. Significant differences from corresponding ATP or UTP
stimulation in the absence of inhibitor. ttP<0.01, ANOVA.

Discussion
,,,,1 ,,, ,,,,,

1000 10000 The presence of a nucleotide receptor with pharmacological
characteristics different from those classically reported for a
P2-purinoceptor have been described first for sheep pituitarystimulated phos- cells (Davidson et al., 1990) and rat renal mesangial cells

then stimulated (Pfeilschifter, 1990b). ATP and UTP display similar potencies
ristate 13-acetate in activating the inositol lipid signalling cascade and subse-

or 10 min in the quent Ca2" mobilization whereas classical P2y agonists (2-
aration was per- methylthio-ATP, ADPPS) and P2, agonists(a,,B-methylene-
means of four ATP; P,3-methylene-ATP) were either inactive or showed

only minor activity (Pfeilschifter, 1990b; Davidson et al.,
1990). The presence of this putative nucleotide receptor has
also been described for human airway epithelial cells (Brown
et al., 1991), rat hepatocytes (Keppens et al., 1992), the
neuronal cell line NlE-l 15 (Iredale et al., 1992), PC-12
phaeochromocytoma cells (Murrin & Boarder, 1992; Raha et
al., 1993) and a variety of other cell types (for review see

O'Connor, 1992).
In the present study we have shown that ATP and UTP

activate a phosphatidylcholine degrading phospholipase D in
mesangial cells. Again, ATP and UTP displayed comparable
potencies and characteristics in triggering this important sig-
nalling cascade, consistent with the hypothesis that ATP and
UTP act via a common nucleotide receptor.

ttt ttt Phosphatidylcholine hydrolysis stimulated by ATP and
UTP has also been demonstrated in endothelial cells (Purkiss
& Boarder, 1992). Ultimate proof of a common nucleotide
receptor mediating the described functional cell responses

PMA, 24 h requires the development of convincing antagonists for either
P2-purinoceptors or the proposed nucleotide and

n-regulation on pyrimidinoceptors.
Et) formation in We also have addressed the question concerning the path-
24 h with[3H] - ways leading to activation of phospholipase D. There is

pretreated for 8 h substantial evidence for a role ofCa"+ and PKC in the
MA, 500 nm) as activation of phospholipase D, indicating that activation of
lated with ATP this enzyme is secondary to phosphoinositide hydrolysis (Bil-
lumns) or vehicle lah & Anthes, 1990). In mesangial cells Ca2 mobilization by
of1i% ethanol. the Ca2 ionophore, A23187, and theCa2+-ATPase inhibitor,s.d.ranged from thapsigagrin, is able to trigger a small increase in phos-c ontrol (without pholipase D activity. However, chelation of intracellular

differences from Ca"+ with high concentrations of Quin 2 did not affect ATP-
(without PMA and UTP-induced phospholipase D activation, indicating

that agonist stimulation of the enzyme does not crucially
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depend on Ca2". In this connection it is noteworthy that
endothelin-stimulated phospholipase D was found to be
Ca2"-independent in mesangial cells (Kester et al., 1992). In
contrast, several lines of evidence indicate that PKC plays a
major role in regulating phospholipase D activity in mesan-
gial cells. First, the tumour promoting phorbol ester, PMA,
activated phosphatidylcholine metabolism, whereas a
biological inactive phorbol ester did not increase phos-
phatidylethanol production. Second, calphostin C, a specific
inhibitor of PKC, interacting with the regulatory domain of
the enzyme, attenuated nucleotide-stimulated phospholipase
D activity. Third, down-regulation of PKC blocked ATP-
and UTP-induced phosphatidylethanol formation.
PKC exists as a family of at least 10 isoenzymes, all having

closely related structures but differing in tissue and cellular
distribution and in their individual enzymological characteris-
tics (Nishizuka, 1992). By immunoblot analysis we have
shown previously that mesangial cells express four PKC
isoenzymes, PKC-a, -6, -a and -L (Huwiler et al., 1991; 1992;
1993). No PKC-P, -y and -il isoforms were detected. On
exposure to PMA, these isoenzymes displayed distinctly
different down-regulation kinetics. An 8 h treatment with
PMA was sufficient to deplete mesangial cells completely of
PKC-a and -6 isotypes and a 24 h incubation with PMA was
necessary to down-regulate PKC-s. In contrast, PMA treat-
ment for 24 h did not induce any depletion of PKC-4
(Huwiler et al., 1991; 1992; 1993). By comparing the down-
regulation kinetics of the mesangial cell PKC isoenzymes
with the time course of removal of the specific cellular func-
tions, we have suggested that PKC-a and -6 may negatively
regulate phosphoinositide turnover in response to angiotensin
II (Huwiler et al., 1991; 1992; Ochsner et al., 1993) whereas
PKC-c is a candidate for regulation of phospholipase A2
and prostaglandin synthesis in mesangial cells (Huwiler et al.,
1991). The data in Figure 9 show that an 8 h treatment with
PMA still caused full activation of phospholipase D in
mesangial cells, thus clearly ruling out a contribution of
PKC-a or -6 isoenzymes to this cell response. In order to
prevent ATP- and UTP-stimulated phosphatidylethanol
formation, a 24 h incubation with PMA was required, sug-

gesting that PKC-c may not only trigger phospholipase A2,
but also phosphatidylcholine-specific phospholiase D. PKC-
a is a typical representative of the Ca2'-independent group
B isoenzymes (Stabel & Parker, 1991). In this connection it is
worth noting that inhibitors of PKC which display a selec-
tivity for the Ca2+-dependent group A isoenzymes as com-
pared to the Ca2'-independent group B isotypes, such as
staurosporine (McGlynn et al., 1992), K-252a (Gschwendt et
al., 1989) or the specific PKC inhibitor CGP 41251 (Mate,
B.M., Meyer, T., Stabel, S., Jaken, S., Fabbro, D. & Hynes,
N.E., personal communication), did not inhibit ATP- or
UTP-induced phospholipase D activation (Pfeilschifter &
Merriweather, unpublished observations). Failure to achieve
inhibition of phospholipase D with PKC inhibitors has led to
the suggestion that phorbol ester may act in part through a
PKC-independent mechanism (for review, see Billah &
Anthes, 1990). Our observations could provide an alternative
explanation for some of these reports. However, one should
be aware that there may be a cell type-specific link between
certain PKC isoenzymes and phosphilipase D activation.
Overexpression of PKCP1 in fibroblasts has been reported to
enhance phospholipase D activity after PMA or endothelin-I
stimulation (Pai et al., 1991a,b). On the other hand, DAG
derived from phospholipase D-mediated phosphatidylcholine
hydrolysis has been shown to activate selectively PKC-P in
interferon-x-activated leucocytes (Pfeffer et al., 1990) and
PKC-C in activated Xenopus oocytes (Dominguez et al.,
1992). Thus, PKC-mediated activation of phospholipase D
and the subsequent generation of DAG may provide a
positive feedback loop to sustain PKC activation in cells.

In summary, our data suggest that ATP and UTP use a
common nucleotide receptor to activate a phophatidyl-
choline-specific phospholipase D in mesangial cells. Further-
more, we provide evidence for a role of PKC-c in mediating
this nucleotide-induced cell response.

This work was supported by a grant from Ciba-Geigy Ltd. to C.M.
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Characterization of the adenosine receptors of the rat superior
cervical ganglion
'G.P. Connolly, T.W. Stone & *F. Brown

Department of Pharmacology, Glasgow University, Glasgow, G12 8QQ and *SmithKline Beecham Pharmaceuticals Research
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1 Adenosine analogues caused hyperpolarization and inhibition of the depolarizing response to mus-
carine of the rat isolated superior cervical ganglion (SCG) measured by a 'grease gap' recording
technique. The receptors mediating these responses have been characterized by use of a range of selective
adenosine analogues and adenosine receptor antagonists.
2 In decreasing order of potency N6-cyclopentyladenosine (CPA), 2-chloroadenosine (2CA), adenosine,
2-phenylaminoadenosine (PAA), caused concentration-dependent hyperpolarizations whilst N6-(9-
fluorenylmethyl)adenosine (PD 117,413) was inactive at up to 100 1M.
3 The order of potency of adenosine analogues in depressing depolarization caused by a submaximal
concentration of muscarine (100 nM) was: CPA> R-PIA = 2CA>NECA> S-PIA> BZA> aden-
osine> PAA, where R- and S-PIA = R(-)- and S(+)-N6-(2-phenylisopropyl)adenosine, NECA = 5'N-
ethylcarboxamidoadenosine and BZA = N6-benzyladenosine. PD 117,413 was inactive at concentrations
up to 100 JIM. The maximum inhibitions of the muscarine-induced depolarization by CPA, 2CA, NECA
and BZA were similar. R-PIA, S-PIA and PAA produced similar maximal inhibitions which were
significantly smaller than those produced by CPA.
4 Hyperpolarizations caused by adenosine were antagonized by the P1-purinoceptor selective
antagonist 1,3-dimethyl-8-phenylxanthine (8PT) and by the selective Al-adenosine receptor antagonist,
1,3-dipropyl-8-(4-((2aminoethyl)amino)carbonylmethyloxyphenyl)xanthine (XAC). Hyperpolarizations
caused by CPA, adenosine and PAA were antagonized by the Al-selective antagonist, 8-cyclopentyl-1,3-
dipropylxanthine (DPCPX) but not by the A2-selective antagonist, 3,7-dimethyl-1-propargylxanthine
(DMPX).
5 Inhibition of the muscarinic-induced depolarization by CPA was antagonized by 8PT and DPCPX
but not by DMPX.
6 It is concluded that the neurones of the rat SCG possess PI-purinoceptors of the Al-adenosine
receptor subtype which mediate hyperpolarization and inhibition of depolarization caused by muscarine.

Keywords: Purines; adenosine; Al-purinoceptors; A2-purinoceptors; rat superior cervical ganglion; methylxanthines

Introduction

Adenosine hyperpolarizes the rat superior cervical ganglion
(SCG) (Brown et al., 1979; Connolly, 1991) and selectively
depresses the depolarization by muscarinic agonists (Con-
nolly & Stone, 1988; Connolly, 1991). We have investigated
the receptors involved in mediating these effects using a range
of adenosine analogues and some selective adenosine receptor
antagonists.

The classification of purine receptors (purinoceptors) into
Pl- and P2-purinoceptors is based upon the selectivity of
adenosine and nucleoside analogues of adenosine that show
preference for P,-purinoceptors and whose actions are

antagonized by methylxanthines. By contrast P2-purino-
ceptors show a greater selectivity for adenosine 5'-triphos-
phate and nucleotide analogues of adenosine 5'-triphosphate
and their actions are not antagonized by methylxanthines
(Burnstock, 1978; Stone, 1989). Further classification of P,-
purinoceptors into A,- and A2-adenosine receptor subtypes
has been achieved by the use of 5'- and N6-substituted
analogues of adenosine (Van Calker et al., 1979; Londos et
al., 1980). More recently the relative affinity of N6-substituted
adenosine analogues in binding studies has been examined by
Daly et al. (1986) and Ukena et al. (1987) and it was

proposed that the adenosine receptor analogues 5'-N-

ethylcarboxamidoadenosine (NECA), N6-cyclohexyladenosine
(CHA), N6-cyclopentyladenosine (CPA), R( + )- and S(-)-
N6-phenyl-isopropyladenosine (R-PIA and S-PIA), 2-chloro-
adenosine (2CA) and 2-phenylaminoadenosine (PAA) would
be useful in functional studies for defining receptor subtypes.
In both functional studies and binding studies a potency
order of adenosine analogues for A,-adenosine receptors was
CPA> R-PIA> 2CA> NECA> S-PIA> PAA and for A2-
adenosine receptors was NECA> 2CA> PAA = R-PIA>
CPA> S-PIA (Williams, 1989).
One antagonist that has proved useful in intact tissue

studies is 1,3-dimethyl-8-phenylxanthine (8PT) which is a
selective P,-purinoceptor antagonist that is non-selective for
A,- and A2-adenosine receptors (Collis, 1985). Some anta-
gonists that have been found to exhibit useful selectivity
between Ar- and A2-adenosine receptors include the Al-
receptor selective 1,3-dipropyl-8-(4-((2-aminoethyl)amino)car-
bonylmethyloxyphenyl) xanthine (XAC) (Daly et al., 1986;
Fredholm et al., 1987) and the more potent 8-cyclopentyl-1,3-
dipropylxanthine (DPCPX) (Bruns et al., 1987) and the
A2-receptor selective antagonist 3,7-dimethyl-1-propargylxan-
thine (DMPX) (Ukena et al., 1986; Seale et al., 1988).

Here we describe the effects of adenosine analogues on the
basal d.c. potential and depolarization caused by muscarine,
and the effects on these responses of selective A,- and A2-
adenosine receptor antagonists, recorded by a grease gap
technique from the rat isolated SCG. A preliminary report of
this study has been presented elsewhere (Connolly & Brown,
1992).

'Author for correspondence, present address: Department of
Physiology, University College London, Gower Street, London
WC1E 6BT.
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Methods

Ganglia were isolated, desheathed, and set up for recording
of the d.c. potential between the ganglion body and the
internal carotid nerve (ICN) as described before (Connolly,
1991; Connolly & Stone, 1993a). In brief, male Wistar rats
(120 to 390 g) were terminally anaesthetized with urethane.
The ganglion and an attached length of ICN were removed,
desheathed and placed in a perfusion bath where a central
chamber contained the ganglion body separated by a grease
seal from the chamber containing the ICN. The potential
difference between the ganglion and ICN was detected via
electrodes in each chamber and after amplification was
recorded with a pen recorder. The submerged body of the
ganglion was perfused with either a standard physiological
salt solution (referred to as PSS) or a low potassium and
calcium PSS (low K+/Ca2" PSS). PSSs were continuously
gassed with 5% C02/95% 02 and maintained at pH 7.4 and
25 ± 1°C. The composition of PSS (expressed in mM) was:

NaCl 125, NaHCO3 25, KCI 5, KH2PO4 1, MgSO4 1, glucose
10, CaC12 2.5 and for low K+/Ca2" PSS, KCI and CaCl2
were reduced to 1 and 0.1 mM respectively.

Muscarinic and adenosine agonists were dissolved in PSS
as 10 or 100 mM stock solutions and frozen (- 20°C) as
aliquots. New aliquots of stock solutions were used for each
experiment. To avoid precipitation of insoluble 8PT,
5- 10 mg of 8PT was dissolved in up to 100 "l of alkali (1 M
NaOH) and made up in PSS as a 10 mM stock solution
which was diluted to a final concentration of 10O 4M in PSS
and the pH adjusted to 7.4 with dilute HCI.

Experimental protocols were derived from initial experi-
ments. Drugs were applied for times that were found to be
sufficient for potential changes to reach a plateau and allow
repeated applications without desensitization. Ganglia were

perfused for 2 to 3 h with PSS, during which time responses
to muscarine (100 nM) and potassium (3 mM) stabilized and
repeated applications of muscarine and analogues of aden-
osine produced reproducible responses and concentration-
response curves could be obtained. Application of 100 nM
muscarine produced submaximal depolarizations of ganglia
of about 57% of the maximum response obtained with 1 t4M
muscarine (EC" 84 nM for muscarine in PSS, n = 15). The
depolarization evoked by muscarine was measured by extra-
polation of the resting basal d.c. potential from the start of
the application of muscarine to the finish of the depolariza-
tion, i.e. return to the basal level, and measuring the peak
response during this time.
For hyperpolarizing responses, adenosine analogues were

applied for 2 min periods at 20 min intervals and concen-
tration-response curves were constructed by applying single
concentrations of an analogue. Responses to adenosine and
its analogues were measured by extrapolation of the resting
basal d.c. potential from the start of the application of an

analogue to the finish of the hyperpolarization, i.e. return to
the basal level and measuring the peak response during this
time.

For antagonism of hyperpolarizations caused by adenosine
analogues, low K+/Ca2+ PSS was used because hyper-
polarizations evoked by adenosine, CPA, NECA and PAA
were enhanced in low K+/Ca2" containing PSS compared to
responses obtained in PSS, and could be more accurately
assessed in the former solution (see Results, cf. Figure 1 and
Table 1). Two concentration-response curves to a single
adenosine analogue were made on each ganglion, the first
being the control responses followed by the response to the
same adenosine analogue after a minimum of 30 min incuba-
tion in the presence of an antagonist. In the absence of an

adenosine-receptor antagonist the first and second concen-

tration-response curves to adenosine and CPA (in PSS or low
Ca2+/K' PSS) were reproducible (results not shown, see

Connolly, 1991). Occasionally a third concentration-response
curve to an adenosine analogue was obtained after increasing
the concentration of the antagonist in the bathing medium

and allowing an additional 40 min incubation with the
antagonist. Responses caused by a given concentration of an
analogue of adenosine in the absence and presence of an
adenosine-receptor antagonist were compared for statistically
significant difference by a paired Student's t test.

During perfusion with PSS, muscarine (100 nM) was ap-
plied for I min at 20 min intervals. After obtaining two or
three reproducible depolarizing responses to muscarine (the
last response being used as a control response) the inhibition
by adenosine analogues of the depolarization was determined
by applying an adenosine analogue for a period of 5 min
starting 1 min before the addition of muscarine. The concen-
tration and sequence of adenosine analogues tested on each
ganglia was randomized so that at least 4 ganglia from 3
different animals were used. The depolarizing response
caused by muscarine after washing out the adenosine
analogue returned to the control level within one or two
applications of muscarine. Each ganglion was used as its own
control and statistical differences between the response
caused by muscarine before (control) and in the presence of
an adenosine analogue were determine by a paired t test, and
are expressed as the percentage inhibition of the control
response caused by muscarine. When studying the effect of
adenosine receptor antagonists (minimum 30 min incubation)
on the inhibition caused by an adenosine analogue of the
depolarization caused by muscarine, each concentration-
response curve took at least 3 h and made it impractical to
study more than one concentration of antagonist per experi-
ment.

In all cases responses are expressed as mean ± s.e.mean (n),
where n is the number of ganglia studied, and are derived
from a minimum of three experiments with ganglia from
three or more rats. Differences between responses (paired
Student's t test, two-tailed) were considered significant if P
values less than 0.05 were obtained. A non-statistically
significant difference between responses is indicated by NS.

Drugs

Adenosine analogues N6-cyclopentyladenosine (CPA), 2-
chloroadenosine (2CA), N6-benzyladenosine (BZA), 5'-(N-
ethylcarboxamido)adenosine (NECA), 2-phenylaminoadeno-
sine (PAA), and R(-)- and S( + )-N6-(2-phenylisopropyl)-
adenosine were bought from Research Biochemicals Inc
(RBI). N6-(9-fluorenylmethyl)adenosine (PD 117,413) was a
gift of Warner-Lambert/Park Davis, Ann Arbour, U.S.A.
Adenosine hemisulphate (AD) was bought from Sigma
Chemical Co. Ltd. U.K.

Adenosine receptor antagonists 1,3-Dipropyl-8-(4-((2-amino-
ethyl)amino)carbonylmethyloxyphenyl)xanthine (XAC), 8-cy-
clopentyl-1 ,3-dipropylxanthine (DPCPX), and 1 ,3-dimethyl-
8-phenylxanthine (8PT) were bought from RBI. 3,7-Di-
methyl-1-(2-propynyl)xanthine (DMPX) was a most kind gift
supplied by Dr John Daly (NIDDK, NIH, Bethesda, Mary-
land, U.S.A.).
(±)-Muscarine was bought from RBI. Salts used for PSS

were of Analar grade.

Results

The effect of adenosine analogues on the d.c. potential

In order of decreasing potency, CPA, 2CA, adenosine and
PAA caused reproducible, concentration-dependent, hyper-
polarizations of ganglia (Figure 1). Adenosine elicited its
maximal response more rapidly than did some of its
analogues; however, all adenosine analogues elicited their
maximum response within 2 min. Responses to supramaximal
concentrations of adenosine (>100 pM) were not altered by
increasing the contact time from 2 to 5 min or by prolonging
the interval between applications from 20 to 60 min. PAA,
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Figure 1 Effect of adenosine analogues on the d.c. potential of the
rat superior cervical ganglion (SCG). Each point represents the mean
response recorded in standard PSS, from three ganglia (six for 2CA)
where (0) = CPA, (@) = 2CA, (A) = adenosine, (*) = PAA and
(O) PD 117,413. In this and subsequent figures the symbol indicates
the mean response and the bar the s.e.mean of the response. Statis-
tically significant difference between responses in the absence and
presence of antagonist (paired, 2-tailed, Student's t test) in this and
in subsequent figures is indicated by *P<0.05; **P<0.01 and
***P<0.001. For list of abbreviations see drugs.

up to the limits of solubility, caused concentration-
dependent hyperpolarizations which at 100 and 300 JM were
significantly different from the basal d.c. potential (P<0.05
(n = 6) and P<0.01 (n = 4) respectively) (Figure 1). The
maximal response caused by PAA was considerably smaller
than that observed for other adenosine analogues and the
response evoked by 100 JAM PAA was unaltered by increasing
the contact time to 5min. PD 117,413 at IOJAM and l00JAM
did not significantly change the d.c. potential (-3 ± 2tLV,
n = 7 and - 3 ± 9 JAV, n = 10 respectively). The potency
order for hyperpolarization and EC50s (JlM) were: CPA
(0.12)> 2CA (0.6)> adenosine (10)>>PAA (17)>>PD
117,413 (inactive).

The effect of adenosine analogues on the response to
muscarine

All the adenosine analogues tested, except PD 117,413 caused
concentration-dependent reduction of the depolarization

caused by mucarine (Table 1). The changes obtained with PD
117.413 at 1I0 jAM and 100 JM were insignificant (- 6 ± 3%,
n = 6 and + 8 ± 7%, n = 5 respectively). In order of decreas-
ing potency CPA, 2CA, NECA and BZA produced similar
(and not significantly different) maximal % inhibitions of the
depolarization caused by muscarine. In contrast, in decreas-
ing potency order R-PIA, S-PIA, adenosine and PAA pro-
duced smaller maximal % inhibitions of the depolarization
caused by muscarine which were not significantly different
from each other, but were significantly different when com-
pared to the maximal % inhibition caused by CPA (Table 1).
The overall potency order for the inhibition of res-

ponses caused by muscarine by adenosine analogues
was: CPA> 2CA = R-PIA >NECA> S-PIA> BZA> aden-
osine> PAA>>PD 117,413 (inactive).

Effect of adenosine receptor antagonists on the
hyperpolarization caused by adenosine analogues

The effects of adenosine-receptor antagonists on the hyper-
polarizing responses caused by adenosine and CPA were
studied in low K+/Ca2+ PSS as responses caused by these
compounds were significantly enhanced, e.g. compare res-
ponses evoked by CPA in PSS to those in low K+/Ca2+
(Figures 1 and 3a) and responses evoked by adenosine in PSS
and low K+/Ca2+ (Figures 1 and 2).

Adenosine-induced hyperpolarizations were antagonized by
the P,-purinoceptor selective antagonist 8PT (1 and 10pM)
(Figure 2) and by the selective Al-adenosine receptor
antagonist XAC (3, 10 and 100 nM) (illustrated for 3 and
100 nM XAC in Figure 3b).
The selective Al-adenosine receptor antagonist DPCPX

(0.3 nM or 1 nM) antagonized hyperpolarizations caused by
CPA or adenosine (Figure 3a). DPCPX (1 nM) significantly
reduced hyperpolarizations caused by NECA and CPA and
reversed hyperpolarizations caused by PAA into small
depolarizations (PAA control response = - 94 ± 23 fiV and
in presence of DPCPX (1 nM) 43 ± 5i AV, n =4, P<0.05)
(Figure 4). The selective A2-adenosine receptor antagonist,
DMPX, at 10 JM did not significantly affect hyperpolariza-
tions caused by adenosine (control responses caused by 10
and 100 JLM adenosine were - 198 ± 7 IsV, - 258 ± 43 JiV
and in the presence of DMPX, - 168 + 17 tLV and -308 ±
91 tiV, respectively, n = 4), CPA (control response caused by
0.1 AM CPA - 272 ± 64 JAV and in the presence of DMPX,
-262 ± 70 JLV, n = 4) and hyperpolarizations caused by
PAA (control responses caused by 10 and 100 JAM PAA were
- 47 17 tiV, - 112 ± 20 AyV and in the presence of DMPX,
- 33 ± 15 ;V and - 83 ± 24 AyV, respectively, n = 4). DMPX
at 50 JAM did not affect hyperpolarizations caused by
adenosine (Figure 3c). The antagonism of responses evoked
by adenosine by 8PT, XAC and DPCPX all appeared to
show non-parallel rightward shifts of the concentration res-

Table 1 The effect of adenosine analogues on the depolarizing response of the rat superior cervical ganglion (SCG) to muscarine

IC50 Maximum % inhibition of
(AM) response to muscarine

0.02
0.07
0.07
0.12
0.34
10
15

> 15

39 ± 3***
25 ± 3**
36 ± 5***
28 ± 5***
21 ± 2**
36 ± 2***
27±2***
19±4**

(10)
(7)
(7)
(8)
(4)
(6)

(62)
(4)

Relative
efficac/

1.0 ± 0.08NS
0.6 ± 0.12**
0.9 ± 0.14NS
0.7 ± 0.18Ns
0.5 ± 0.10**
0.9 ± 0.06NS
0.7 ± 0.08**

) 0.5 ± 0.21**

Conc for maximum
inhibition (jAM)

0.3
1
0.3
1
3

30
100

> 300

Potency relative
to CPA

0.29
0.28
0.17
0.06
0.002
0.001

<0.001

Responses are the mean ± s.e.mean (n).
'Statistically significant differences in responses to muscarine in the absence and presence of adenosine or its analogues are indicated.
*P <0.05; **P <0.01 and ***P< 0.001.
bRelative efficacy= % maximum inhibition caused by an adenosine analogue/% maximum inhibition caused by CPA. The %
maximum inhibition caused by CPA was compared to the % maximum inhibition caused by other adenosine analogues and
statistically significant differences (using an unpaired t test to compare individual % maximal inhibitions for each group of analogues
to the % maximal inhibitions caused by CPA) is indicated by **P<0.01 and NS (not significant).

Adenosine
analogue

CPA
R-PIA
2CA
NECA
S-PIA
BZA
Adenosine
PAA
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Figure 2 Effect of 1,3-dimethyl-8-phenylxanthine (8PT) on the
adenosine-induced hyperpolarization of the rat superior cervical
ganglion. Responses in low K+/Ca2+ PSS evoked by adenosine in
the absence (A), (V) and presence of I ItM (A) and IOpM (V) 8PT
respectively (n = 4 to 7). Statistical significance as for Figure 1.

ponse curves with a reduction in the maximum response
(Figures 2, 3a,b).

Effect of adenosine receptor antagonists on the inhibition
of the depolarization to muscarine by adenosine
analogues

The inhibition of muscarine-induced depolarization by
adenosine and CPA was reproducible and consistent within a
single ganglion, e.g. CPA at 0.1 14M inhibited the depolariza-
tion caused by muscarine (100 nM) in three ganglia by
28 ± 3% and 27 ± 5% upon repetition (NS). 8PT (1 tLM (not
shown) and 10lM) antagonized the effect of CPA in
inhibiting the depolarization caused by muscarine (rightward
shift of the concentration-response curve, Figure 5). 8PT (1
and 10 pLM) significantly antagonized the inhibition by 10 and
100 #LM adenosine (data not shown) and at 10 iLM, 8PT
antagonized the inhibition by 0.3 tLM 2CA, from 38 ± 2% to
11 5% (n = 3, P<0.05). DPCPX at 0.5 nM or MnM
antagonized the inhibitory effect of CPA, causing a reduction
of the maximal inhibition of the muscarine-induced depolar-
ization (as illustrated for 0.5 nM DPCPX in Figure 5) and at
1O nM DPCPX abolished the inhibition caused by 0.1 and
0.3 tLM CPA (control % inhibitions of muscarine-induced
depolarization caused by 0.1 and 0.3 0tM CPA were 25 ± 3%
and 35 ± 3% and in the presence of DPCPX (10 nM),
3 ± 3% and 3 ± 7%, respectively, both significantly different
from controls, P <0.05, n = 5). In contrast, DMPX (1O riM)
was without effect on the inhibition caused by 0.1 tLM CPA
(control response 27 ± 4% and in the presence of DMPX
(10 tiM) 29 ± 5%, respectively).

Discussion

The potency order of adenosine analogues in hyperpolarizing
the SCG and inhibiting the depolarization caused by mus-
carine was characteristic of that generally observed for
Al-adenosine receptor agonists and differed markedly from
the order characteristic of A2-adenosine receptor agonists as
outlined in the Introduction and as described and reviewed
by Williams (1989). Both the absolute potency and relative
order of potency of adenosine analogues in hyperpolarizing
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Figure 3 The effect of DPCPX on the hyperpolarization evoked by
CPA and the effect of DPCPX, XAC or DMPX on the adenosine-
induced hyperpolarization of the rat superior cervical ganglion
(SCG). (a) Response evoked by CPA in the absence (0) and
presence of DPCPX at 0.3 nm (M) and 0.9 nM (M) and the response
evoked by adenosine in the absence (A) and presence of DPCPX at
0.3 nM (A) and I nM (V). (b) Response evoked by adenosine in the
absence (A) and presence of 3 nm (A) and 100 nM (V) XAC. (c)
Responses evoked by adenosine in the absence (A) and presence of
50 JlM DMPX (A). Responses were recorded in low Ca2"/K' PSS
from 3 or 4 ganglia. Statistical significance as for Figure 1. Abbrevia-
tions are given under Drugs.

Control

AD CPA NECA PAA

DPCPX(1 nM)f 05mV
lOmin

AD CPA NECA PAA
100 1 1 100 ,UM

Figure 4 The effect of DPCPX on the response of a single rat
superior cervical ganglion to adenosine analogues. Responses
observed in low Ca2+/K+ PSS in the absence (control) and presence
of 1 nM DPCPX. For list of abbreviations see Drugs.
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Figure 5 Effect of 8PT and DPCPX on the inhibition by CPA of
the depolarizing response evoked by muscarine on the rat superior

cervical ganglion. Inhibition by CPA of the response evoked by
muscarine in the absence (0), (0) and presence of 101M 8PT (U)
or 0.5 nM DPCPX (0) respectively. n = 4 to 8 ganglia in PSS.

ganglia are similar to values reported for tissues containing
Al-adenosine receptors (Daly, 1982). However, for effects on
the SCG, adenosine was an exception in being lower in rank
order and absolute potency than expected. This probably
occurred as a result of extensive uptake and metabolism of
adenosine (Connolly & Stone, 1993a). The very potent effects
of the selective Al-adenosine receptor analogue, CPA (Wil-
liams et al., 1986; Williams, 1989) and the low potency and
inactivity of the selective A2-adenosine receptor analogues,
PAA (Williams, 1989) and PD 117,413 (Trivedi et al., 1988)
supported the view that Al- and not A2-adenosine receptors
were involved in both the hyperpolarization and inhibition of
the muscarinic depolarization. BZA, a non-selective Al/A2-
adenosine receptor analogue (Bruns et al., 1986), with similar
physico-chemical properties to CPA, produced comparable
maximal inhibitions of the response caused by muscarine to
those obtained with CPA. A concentration-ratio of 500 for
the ECss for the inhibition of muscarine-induced depolariza-
tions by CPA and BZA, strongly indicates this effect is
mediated by Al-adenosine receptors. Additional support for
an Al-adenosine receptor mediated effect is shown by the
good correlation between the ability of adenosine analogues
to inhibit muscarinic depolarizations and their affinities in
inhibiting [3H]-CHA binding to rat brain membranes (A1-
adenosine receptors) (correlation coefficient, r = 0.93), but
poor correlation with inhibition of binding of [3H]-NECA to
striatal brain membranes (A2-adenosine receptors) (r = 0.33)
(binding data from Bruns et al., 1986).
The antagonism of the concentration-response curve for

adenosine-induced hyperpolarization by 8PT was similar to
that obtained for the purinoceptors of many tissues such as

the guinea-pig atrium and aorta (Collis et al., 1986), and rat
vas deferens (Stone, 1985), and is consistent with the
presence of P,-purinoceptors on the rat SCG. However it is
not possible to define the adenosine receptor subtype by
using 8PT as it is nonselective for A1- and A2-adenosine
receptor subtypes (Collis et al., 1986). 1,3-Dimethyl-4-
sulphophenyl-8-phenylxanthine, a non-membrane-permeating
analogue of 8PT also effectively antagonized both the CPA-
induced hyperpolarization and inhibition of muscarinic
depolarization (data not shown; Connolly, 1991) and
indicated that these responses were mediated via externally
located adenosine receptors. 8PT did not alter the basal d.c.
potential of the SCG or its response to muscarine (data not
shown) and this suggested that there was little endogenously
released adenosine.
The indications for adenosine receptor involvement were

fully borne out by the results of the studies with selective

antagonists. In this respect, DPCPX, a potent and selective
Al-adenosine receptor antagonist (Bruns et al., 1987),
antagonized adenosine analogue-induced hyperpolarizations
and inhibition of muscarinic depolarization at sub to low
nanomolar concentrations whereas XAC, a less potent selec-
tive Al-adenosine receptor antagonist (Williams, 1989)
antagonized adenosine-induced hyperpolarizations at low
nanomolar concentrations. However, the non-parallel nature
of the antagonism of the effects of adenosine and CPA by
DPCPX and XAC obscured further analysis of the data in
terms of relative affinities. It is worthy of comment, that
DPCPX at the subnanomolar concentrations tested produced
a significant antagonism of the adenosine- and CPA-induced
responses. Interestingly, recent studies have reported pA2
values for DPCPX at Al-adenosine receptors on guinea-pig
isolated atria which are less than 9 (Collis et al., 1989). The
reason for the apparently unsurmountable inhibition and
higher potency of DPCPX for adenosine receptors of the rat
SCG is unclear.

It is unlikely that the potentiation of the responses to
adenosine analogues in low Ca2+/K' PSS was due to a
reduction in uptake by nucleoside transporters because
hyperpolarizations evoked by 2CA (which is not a substrate
for the adenosine transporter of the rat SCG (Connolly &
Stone, 1993a)) and hyperpolarizations evoked by adenosine
were doubled in size when the extracellular Ca2+ concentra-
tion ([Ca2"],) was reduced from 2.5 to 0.1 mM in the presence
of 6 mM K+ (Connolly & Stone, 1993b). Reduced [Ca2+]e is
known to facilitate the effects of drugs on sympathetic
ganglia, e.g. enhancing depolarizations evoked by 5-hydroxy-
tryptamine on rabbit SCG (Nash & Wallis, 1981) and
enhances hyperpolarizations evoked by either ax-adrenoceptor
agonists (Brown & Caulfield, 1979) or muscarine (Brown et
al., 1980) on rat SCG. The omission of Ca2+ was found to
enhance muscarine-induced hyperpolarizations of the rat
SCG and this effect was reversed by increasing the concen-
tration of extracellular magnesium ([Mg2 ]e) (Brown et al.,
1980). A similar observation was reported by Connolly &
Stone (1993b), who found that increasing the [Mg2+], in
solutions containing low [Ca2+]J abolished the potentiation of
both adenosine-induced hyperpolarizations and K+-induced
depolarization of the rat SCG. We also observed that a
reduction or an increase in [K+]e potentiated or reduced
adenosine-induced hyperpolarizations respectively, indicating
that the hyperpolarizing action of adenosine may result from
an increase in K+ efflux (Connolly & Stone, 1993b). Thus the
ability of low Ca2+/K' PSS to potentiate hyperpolarizations
evoked by adenosine and its analogues, as reported here,
probably results from a combination of the two potentiating
effects described above i.e. due to a reduction in both [Ca2 ]e
and K+ concentration.

In other studies on isolated tissues it has been suggested
that variations in [Ca2+]e are a useful procedure for conver-
ting weakly-effective agonists into more strongly effective
ones, with the caveat that low [Ca2']e may alter agonist
efficacy and alter the shape of the transducer relationship
(Dougall & Leff, 1987). Similarly it was reported that Ca2+
ions are involved in receptor activation by agonists such as
acetylcholine or histamine in the taenia of the guinea-pig and
hx-adrenoceptor agonists in vas deferens of the rat, but are
not involved in the interactions of competitive antagonists
with the same receptors (Takagi et al., 1972). Thus low
K+/Ca2 + PSS, may have altered adenosine-receptor-effector
coupling. However, although low K+/Ca2+ PSS enhanced the
size of CPA-evoked hyperpolarizations it did not alter the
EC50 value for CPA-induced hyperpolarizations (cf. Figures 1
and 3a). Furthermore the order of potency of adenosine
analogues reported here was similar in PSS or low K+/Ca2l
PSS (e.g. cf. Figures 1 and 3a for CPA and adenosine)
suggesting adenosine and its analogues may be altered in a
similar manner by low K+/Ca2+ PSS. It seems unlikely that a
reduction in the K+ and Ca2+ content of the PSS was
responsible for the apparently unsurmountable antagonism
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produced by DPCPX because a similar apparent unsurmoun-
table antagonism and potency was found for the effect of
DPCPX (0.6 nM) on the concentration-response curve for
adenosine-induced hyperpolarizations in PSS containing 2.5
or 0.1 mM Ca2+ (Connolly, 1991).

Other factors, such as a low receptor reserve and the slow
dissociation of DPCPX from its receptor or an action of high
concentrations of adenosine analogues at adenosine receptors
other than Al-adenosine receptors may explain the appar-
ently unsurmountable action of DPCPX. There are reports of
some substituted xanthines exhibiting unsurmountable and
competitive -antagonism at adenosine receptors depending
upon the tissue or receptor subtype examined (Burnstock &
Hoyle, 1985; Williams et al., 1987; Bailey et al., 1992).
Unsurmountable antagonism by DPCPX could have occur-
red if high concentrations of adenosine analogues had
activated a second receptor with unusual characteristics. In
this respect it is interesting that antagonism of PAA-induced
hyperpolarization by DPCPX apparently revealed a de-
polarizing (possibly A2-adenosine receptor mediated) effect of
PAA. The complete lack of antagonism obtained with the

selective A2-adenosine receptor antagonist DMPX (Ukena et
al., 1986; Seale et al., 1988) at 10 or 50 l4M argues against any
involvement of A2-adenosine receptor-mediated effects in
either the hyperpolarization or inhibition of muscarinic
depolarizations. The similar maximal inhibitions of the
depolarization to muscarine by the non-selective A1/A2-
adenosine receptor analogues, 2CA, NECA and BZA (Bruns
et al., 1986) to those obtained with CPA also indicates that
A2-adenosine receptors may not be responsible for mediating
the noncompetitive antagonism exhibited by DPCPX.

In conclusion, the results presented here show that the rat
isolated SCG possesses external PI-purinoceptors of the A,-
adenosine receptor subtype which hyperpolarize and inhibit
the depolarizing response caused by muscarine.

G.P.C. was the recipient of an S.E.R.C. studentship. Part of this
work was performed at SmithKline Beecham (SB) Pharmaceuticals
Research and Development (Harlow). G.P.C. wishes to thank SB for
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for their help.
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Evidence that depletion of internal calcium stores sensitive to
noradrenaline elicits a contractile response dependent on
extracellular calcium in rat aorta
M. Antonia Noguera & 'M. Pilar D'Ocon

Laboratorio de Farmacognosia y Farmacodinamia, Departamento de Farmacologia, Facultad de Farmacia, Universidad de
Valencia, C/Vicent Andres Estelles s/n, 46100 Burjassot, Valencia, Spain

1 Noradrenaline 1 JLM induced a contractile response in rat isolated aorta in the presence or in the
absence of extracellular Ca2" with depletion of intracellular Ca2" stores. Thereafter, during incubation
in the presence of Ca2", an increase in the resting tone was observed. Such a contractile response did not
occur after exposure to caffeine or 5-hydroxytryptamine.
2 This increase in tension was inhibited in a concentration-dependent manner by a-adrenoceptor
antagonists (prazosin, phentolamine and yohimbine), the non-specific relaxing compound, papaverine
and by the Ca2"-entry blocker, nifedipine. Therefore, this contractile process is related to depletion of
Ca" stores sensitive to noradrenaline and is linked to Ca2+ entry through voltage-operated Ca2+
channels and oa-adrenoceptors.
3 Phentolamine and yohimbine did not block the Ca2+ refill pathway; prazosin and nifedipine inhibited
the reuptake of Ca2+ by an internal store sensitive only to noradrenaline; papaverine inhibited the
refilling of caffeine- and noradrenaline-sensitive Ca2+-stores.

Keywords: Intracellular Ca2+; rat aorta; noradrenaline; receptor-regulated Ca2+ entry; papaverine; a-adrenoceptors

Introduction

The characteristics of noradrenaline-induced contractions in
smooth muscle have been widely studied and it is currently
believed that the increase in tension in Ca2"-containing sol-
ution comprises two distinct phases. The initial phasic con-
traction results from intracellular Ca2+ release following an
increase in the turnover of phosphatidylinositol and the pro-
duction of inositol 1,4,5-trisphosphate. In the continuing
presence of noradrenaline, contraction is maintained and this
phase is associated with Ca2"-influx via a specific pathway
(Bolton, 1979; Bray et al., 1991). However, the results of
electrophysiological studies of Ca2+ currents in smooth mus-
cle are still confusing: noradrenaline increases the L-type
Ca2+ current (Benham & Tsien, 1988; Fukumitsu et al.,
1990), but produces either no effect on voltage-activated
inward currents (Yatani et al., 1987) or reduces them (Imai-
zumi et al., 1991) in different experimental procedures or in
different smooth muscles.

In rat aorta, different authors (Morel & Godfraind, 1991;
Nishimura et al., 1991) have shown that noradrenaline
activates voltage-operated Ca2+ channels that contain spec-
ific, voltage-sensitive binding sites for Ca2+ channel blocking
dihydropyridines, but the existence of a fraction of nora-
drenaline-stimulated Ca2 +-entry that is resistant to nisol-
dipine blockade suggests that another Ca2+ entry pathway is
also activated by the agonist. Whereas the role of endoplas-
mic reticulum in agonist-induced Ca2+-release which involves
the generation of inositol 1,4,5-trisphosphate is reasonably
well established, the route, or routes, of Ca2+ entry into the
agonist-sensitive internal Ca2+ stores remains an interesting
dispute. Putney (1986, 1990) has postulated that depletion of
the intracellular Ca2+ pools, even in the absence of receptor
activation or increases in inositol polyphosphates, should
activate the same Ca2+ entry mechanism that is normally
activated, so long as the intracellular Ca2` pools are not
permitted to refill. We have found that after depleting
noradrenaline releasable Ca2+ pools in Ca2+-free medium,
exposure to Ca2+-containing solution, in the absence of the
agonist, to allow the refilling of these intracellular Ca2+

Author for correspondence.

stores, induces a considerable increase in the resting tone
(IRT) of rat aorta.
The present work analyzes the pathways for this Ca2"

entry into the cell that are responsible for generating an
increase in the resting tone of rat aorta during the refilling of
Ca2" pools, and their relation to voltage-operated Ca2"
channels and a-adrenoceptor activation. In order to do so,
we have elicited this increase in tension in the presence of
different concentrations of nifedipine, an organic Ca2" entry
blocker, and prazosin, phentolamine and yohimbine, x-adren-
oceptor antagonists. Papaverine was also tested as a non-
specific relaxing compound that prevents contractile res-
ponses in different smooth muscles (Lugnier et al., 1986; lino
et al., 1988; Sato et al., 1988).

Methods

Helically cut strips of the thoracic aorta of male Wistar rats
(200-220 g) were prepared and mounted as described by
Furchgott & Zawadzki (1980). In some experiments, thoracic
aortic strips were bisected and the halves were used to per-
form parallel experiments. Each preparation was suspended
in a 10 ml organ bath containing physiological solution,
maintained at 37°C and gassed with 95% 02 and 5% CO2.
An initial load of 1 g was applied to each preparation and
maintained throughout a 75-90 min equilibration period.
Tension was recorded isometrically on a Philips recorder
(PM 8222) coupled to a Hewlett Packard amplifier (8805D)
using force-displacement transducers (Gould Statham UC2).

Endothelium-denuded aortic strips were prepared by rubb-
ing the entire intimal surface. The absence of relaxant
response (100%) after acetylcholine (10-4 M) addition to
preparations contracted with noradrenaline (1 JiM) indicated
the absence of a functional endothelium in all strips (Fur-
chgott & Zawadzki, 1980).

Experimental procedures

Concentration-response curves of relaxation to prazosin,
yohimbine, phentolamine, nifedipine and papaverine were
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obtained by addition of cumulative concentrations of the
compounds to tissues in which sustained contractions had
been induced by 1 jLM noradrenaline or by exposure to a
solution containing 80 mM KCI (prepared by equimolar subs-
titution of KCI for NaCl in the physiological solution).
Relaxations were expressed as a percentage of the maximum
increment of tension obtained by agonist addition. Em.
represents the maximal relaxation (100%) obtained after
addition of the highest concentration of each compound. The
concentration needed to produce 50% inhibition (IC50) was
obtained from a linear regression plot of all points between
20% and 80% of the maximal response.

Figure 1 shows the different experimental procedures de-
signed to study the increase in the resting tone of aorta
obtained at 37°C by exposure to physiological solution dur-
ing the refilling of the intracellular Ca2+ stores sensitive to
noradrenaline.
A separate series of experiments assessed the effects of

prazosin, yohimbine, phentolamine, nifedipine and papave-
rine on the increase in tension. Noradrenaline (1 g1M) was
added in Ca-containing solution at 37°C and then the tissue
was treated with Ca2'-free, EDTA-containing solution for
15min. After this time noradrenaline was applied until no
contraction was induced, indicating complete depletion of
internal Ca2+ stores sensitive to noradrenaline. The aorta was
then pretreated with different concentrations of prazosin,

yohimbine, phentolamine nifedipine and papaverine 15 min
before an increase in the resting tone of aorta was induced
(Figure 2). The magnitude of this increase in the presence of
different concentrations of each compound was expressed as
a percentage of the reference increase in resting tone obtained
in the absence of any agent. In order to determine the IC5o
values for each compound relative to the inhibition of the
increase in tension, a linear regression analysis of all points
obtained was performed; IC50 was calculated from this linear
regression plot, but it was impossible to calculate s.e.mean.
Each point was the mean of 4-7 experiments.
Another series of experiments was done to clarify the

possible action of these compounds on the refilling of the
intracellular Ca2+ stores. In this experimental procedure
noradrenaline (NA2; Figure 2) or caffeine (Cafl; Figure 3)
was added in Ca2+-free medium after the incubation period
in the presence of Ca2+ and of the highest concentrations of
the compounds that completely inhibited the increase in res-
ting tone. When caffeine was added to the organ bath,
noradrenaline was also applied later (NA2; Figure 3). These
experiments were carried out at 25°C because the contractile
activity of caffeine in Ca2'-free medium has only been
observed at this temperature (Sato et al., 1988; Noguera &
D'Ocon, 1992). Subsequently, the tissue was incubated again
in the presence of Ca2+, and noradrenaline (NA3; Figure 3)
was applied in physiological solution.
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Figure 1 Schematic representation of different experimental procedures used to analyze the increases in tone observed after
noradrenaline (NA)-induced depletion of intracellular Ca2l stores. The increase in the resting tone and contractions in Ca2l-free
medium are expressed as a percentage of the noradrenaline-induced contraction in physiological solution. All values represent
mean ± s.e.mean. Each value is the mean of 5-10 experiments. Preincubation time in Ca2l-free medium: 15 min. W = washing;
W* = washing with Ca2l and EDTA-free solution. *P <0.001, significantly different from the noradrenaline-induced contraction in
physiological solution.
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Figure 2 Experimental procedure used to analyze the modification of the increase in the resting tone of aorta obtained in the
presence of different concentrations of the testing agents (A). Preincubation time in Ca2'-free medium: 15 min. W = washing,
W* = washing with Ca2+ and EDTA-free solution. NA1: addition of the agonist after 15 min of incubation in Ca2"-free medium.
NA1': addition of the agonist after washing (W) in Ca2'-free medium. NA2: addition of the agonist after a 20 min resting period in
physiological solution and 15 min in Ca2'-free medium.
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Figure 3 Experimental procedure used to analyze the refilling of internal Ca2" storage sites in the presence of the testing agents
(A) after depletion of noradrenaline-sensitive intracellular Ca2" pools. The experiments were carried out at 25C. Preincubation
time in Ca2'-free medium = 15 min. W = washing. W* = washing with Ca2+ and EDTA-free solution. NAI': first addition of
noradrenaline after 15 min of incubation in Ca2+-free medium. NA1': addition of the agonist after washing (W) in Ca2'-free
medium. Cafl: addition of caffeine after an incubation for 20 min in the presence of Ca2" and 15 min in Ca2+-free medium. NA2:
addition of noradrenaline in Ca2"-free medium after removing caffeine from the organ bath. NA3: addition of noradrenaline in
physiological solution after 20 min exposure to Ca2+-containing solution.

Drugs and solutions

The following drugs were obtained from Sigma (St. Louis
MO, U.S.A.): anhydrous caffeine, 5-hydroxytryptamine crea-
tinine sulphate complex, acetylcholine, phentolamine, yohim-
bine, prazosin, nifedipine and papaverine; (-)-noradrenaline
L-tartrate was from Merck (Darmstadt, FRG). Other rea-
gents were of analytical grade. All compounds were dissolved
in distilled water with the exception of caffeine, which was
dissolved in Ca2"-free physiological solution (prepared by
omission of CaCl2). Nifedipine was dissolved in ethanol
(10-2 M) before being diluted in distilled water and stored in
the dark.
Composition of the physiological solution was (mM): NaCl

118, KC14.75, CaCl21.8, MgCl21.2, KH2PO41.2, NaHCO3
25, and glucose 11. Ca2+-free solution had the same composi-
tion except that CaCl2 was omitted and EDTA (0.1 mM) was
added.

Analysis of results

Contractions in physiological solution were expressed in mg
of developed tension and, when elicited in Ca2'-free medium,
as a percentage of the noradrenaline-, caffeine- or 5-hydroxy-
tryptamine-induced contractions obtained in normal physio-
logical solution, respectively. Increases in resting tone were
also expressed as a percentage of the noradrenaline-induced
contraction in normal physiological solution.

Results are presented as the mean ± s.e.mean for n deter-
minations obtained from different animals. Statistical
significance was evaluated by Student's t test for unpaired
data. Differences were considered significant when P<0.05.

To determine IC50 values a linear regression analysis was
performed (Graph Pad Software; San Diego, California,
U.S.A).

Results

Analysis of the increase in the resting tone of rat aorta
in different experimental conditions

In the presence of 1 llM noradrenaline, a concentration
sufficient to evoke a maximal contraction, the magnitude of
the contractile response of rat aortic tissues was
358.0 ± 55.3 mg (n = 6). The tissues were then exposed to
Ca2"-free solution for 15 min (Figure 4a) when addition of
noradrenaline induced a biphasic contraction (NAl). The
magnitude of these contractions after 15 min in Ca2+-free
medium is described in Table la. A contraction was not
evoked upon a second application of 1 liM noradrenaline in
Ca2"-free solution (NA1'; Figure 4a). Upon re-exposure of
the tissues to a Ca2"-containing solution for 20 min, an
increase in the resting tone was observed. This increase was
73.1 ± 4.0% (n = 6) relative to noradrenaline-induced con-
tractions in physiological solution. Returning the tissues to a
Ca2+-free solution reduced the tension to baseline and further
application of noradrenaline (NA2) 15 min later induced a
contraction similar in size to that of the first contraction
elicited in Ca2"-free solution (NAI; Figure 4a; Table 1).

Caffeine (10 mM) elicited a rapid transient contraction in
Ca2'-containing solution at 37°C (113.1 ± 12.2 mg; n = 9),
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Figure 4 Schematic representation of (a) the increase in the resting tone of aorta obtained after depletion of noradrenaline
(NA)-sensitive intracellular Ca2l stores by exposure to noradrenaline in the absence of Ca2", (b) the effect of caffeine (Caf) and (c)
the effect of 5-hydroxytryptamine (5-HT). Preincubation time in Ca2l-free medium: 15 min. W =washing. NAI, Cafl, 5-HT,:
addition of the agonist after 15 min incubation in Ca2"-free medium. NA1', Cafl', 5-HT1': addition of the agonist after washing
(W) in Ca2l-free medium. NA2, Caf2, 5-HT2: addition of the agonist after 20min resting period in physiological solution and
15 min in Ca2'-free medium.

Table 1 Increase in the resting tone of rat aortic segments elicited by 1 giM noradrenaline (NA), 10 mm caffeine (Caf) and 1 AM
5-hydroxytryptamine (5-HT)

Ca'-containing

T Agonist
n (°C) (mg)

NA 6
Caf 4
5-HT 6

37
25
37

358.0 ± 55.3
123.1 ± 9.3
215.3± 11.4

phasic

22.8 ± 1.4
42.2 ± 9.7
19.7 ± 1.5

Ca2+-free
Agonist 1

(%)
tonic

15.2± 1.5 73.1 ±4.0
NR
NR

Increases in tone and contractions in Ca2l-free medium are expressed as a percentage of the noradrenaline-, caffeine- or
5-hydroxytryptamine-induced contractions in physiological solution respectively.
All values represent mean ± s.e.mean, n = number of experiments.
Agonistl: first addition of the agonist after 15min of incubation in Ca2l-free medium.
Agonist2: second addition of the agonist after 20min in Ca2l-containing and 15min in Ca2"-free medium.
NR: no response.

but in Ca2"-free medium no contractile response was ob-
served. At 25'C, exposure to caffeine induced a transient
contraction both in Ca2"-containing solution and after 15
min in Ca2"-free medium (CAF1). The size of these contrac-
tile responses are shown in Table 1. During the 20 min
exposure to physiological solution, refilling of the intracel-
lular Ca2" stores was observed (since a contraction was
obtained at CAF2) but there was no increase in the resting
tone of the tissues (Figure 4b).

Similar results were obtained when 1 ylM 5-hydroxytryp-
tamine was added to the organ bath at 37'C, eliciting a
sustained contraction in physiological solution of smaller
magnitude than that elicited by noradrenaline (215.3 ± 11.4
mg; n = 6). In Ca2"-free medium, 5-hydroxytryptamine in-
duced a transient phasic contraction (5-HTI) (Figure 4, Table
1). Subsequent exposure to Ca2+-containing physiological
solution (20 min) produced no increase in the resting tone of
the aorta (Figure 4c), but after returning to a Ca2 -free

Ca'-containing
20 min Increasing

tone (%)
(IRT)

Ca2+-free
Agonist 2

(%)
tonicphasic

21.0 ± 0.8
46.1 ± 10.1
14.0 ± 1.2

12.8 ± 1.5

-i
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medium 5-hydroxytryptamine again induced a contraction
(5-HT2), similar in size to that first obtained in Ca2'-free
medium.
As shown in Figure 1, when tissues had not been exposed

to noradrenaline in the absence of extracellular Ca2+, ex-
posure to Ca2+-containing solution (after an exposure to
Ca2+-free solution) did not result in the development of a
contraction and subsequent contractile responses to nora-
drenaline in Ca2'-containing solution were unaffected (n = 5;
Figure lb). Conversely, if noradrenaline was included during
exposure to Ca2+ 1.8 mM, the result was a sustained and
significantly higher contraction than that obtained in the
presence of Ca2+ at the beginning of the experiment (n = 6;
P<0.001; Figure ic).

Modification of the increase in the resting tone of aorta
by preincubation with different concentrations of the
testing agents
To investigate the possible relation between the increase in
the resting tone of aorta and a-adrenoceptors or voltage-
dependent Ca2" channels, we studied the actions of prazosin,
phentolamine, yohimbine, nifedipine and papaverine on this
increase in tension. In physiological solution, contractile res-
ponses to noradrenaline or KCI (408.8 ± 57.4 mg and 340.0
+ 26.8 mg respectively) were relaxed in a concentration-
dependent manner by exposure to prazosin (10- II-1O-4 M),
phentolamine (10- 2_ 10-4 M), yohimbine (10- "-- I0-3 M), ni-
fedipine (10- 12_ 10-6 M) or papaverine (10-8-5 x 10-' M).

Table 2 pIC50 values of compounds on the increase in the
resting tone of aorta (IRT) and on KCl- and noradrenaline
(NA)-induced contractions

IC50 values for each compound are summarized in Table 2.
The experimental procedure shown in Figure 2 was used in

order to determine how the increase in tone was modified by
preincubation (15 min) in the presence of different concentra-
tions of prazosin (1033_10-8 M), phentolamine (10-" -10-7
M), yohimbine (10-12_10-7 M), nifedipine (10-13I0-6 M) or
papaverine (10-v-1i0-M). All of these compounds concen-
tration-dependently inhibited the contractile process. The cal-
culated ICSo values for each compound to inhibit the increase
in the resting tone are summarized in Table 2. A complete
inhibition (100%) of the contractile response was obtained in
the presence of 10-8 M prazosin, 10-7 M phentolamine or
yohimbine, 10-6M nifedipine or 10-4M papaverine.

Influence of agents on the refilling of intracellular Ca
stores sensitive to noradrenaline

After a 20 min incubation period in physiological solution in
the presence of concentrations of phentolamine and yohim-
bine that completely inhibited the increase in the resting tone
(10-7M), the a-adrenoceptor antagonists were washed out
and a recovery of the noradrenaline-induced contraction in
Ca2+-free medium (NA2; Figure 2) was observed: 21.8 +
4.0% (n = 6) after phentolamine treatment and 19.9 ± 4.9%
(n = 5) after yohimbine treatment, relative to noradrenaline-
induced contractions in physiological solution. Therefore,
this concentration of the ax-adrenoceptor antagonists does not
seem to modify the repletion of intracellular Ca2+ stores
sensitive to noradrenaline. On the other hand, when the
refilling of Ca2+ stores was performed in the presence of
10-x M prazosin, 10-6 M nifedipine or 10-4 M papaverine,
later addition of noradrenaline in Ca2+-free medium (NA2)
did not promote any contractile response.

KCI

Prazosin pIC50

Emax (%)
Phentolamine pIC50

Emax (%)
Yohimbine pIC50

Emax (%)
Nifedipine pIC50

Emax (%)
Papaverine pIC50

Emax (%)

4.42 ± 0.19
n = 4

67.1 ± 7.7
5.19 ± 0.05

n =4
83.3 ± 16.5
4.26 ± 0.06
n=4

101.9 ± 2.1
9.16 ± 0.10

n = 5
98.1 ± 12.6
5.51 ± 0.10

n = 8
104.8 ± 8.5

NA IRT

9.70 ± 0.09* 10.20
n = 5

106.4 ± 5.2
7.01 ± 0.20* 8.53

n = 7
107.4 ± 4.8
6.80 ± 0.09* 9.09

n = 6
108.0 ± 4.3
8.07 ± 0.11* 10.23

n = 5
93.2 ± 8.7
5.29 ± 0.07 5.24

n = 6
111.5 ± 8.3

All values represent mean ± s.e.mean, n = number of
experiments, except the values of pIC50 (IRT), which are
presented as mean.
*P<0.001, significantly different from pIC50 (KCI).

Influence of inhibitors on the refilling of intracellular
Ca-stores sensitive to caffeine or noradrenaline
In order to clarify the possible action of these compounds on
the repletion of intracellular Ca2" stores, another series of
experiments were carried out at 25°C in which caffeine
(10mM), instead of noradrenaline, was added to Ca2"-free
medium after the refilling period in the presence of Ca2 +
(Figure 3). The magnitude of the caffeine-induced contraction
(CAF1) in Ca2+-free medium was 21.0 + 3.1%, n = 3;
relative to the noradrenaline-induced contraction in Ca2+-
containing medium. After washing in Ca2+-free solution,
addition of noradrenaline (NA2) elicited a small contractile
response (6.5 ± 0.6%, n = 3; relative to the contraction in-
duced by noradrenaline in physiological solution; Table 3).
This response is due to the release of Ca2 + from a store
sensitive only to noradrenaline (Noguera & D'Ocon, 1992).
After 20 min exposure to Ca2"-containing solution, complete
recovery of the noradrenaline-induced contraction (NA3) was
obtained.

Table 3 Contractile responses to caffeine (Cafl) and noradrenaline (NA2) in Ca2l-free medium after an incubation period in the
presence of testing agents in Ca2+-containing solution (see Figure 2) and recovery of noradrenaline-elicited response in
Ca2l-containing solution (NA3)

Agent

Prazosin
Phentolamine
Yohimbine
Nifedipine
Papaverine

(M)

10-8
0-7
10-7
10-6
10-4

n

3
4

5
3
3

Cafl

21.0 ± 3.1
17.2 ± 4.2
22.7 ± 3.7
19.6 ± 2.8
19.3 ±4.1

NA2

6.5 ± 0.6

10.1 ± 1.9
8.0 ± 0.8

NA3

114.0 ± 5.0
92.6 ± 12.7
96.3 ± 15.4
81.5 ± 9.3
38.4 ± 7.2 *
7.3 ± 0.2*

Contractions are expressed as a percentage of the noradrenaline-induced contraction in physiological solution. All values represent
mean ± s.e.mean, n = number of experiments.
*P<0.001, significantly different from control.
Cafl: Addition of caffeine after 20 min in the presence of Ca2l and 15 min in Ca2l-free medium.
NA2: Addition of noradrenaline in Ca2l-free medium after removing caffeine from the organ bath.
NA3: Addition of noradrenaline in physiological solution after 20 min of exposure to Ca2+-containing solution.
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Using the same experimental procedure, except that either
phentolamine or yohimbine (10-7 M) were added during the
refilling of the stores in the presence of Ca2, washout of the
a-adrenoceptor antagonists in Ca2"-free medium and addition
of caffeine elicited a phasic contraction (CAF1). Subsequent
addition of noradrenaline in Ca2"-free solution produced a

small tonic contraction (NA2) that was not modified by
previous exposure of tissues to phentolamine or yohimbine
(Table 3). After a further incubation period of 20 min in
physiological solution the size of the contractile response to
noradrenaline was restored (NA3).
When the stores were refilled in the presence of either

10-8 M prazosin or 10-6 M nifedipine, addition of caffeine in
Ca2"-free medium (Cafl) yielded a contractile response simi-
lar in magnitude to that obtained in the absence of the
antagonists (Table 3). Later addition of noradrenaline (NA2)
in Ca2"-free medium did not induce any response. After
20 min in the presence of Ca2", the response to noradrenaline
(NA3) after tissue exposure to nifedipine was significantly
smaller than that obtained in the absence of nifedipine, but
recovery of the response to noradrenaline was complete after
prazosin treatment (Table 3).
When 10-4 M papaverine was present during the repletion

of the internal Ca2+ stores neither caffeine nor noradrenaline
elicited any contractile response when they were added in
Ca2'-free medium in the absence of papaverine (CAFI, NA2;
Table 3). Furthermore, noradrenaline induced a significantly
smaller contraction (P<0.001) when applied after 20min
exposure to Ca2+-containing solution (NA3; Table 3).

Discussion

The results show that in rat aorta, noradrenaline-, 5-
hydroxytryptamine- or caffeine-induced contractions in Ca2+-
free medium are associated with the emptying of intracellular
Ca2+ stores of limited capacity and that further addition of
the agonists evokes no mechanical response. These intracel-
lular Ca2+ pools, when emptied, can be rapidly replenished
from the extracellular space by incubation in Ca2+-containing
solution. The rapid refilling of the pools with extracellular
Ca2+ occurs in the absence of the contractile agonist. It
might be assumed that any means of depleting the intracel-
lular Ca2+ pool, even in the absence of receptor activation or

increases in inositol polyphosphates, activates the same Ca2+
entry mechanism normally activated by agonists (Putney,
1986; 1990; Rowena et al., 1992).
A question arises from these results about the pathway for

Ca2+ entry because there are at least two possible routes.
Ca2+ may enter the cytoplasm directly on its way to the
internal compartments sensitive to the agonists (Putney,
1990; Rowena et al., 1992) or Ca2+ entry may involve direct
replenishment of the intracellular pool in the absence of the
agonist and its continuous discharge to the cytoplasm when
the agonist is present (Itoh et al., 1981; 1985; Hisayama &
Takayanagi, 1988; Low et al., 1991).
The observation that exposure of the tissues to Ca2+ after

emptying of intracellular Ca2+ stores by exposure to caffeine
or 5-hydroxytryptamine did not result in a contractile res-

ponse suggests that the pathway for refilling could be a

relatively direct one that does not involve transfer of Ca2+
through the cytosol to the intracellular storage sites. How-
ever, after depletion of noradrenaline-sensitive Ca2+ stores,
there was an increase in the resting tone of aorta on re-

exposure to Ca2+ This Ca2+ -dependent contraction has been
described in previous studies carried out in rabbit aorta
(Deth & Lynch, 1981), although no explanation for the
observation was advanced.

This increase in the resting tone of aorta therefore seems to
be strictly related to adrenoceptors and not just to the empty-
ing of intracellular Ca2" pools sensitive to an agonist. This
increase in tone takes place in the absence of the agonist,
indicating that it is a consequence of the previous activation

of adrenoceptors. Removal of the endothelium rules out
possible involvement of endothelium-derived factors in this
mechanical response.
When a contractile response to noradrenaline was elicited

in the presence of Ca2" and the tissue was washed in Ca2"-
free medium and then in a Ca2"-containing solution, without
attempting to deplete intracellular Ca2" stores in the absence
of Ca2", there was no increase in the resting tone of the
tissue in Ca-containing solution (Figure lb), suggesting that
depletion of intracellular Ca2" pools was required for an
increased permeability of the plasma membrane permitting
Ca2" entry. This could explain the fact that noradrenaline-
induced contractions in Ca2"-containing solution after deple-
tion of intracellular stores were of a significantly greater
magnitude than the standard response (Figure 1c). On this
basis, it can be assumed that the depletion of noradrenaline-
sensitive Ca2+ stores are the signal for the entry of extracel-
lular Ca2" not only to refill organelles, but also to activate
contractile proteins. The magnitude of the mechanical res-
ponse decreases proportionally with the time of exposure to
Ca2"-containing medium, which means that the accelerated
entry of Ca2+ to replenish the intracellular pools inactivates
the entry mechanism.

According to Sato et al. (1988), noradrenaline has the
ability to augment the efficacy of contraction (i.e. the res-
ponse to a given concentration of intracellular Ca2") in
vascular smooth muscle, and this may be responsible for the
increase in the resting tone if it continues when the agonist is
removed from the incubating medium.
We assessed the influence of three a-adrenoceptor antago-

nists (prazosin, phentolamine and yohimbine) on the mag-
nitude of this increase in the resting tone. Treatment with
a-adrenoceptor antagonists induced a concentration-depen-
dent inhibition of the response and it was completely abol-
ished in the presence of the highest concentrations tested.
This seems to indicate that a-adrenoceptors are involved in
the increase in resting tone. An explanation for this effect in
the absence of an a-adrenoceptor agonist may be that
mobilization of an intracellular Ca2" pool sensitive to nora-
drenaline could determine the fixing of the a-adrenoceptor in
an activated state until the intracellular Ca2" pool is refilled
and that these antagonists bind to the a-adrenoceptor in the
absence of Ca2" and fix it in an inactivated state, in a
manner similar to that of Ca2"-channel blockers on the
voltage-dependent Ca2" channels (Trautwein & Pelzer, 1985;
Godfraind et al., 1986). This hypothesis requires further
investigation, but Schutz & Freissmuth (1992) have suggested
that antagonists not only bind to G protein-coupled recep-
tors, but also induce a conformation change unfavourable to
the coupling of the receptor to its G protein.
The inhibition of this increase in tension in a concen-

tration-dependent manner by nifedipine would seem to relate
this mechanical response to Ca2+-entry via voltage-operated
Ca2+ channels. The great sensitivity of the increase in the
resting tone to nifedipine suggests that a change in mem-
brane potential might be involved.

According to previous work (Noguera & D'Ocon, 1992;
Low et al., 1991; present results) noradrenaline induces a
biphasic contractile response in Ca2'-free medium. The pres-
ent study provides the novel observation that this biphasic
response is mediated by two different intracellular Ca2+ pools
with different refilling processes: compartment 1 is sensitive
to noradrenaline and caffeine, nifedipine and prazosin do not
modify its refilling process; compartment 2 is sensitive only
to noradrenaline; nifedipine and prazosin completely inhibit
its repletion. Papaverine blocks the repletion of both com-
partments and the presence of phentolamine or yohimbine
affects neither.

In view of the above findings, we propose a model for
Ca2+ entry into intracellular stores sensitive to noradrenaline
(one of them common to caffeine). The first component of
the noradrenaline-induced contraction in Ca2"-free medium
indicates Ca2" release from the endoplasmic reticulum (com-
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partment 1) (Low et al., 1991). The second component of the
biphasic response to noradrenaline in the absence of extra-
cellular Ca2" might be represented by compartment 2. This
Ca2+ storage compartment lies close to, and may be directly
connected to, the plasma membrane (Devine et al., 1972; Van
Breemen & Saida, 1989; Noguera & D'Ocon, 1992). This
second component is susceptible to modulation by nifedipine
and prazosin and includes the passage of Ca2+ through L-
type Ca2+-channels for the refilling of the internal Ca2+ pool.
The gate at this passage may be voltage-operated, although
the ala-adrenoceptor subtype is directly related to it (Min-
neman, 1988). There is some evidence (Saida & Van Bree-
men, 1983; Leijten et al., 1985; Wakui et al., 1990) that the
intracellular Ca2+ pool specific to noradrenaline can be
released by receptor activation and the release of this small
pool might trigger Ca2+ release from the internal store com-
mon to noradrenaline and caffeine. Thus, the fact that
prazosin and nifedipine block the uptake of Ca2+ into the
small pool specific to noradrenaline (compartment 2) explains
the lack of response to noradrenaline in Ca2+-free medium:
the first component of the biphasic response is abolished
because the release of the internal Ca2+ pool common to
noradrenaline and caffeine (compartment 1) depends on the
previous release of Ca2+ from the pool specific to

noradrenaline (compartment 2) when this agonist is em-
ployed. However, complete recovery of the contractile res-
ponse induced by caffeine in Ca2+-free medium is observed,
indicating that the refilling and release of compartment I
may, in fact, be independent of the presence of the antag-
onists.

Phentolamine and yohimbine did not block these Ca2+
refill pathways but the fact that the increase in the resting
tone related to a-adrenoceptors activation was abolished may
suggest that the entry of Ca2+ in the presence of these
antagonists is not able to activate the contractile proteins
because of the blockade of the process of sensitization
mediated by x-adrenoceptors.

In summary, the present study shows that incubation in
Ca2+-containing solution after depletion of noradrenaline-
sensitive intracellular Ca2+ stores increases the resting tone of
rat aorta. This increase in tension was inhibited by a-
adrenoceptor antagonists such as prazosin, phentolamine and
yohimbine, and by Ca2+ channel blockers such as nifedipine.
Papaverine also inhibited the increase. During this contractile
process, the intracellular Ca2+ stores sensitive to noradrena-
line refill, but the repletion of these internal pools is
differentially modulated by the agents tested.
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Serum corticosterone, interleukin-1 and tumour necrosis factor
in rat experimental endotoxaemia: comparison between Lewis
and Wistar strains
M. Perretti, G.S. Duncan, R.J. Flower & 'S.H. Peers

Department of Biochemical Pharmacology, The William Harvey Research Institute, Medical College of St Bartholomew's
Hospital, Charterhouse Square, London EC1M 6BQ

1 Circulating corticosterone, interleukin-1 (IL-1) and tumour necrosis factor-a (TNFa) activities in
serum of Lewis and Wistar rats were measured following injection of lipopolysaccharide (LPS). IL-1 was
measured as 'lymphocyte activation factor' (LAF) activity following precipitation of inhibitory activity
with polyethylene glycol. TNFa activity was measured as cytotoxic activity.
2 Compared to the Wistar, the Lewis rat had higher circulating LAF and TNF activities following
LPS, and release of both cytokines was prolonged in this strain.
3 Corticosterone increases in response to LPS were less in the Lewis than in the Wistar rat following
the initial peak at 1 h; basal corticosterone was lower in the Lewis rat.
4 Adrenalectomized Lewis rats had even greater amounts of circulating LAF and TNF activities
following LPS than did intact animals; the effect of adrenalectomy was not however mimicked by acute
treatment with the steroid receptor antagonist, RU486, suggesting that endogenous corticosteroids did
not acutely control cytokine release.
5 Although in vivo administration of anti-murine IL-la antiserum significantly lowered LAF activity of
serum, circulating corticosterone in response to LPS was not affected. Similarly, treatment with
anti-murine TNFa monoclonal antibody (mAb) abrogated TNF activity without affecting corti-
costerone, suggesting that other mediators may be responsible for corticosterone release following LPS.
6 This 'overproduction' of inflammatory cytokines together with lower circulating corticosterone may
contribute to the susceptibility of the Lewis rat to diseases such as adjuvant arthritis or experimental
allergic encephalomyelitis.

Keywords: Endotoxaemia; interleukin-1; tumour necrosis factor-a (TNFa); glucocorticosteroids

Introduction

Interleukin-l (IL-1) and tumour necrosis factor-a (TNFa) are
pluripotent cytokines with a central role in the onset and
maintenance of chronic inflammatory conditions in both man
and experimental animals (Miller & Dinarello, 1987; Arend
& Dayer, 1990). Synthesis of these cytokines must be finely
regulated and as with other inflammatory mediators, gluco-
corticoid hormones have the capacity to inhibit their genera-
tion, down-regulating transcription and translation of both
IL-1 and TNFa (Beutler et al., 1986; Knudsen et al., 1987;
Lee et al., 1988). Moreover, IL-1 and TNFax are potent
stimulators of the hypothalamo-pituitary-adrenal (HPA) axis
leading to increased circulating corticosteroids (Besedovsky et
al., 1991). The importance of this immunoregulatory feed-
back is indicated by enhanced cytokine release in adrenalec-
tomized (ADX) animals (Perretti et al., 1989; Zuckerman et
al., 1989) which show exaggerated inflammatory responses
(Flower et al., 1986; Perretti et al., 1991). The Lewis strain of
rat is particularly susceptible to such chronic inflammatory
models as cell-wall arthritis and experimental allergic enceph-
alomyelitis (EAE): this susceptibility has been attributed to a
defect in the HPA axis in this strain which results in lower
corticosterone (CCS) responses following challenge with var-
ious stimuli including IL-1 (Sternberg et al., 1989a; Mason,
1991). Additionally. under normal conditions, Lewis rats
have lower basal CCS than other strains (Griffin & Whitacre,
1991; Villas et al., 1991).
Amongst the many activities of IL-1 and TNFa, their roles

as mediators of septic shock are well established, and cy-

tokine levels are transiently elevated in animal models of
shock and gram-negative sepsis (Dinarello, 1991). Lipopoly-
saccharide (LPS) is frequently used to induce release of IL-1
and TNFx, and this is associated with an increase in cir-
culating corticosteroids. This latter effect partially explains
the rapidly-induced tolerance to subsequent LPS challenge
(Beutler et al., 1986; Zuckerman et al., 1991).
Most studies concerning LPS-induced cytokine release

have been performed in the mouse. Here, using a recently-
described method to remove inhibitory activity present in
serum (Hopkins & Humphreys, 1990), we have been able to
measure circulating lymphocyte activation factor (LAF) act-
ivity in the rat. Therefore, in the present study, we have
compared the release of IL-1 and TNFa following LPS
administration in Lewis and Wistar rats, and investigated the
relationship between these cytokines and CCS. Furthermore,
the effect of acute or prolonged ablation of corticosteroids by
use of the steroid receptor antagonist, mifepristone (RU486)
and adrenalectomy respectively were examined. A prelim-
inary account of some of these results was presented to the
British Pharmacological Society (Peers et al., 1992).

Methods

Animals

Male Wistar and Lewis rats (200-250 g) were obtained from
Harlan-Olac, (Bicester, Oxon) and kept in the Animal Unit
for at least 7 days before use. Animals received food and
water ad libitum, and lighting was maintained on a 12 h
cycle. ADX rats were obtained from the same source, and
received saline drinking water. Adrenalectomy was confirmed

' Author for correspondence at present address: Allelix Biophar-
maceuticals, 6850 Goreway Drive, Mississauga, Ontario L4V IPI,
Canada.

'PI Macmillan Press Ltd, 1993Br. J. Pharmacol. (I 993), 110, 868 874
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by measurement of CCS. To minimise undue stress, animals
were maintained in established groups, handled repeatedly
and moved to the experimental room at least 16 h before the
start of the experiment.

Experimental protocol

LPS (E. coli 055:B5) was administered i.p. in 1 ml sterile
saline between 09 h 00 min and 11 h 00 min. After the indi-
cated interval, animals were anaesthetized with C02, and a

blood sample taken by cardiac puncture. Previous experi-
ments indicated that this minimized stress to the animals and
allowed measurement of basal CCS. Blood was allowed to
clot at 4° for 2-3 h and centrifuged (600g, 4°C, 30 min) to
obtain sera which was stored in aliquots at - 20'C before
assay for CCS or TNF activity, or at - 70°C before assay for
LAF activity. All assays were performed within 4 weeks of
serum collection. Dexamethasone (as phosphate) was admini-
stered s.c. and RU486 (mifepristone) was administered orally
at the indicated time before LPS. Antiserum or antibodies
were injected s.c. 16 h before LPS administration (Perretti et
al., 1992).

TNF bioassay

Serum TNF was assayed as cytotoxic activity against murine
L-929 fibroblasts (Meager et al., 1989). Briefly, L-M cells were
seeded at 1-2 x 105 per well in flat-bottomed 96-well plates
in RPMI-1640 medium containing 5% foetal calf serum
(FCS) and incubated for 16 h, after which non-adherent cells
were removed by washing in warmed balanced salt solution.
Sterile filtered sera were diluted in RPMI-1640 (+ 5% FCS)
containing 3 lig ml-' actinomycin D and serial five-fold dilu-
tions added (volume 0.2 ml). After 20 h incubation, super-
natants were discarded, the monolayer washed and adherent
cells stained with crystal violet solution (0.5% in 20%
methanol) for 10 min. Plates were rinsed with tap water and
allowed to dry, after which the stained cells were lysed with
33% acetic acid, and optical density read at 570 am. Stan-
dard curves were constructed using human recombinant
TNFa; the limit of detection was approximately 10 pg ml-'.
Data are shown as TNF 'units', being 1/serum dilution giv-
ing 50% cytotoxicity (equivalent of approximately 100 pg
ml-' human TNFa). Data are shown as values for individual
sera, unless otherwise stated.

In experiments to confirm cytotoxic activity as being
TNFa, filtered serum samples were preincubated for 2 h at
4°C with a monoclonal antibody (mAb) against murine
TNFa at twice the final concentration before addition to cells
as described above. In other experiments, sera were heated to
56°C for 30 min, centrifuged to remove precipitate then
filtered and used as described above.

IL-I bioassay

Sera were thawed and extensively dialysed (1:1000 x 3)
against phosphate buffered saline (PBS) and sterile filtered.
IL-1 was assessed as LAF activity using the murine thymo-
cyte co-stimulation assay as previously described (Perretti et
al., 1989) following incubation of dialysed, filtered sera with
12% polyethylene glycol (PEG; Hopkins & Humphreys,
1990): equal volumes of sera and 24% PEG were incubated
for 30 min on ice then centrifuged and supernatants diluted
with RPMI-1640 medium to obtain a starting dilution of
1/40. Incubations were performed in 96-well plates under the
following conditions: 0.6 x 106 thymocytes from C3/HeJ mice
aged 6-8 weeks (Harlan-Olac) were incubated in RPMI-1640
medium containing 5% FCS with 1.5 yg ml1' phytohaemagg-
lutinin (PHA), 0.6% PEG and five fold serial dilutions of
sera (prepared as above) for 72 h before pulsing with 1 tLCi
per well [3H]-thymidine. After a further 16 h, the cells were

harvested, and filters counted by liquid scintillation. Standard
curves were run using recombinant human IL-la. LAF

activity is presented as ng ml-' IL-I activity calculated from
the standard curve for a dilution of serum which gave app-
roximately 50% maximum incorporation. The limit of detec-
tion was 5-1O pg ml'. All data shown are representative of
at least two separate experiments conducted in triplicate with
sera pooled from 2-4 rats.

In experiments to confirm the identity of LAF activity as
IL-1, sera were dialysed and then incubated with specific
antisera or pre-immune serum overnight at 4°C before in-
cubation with PEG as described above, with antiserum at a
final dilution of 1:720. In experiments using the IL-1 receptor
antagonist protein (IL-Ira; McIntyre et al., 1991), thy-
mocytes were preincubated for 1 h with the protein at double
the final concentration before addition of serum samples and
incubation as above.

Assay of serum CCS

Serum CCS was assayed with a commercially available
radioimmunoassay according to the manufacturer's instruc-
tions (ICN-Flow).

Materials

Mifepristone (RU486) was the kind gift of Roussel-Uclaf,
Roumainville, France; recombinant human IL-la was from
National Institute for Biological Standards Control, South
Mimms, Herts., batch 86.632 (sp. act. 5 x 106 u ml-'); recom-
binant human TNFa and anti-murine TNFa mAb the kind
gifts of Celltech, Slough, Berks.; anti-murine IL-lp antiserum
the gift of Dr R.C. Newton, DuPont-Merck, Wilmington,
DE, U.S.A. ILl-ra was the generous gift of Upjohn, Kala-
mazoo, MI, U.S.A. Anti-murine IL-la antiserum was from
Genzyme, Maidstone, Kent. L-M cells, balanced salts solu-
tions and media were from ICN-Flow, High Wycombe,
Bucks.; heat-treated FCS was from Difco, East Molesley,
Surrey. [3H]-thymidine (sp. act. 5 Ci mmol ') was from
Amersham International, Aylesbury, Bucks. Dexamethasone
phosphate was from Evans, Greenford, UK; PHA was from
Wellcome Diagnostics, Beckenham, Kent; all other reagents
were from Sigma, Poole, Dorset.

Statistics

Statistical differences were calculated by using Student's
unpaired t test, regarding P <0.05 as significant.

Results

Validation of bioassays

LAF activity was confirmed as predominantly IL-1 by the
use of IL-lra. Pre-incubation of the thymocytes for 1 h with
IL-Ira before addition of samples significantly inhibited LAF
activity of authentic IL-la (0.5-50ngml-l inhibited essen-
tially by 100% by 5 pgml1l IL-Ira) and of serum samples
(Figure la). The precise nature of circulating LAF activity
was determined using anti-murine IL-lo and anti-murine IL-
1B antisera which significantly reduced LAF activity of serum
samples (Figure la), and suggested that the majority of this
activity in serum following LPS consists of IL-la. With all
these procedures, a maximal inhibition of approximately
75% was achieved.

Cytotoxic activity in serum was stable to heating to 56C
for 30min (Figure lb), indicating that complement did not
account for significant amounts of TNF-like activity. Pre-
incubation of serum samples (2 h, 4°C) with a mAb against
murine TNFa completely removed cytotoxic activity,
confirming its identity as TNFa (Figure lb).

Figure 1 shows data with serum from Wistar rats: essen-
tially the same results were obtained with Lewis serum i.e.
maximum 75% reduction of LAF activity with IL-Ira and
complete inhibition of cytotoxic activity with anti-TNFa.
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Figure 1 Validation of bioassays: (a) Effect of incubation with
pre-immune serum of specific anti-sera raised against murine inter-
leukin-la (IL-la) or IL-lp or IL-Ira upon lymphocyte activation
factor (LAF) activity; (b) effect of preincubation with anti-murine
tumour necrosis factor a-monoclonal antibody (TNFoa mAb) or heat-
ing to 56°C for 30min ('heat') upon cytotoxic activity. Data are
shown as percentage of control, mean ± s.e.mean for triplicate
measurements from serum pooled from 3 Wistar rats (a) 3 h and (b)
h following mg kg-' LPS i.p. *P<0.05 vs control response.

Effect ofLPS upon serum IL-I, TNFc and CCS

No LAF or TNF activity was detectable in sera from un-
treated or saline-treated animals from either strain.

Administration of LPS 1 mg kg-' i.p. caused the sequential
appearance of TNFa and IL-1 in serum (Figure 2), accom-
panied by an increase in circulating CCS. TNF activity was
detectable in sera from both strains 1 h after LPS, declining
thereafter in the Wistar, but maintained at similar level in the
Lewis for 2 h such that at this time there was significantly
more TNF activity in Lewis serum (Figure 2a). TNF activity
was no longer detectable in serum from either strain 4 h after
LPS. In Wistar rats, LAF activity was detectable 2 h follow-
ing LPS (0.17 ± 0.01 ng ml-'), peaked at 3 h (0.22 ± 0.04 ng
ml-'), and then slowly declined (Figure 2b); no IL-1 activity
was detectable 24 h after LPS (data not shown). Serum from
Lewis rats consistently (3 experiments) contained significantly
more IL-I activity (5-10 fold) than did that from Wistar; the
time-course of release was similar in both strains.
CCS was significantly elevated by LPS I h after injection

in both strains (Figure 2c) and remained significantly ele-
vated compared with saline-treated animals for at least 24 h,
although by this time levels were only slightly higher than
basal levels (90 ± 33 and 148 ± 12 ng ml- for Lewis and
Wistar respectively). In the Wistar rats, the initial peak level
was maintained for at least 3 h and declined slowly; in the
Lewis rats, levels were equal to those in the Wistar rats at
1 h, but thereafter dropped, although still remaining
significantly higher than basal CCS in this strain. It is notice-
able that the Wistar rats had higher basal CCS, so that at 7 h
post injection, CCS in LPS-treated Lewis rats was similar to
that in saline-treated Wistar rats at the same time, although
approximately double the Lewis basal levels. CCS levels in

c
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Figure 2 Time course of release of (a) tumour necrosis factor (TNF)
activity (units), (b) lymphocyte activation factor (LAF) activity
(ng ml-') and (c) corticosterone (CCS, ng ml-') following 1 mg kg-'
lipopolysaccharide (LPS) i.p. at T = 0 in (0) Lewis and (0) Wistar
rats. CCS following saline injection is shown as solid symbols (@,
U). Data are shown as mean ± s.e.mean for at least 4 rats (a and c)
or for 2 separate experiments performed in triplicate (b). *P <0.05,
Lewis vs Wistar strain.

saline-treated Wistar rats were significantly higher than in
Lewis rats as the rise in circadian CCS occurred during the
afternoon (i.e. 3-7 h post injection).
The effect of LPS was dose-dependent (0.01-1 mg kg-',

Figure 3). TNF data (Figure 3a) are shown 1 h following
LPS when activity peaked in both strains; similarly LAF
activity is given at 3 h post LPS (Figure 3b). In both cases,
activity was detectable following 0.1 mg kg-', with significant
difference in IL-1 between Lewis and Wistar rats at 1 mg
kg-'. There is no significant difference between strains in
TNF release, although a trend is apparent; it is probable
that at 2 h post-LPS, a significantly greater response would
be seen in Lewis rats (see Figure 2). CCS data are shown at
3 h (Figure 3c), when levels in the Lewis rats are significantly
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Table 1 Effect of pretreatment with dexamethasone (Dex, 0.5 mg kg- ', s.c.) or RU486 (RU, 20 mg kg- ', p.o.) upon serum
lymphocyte activation factor (LAF) activity and tumour necrosis factor-a (TNFa) activity at the indicated time following 1 mg kg-
lipopolysaccharide (LPS) in Lewis and Wistar rats

Lewis

Control (1 h)
+ Dex
+ RU

Control (3 h)
+ Dex
+ RU

TNF activity

4483 ± 1202
912 ± 24*

4154 ± 1291
42± 19
NT

34± 10

Wistar Lewis

772 ± 122
264± 110*
1552 ± 668
30 ± 6
NT

18 ± 3

LAF activity

ND
ND
ND

3.97 ± 0.89
0.29 ± 0.05*
2.87 ± 1.58

Wistar

ND
ND
ND

0.87 ± 0.04
0.14 ± 0.06*
1.10 ± 0.15

LAF activity is shown as ng ml-' interleukin-la (IL-la) equivalents, mean ± s.e.mean for replicates from one experiment using serum
pooled from 3 rats and TNF activity as units ml-', mean ± s.e.mean for 4- 5 rats. ND: not detectable; NT: not tested.
*P<0.05 vs appropriate controls.
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Figure 3 Dose-response to lipopolysaccharide (LPS): (a) tumour
necrosis factor (TNF) activity (units), (b) lymphocyte activation
factor (LAF) activity (ng ml-') and (c) corticosterone (CCS, ng
ml-') in response to i.p. LPS in (0) Lewis and (0) Wistar rats.
Data are shown as mean ± s.e.mean for at least 4 rats (a and c) or
for 3 separate experiments performed in triplicate (b). *P< 0.05
Lewis vs Wistar strain.

Figure 4 Effect of adrenalectomy upon release of (a) tumour ne-
crosis factor (TNF) activity (units) and (b) lymphocyte activation
factor (LAF) activity (ng ml- ') in control (0) and adrenalectomized
(ADX) (A) Lewis rats following 1 mg kg- lipopolysaccharide (LPS)
i.p. Data are shown as mean ± s.e.mean for 4 rats. *P<0.05 ADX
vs control rats.

lower than those in the Wistar rats; 1 h following LPS how-
ever there is no significant difference in CCS at any of the
doses used (data not shown) indicating the importance of the
time of measurement. An increase in CCS was seen at all
doses of LPS tested.

Modulation of cytokine release by exogenous and
endogenous corticosteroids

Dexamethasone (0.5 mg kg-', s.c.) 1 h before injection of
LPS significantly inhibited release of both IL-1 and TNF in
both strains (Table 1). To discover whether endogenous CCS
chronically affected cytokine release, ADX Lewis rats were
injected with 1 mg kg-' LPS. These animals appeared mark-
edly ill following LPS injection, and were destroyed at 3 h
since it was believed that they would not survive to 6 h.
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Table 2 Effect of in vivo pretreatment with anti-murine
tumour necrosis factor-a monoclonal antibody (TNFa mAb)
or anti-murine interleukin-la (IL-la) antiserum upon
corticosterone (CCS), TNF and lymphocyte activation
factor (LAF) activity

Treatment

Control I h
+ anti-TNFa

Control 3 h
+ anti-TNFax
+ anti-IL-a

CCS TNF activity LAF activity

385 ± 20
329± 16
222 ± 28
200 ± 26
223 ± 63

2338 ± 1092
<10
ND
ND
ND

ND
ND

0.95 ± 0.18
0.57 ± 0.14
0.46 ± 0.17*

Lewis rats were pretreated with mAb (20 mg kg-') or

antiserum (20 mg kg-') s.c. 16 h before i.p. injection of
1 mg kg- ' LPS. CCS is shown as ng ml'- , TNF activity as
units and LAF activity as ng ml-' IL-la, mean ± s.e.mean
for at least 4 rats. ND: not detectable.
*P<0.05 vs appropriate controls.

Figure 4 shows that ADX Lewis rats released significantly
more TNF than did intact animals (Figure 4a): at 1 h, there
was no significant difference between ADX and intact ani-
mals, but in ADX rats, TNF release was prolonged, with
high levels of activity detectable at 3 h. Similarly, LAF
activity was significantly more elevated in serum from ADX
rats at 3 h after LPS injection (Figure 4b), and unlike intact
animals, was just detectable 1 h post LPS.

In order to investigate the acute role of endogenous cor-
ticosteroids released as part of the response to LPS in control
of cytokine release, animals were pretreated with the steroid
receptor antagonist, RU486 (20 mg kg-', p.o.) 1 h before
injection of LPS. This dose did not significantly affect serum
TNF in either rat strain 1 h or 3 h following LPS (Table 1).
RU486 pretreatment did not affect serum IL-1 measured at
3 h in either strain, and in one experiment, had no effect
upon serum IL-I measured 6 h after LPS in the Wistar rats
(data not shown).

Interaction between cytokines and CCS release

The mechanism by which LPS stimulates the HPA axis re-
mains unclear, although many cytokines including IL-1 and
TNFa are able to cause corticosteroid release. In order to
investigate the involvement of IL-1 and TNFa in the eleva-
tion of CCS, Lewis rats were injected with anti-murine TNFa
mAb (20 mg kg-') or with anti-murine IL-la antiserum (20
mg kg-') or with pre-immune serum s.c. Table 2 shows that
although anti-TNFa mAb effectively neutralised serum cyto-
toxic activity at 1 h, there was no significant effect of the
antibody upon CCS at this time, suggesting that TNFa was
not vital for HPA axis stimulation. Three hours after LPS,
although the anti-IL-la antiserum significantly reduced LAF
activity, there was no significant effect upon circulating CCS.
Moreover, anti-TNFa mAb did not significantly affect either
CCS or LAF activity measured at 3 h.

Discussion

These data confirm in two strains of rat the sequential release
of TNF and IL-1 activity accompanied by increased CCS
following LPS in vivo described in other species (Dinarello,
1991). The CCS response appears to be more sensitive to
LPS than is cytokine release, as seen with responses to
0.01 mg kg-' (Figure 3): this may be a genuine phenomenon,
since for example, the CCS increase occurs at lower doses of
LPS than does pyresis (Derijk et al., 1991) rather than a lack
of sensitivity of our cytokine assays. We have measured
serum IL-1 activity using bioassay following the removal of
inhibitory activity, a problem which has confounded such
measurements until recently; we believe that this is the first
account of serum IL-1 activity following LPS in the rat.

Although specific inhibitory activity may be present in serum
(Shaw, 1990) it has been suggested that PEG precipitation is
likely to remove non-specific inhibitory activity (Hopkins &
Humphreys, 1990) and the assay may therefore reflect bio-
logically available IL-1. The identity of LAF activity as
predominantly IL-1 has been confirmed by the use of IL-lra
and by specific antisera; the remaining LAF activity not
neutralised by these procedures may be due to other cyto-
kines released during endotoxaemia such as IL-2 or IL-6.
Serum cytotoxic activity has been identified as entirely TNFa
by use of specific mAb against murine TNFa.
One important observation reported here is the apparent

'over-production' of cytokines in the Lewis compared with
the Wistar rat, seen predominantly as a sustained release of
TNF, and as an increased and sustained release of LAF
activity. The pattern of the CCS response is also different,
with a transient peak in the Lewis compared to maintained
elevation in the Wistar rat. It has been suggested that the
Lewis strain has a defect in HPA axis responses to a variety
of stimuli including IL-1 (MacPhee et al., 1989; Sternberg et
al., 1989a,b), and this appears also to be the case for the
maintained response to LPS, although the immediate res-
ponse is identical in both strains. We also confirmed the
observations of others (Griffin & Whitacre, 1991; Villas et al.,
1991) that circadian CCS is lower in the Lewis rat. Since IL-1
and TNF are down-regulated by corticosteroids (Beutler et
al., 1986; Knudsen et al., 1987; Lee et al., 1988) and ADX
animals show increased cytokine release (Perretti et al., 1989;
Zuckerman et al., 1989) the over-production of cytokines in
the Lewis rat may be a consequence of lower circulating CCS
in this strain.
Endogenous corticosteroids have important anti-inflamma-

tory roles even in the Lewis strain however (MacPhee et al.,
1989), and adrenalectomized Lewis rats show significantly
increased levels of both IL-1 and TNF activity following
LPS, confirming previous observations in adrenalectomized
rats and mice (Perretti et al., 1989; Zuckerman et al., 1989;
Parant et al., 1991). Interestingly, the steroid antagonist,
RU486, failed to affect cytokine release (confirming the
observations of Hawes et al. (1992) upon TNFa) suggesting
that it is the preceding level of corticosteroids that may
determine the size of acute response to LPS; CCS released as
part of the response may have a role in the 'switching off' of
the gene following the response (Evans & Zuckerman, 1991),
although this was not apparent over the short-term. Others
have shown that RU486 reduces survival over several days in
models of septic shock (Hawes et al., 1992; Lazar et al.,
1992). It seems unlikely that break-through of CCS occurred
in our experiments; the dose of RU486 used effectively blocks
the anti-inflammatory actions of dexamethasone (Peers et al.,
1988; and unpublished observations), and in addition, cir-
culating CCS were elevated in these animals (unpublished
observations), indicating effective block of CCS negative
feedback on the HPA axis. It should be noted that dex-
amethasone administered 1 h before LPS (albeit at a
moderate-to-high anti-inflammatory dose) significantly inhib-
ited TNF and LAF activities at 1 and 3 h respectively,
suggesting that the 'lag phase' for inhibition of synthesis is
not necessarily long, and a response to endogenous CCS
could have been observed. In vitro evidence indicates that
glucocorticoids have significant actions upon cytokine gene
activation when applied before, but are much less effective
when applied after the stimulus (Lee et al., 1988). Taken
together, these observations suggest that endogenous cor-
ticosteroids released in response to LPS may help to protect
against the effects of released cytokines, rather than affecting
their release in the short-term: glucocorticoids protect ADX
animals against IL-1 as well as adjuvant-induced death (Per-
retti et al., 1991). Corticosteroids are involved in the develop-
ment of tolerance to LPS (Beutler et al., 1986; Evans &
Zuckerman, 1991), although LPS-tolerant mice release re-
duced TNFa but normal amounts of IL-1 in response to
LPS, again suggesting that corticosteroid control of TNFa
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and IL- I in vivo may differ. Another possibility for the
discrepancy between ADX animals and those treated acutely
with RU486 is the possible involvement of adrenaline in
control of cytokine release (Severn et al., 1992). Clearly ADX
animals will not show increases in circulating adrenaline
following LPS, although RU486 treatment should not affect
this response in intact animals. It would be interesting to
investigate combined treatment with RU486 and P-adreno-
ceptor blockers upon cytokine release following LPS.
The mechanism by which inflammatory stimuli activate the

HPS axis is a subject of much debate, with IL-1 a major
candidate (Rivier et al., 1989) and other cytokines including
TNFa and IL-6 are able to increase CCS (Besedovsky et al.,
1991). Given the time-course of cytokine release, it is temp-
ting to speculate that the initial rise in CCS following LPS
may be due to TNFa, with the subsequent plateau phase due
to IL-1 and possibly IL-6. Our observations with anti-TNFa
and anti-ILl do not support this suggestion however. The
anti-TNFa mAb completely blocked in vitro cytotoxic activ-
ity, yet did not affect CCS levels at 1 h. LAF activity mea-
sured at 3 h was not significantly reduced by anti-TNFx
suggesting that TNFa alone is not responsible for IL-1
release by LPS (Dinarello et al., 1986; Zuckerman et al.,
1991). Similarly, the polyclonal anti-murine ILlx significantly
reduced serum LAF activity without affecting CCS measured
at 3 h; it is possible that sufficient IL-1 remained (either
remaining IL-la or IL-ip which is also present, Figure 1) to
stimulate the CCS response. From our data, neither TNFa
nor IL-la appear fully to account for HPA axis activation by
LPS. Alternative mechanisms by which LPS activates the

HPS axis have been suggested, and the ability of pyrogenic
doses of LPS to bypass the macrophage, a likely source of
cytokines, has been observed (Derijk et al., 1991). Interes-
tingly, LPS has been shown to increase CCS in rats with
lesions of the paraventricular nuclei (Elenkov et al., 1992),
suggesting a direct effect on the pituitary. Given that the
lesion in the Lewis rat is believed to be globally-defective
CRF release (Calogero et al., 1992), such a mechanism may
explain the pattern of CCS response in the Lewis strain.

In conclusion, our data show that while release of the
cytokines IL-1 and TNF in response to LPS is tonically
controlled by endogenous corticosteroids, corticosteroids re-
leased during the response do not acutely control cytokine
generation. Moreover, TNFa and possible also IL-1 are not
responsible for HPA axis activation during the early part of
the response. Overproduction of cytokines in the Lewis rat
may have implications concerning their susceptibility to
models of experimental diseases such as adjuvant arthritis or
EAE, where these cytokines appear to be involved (Jacobs et
al., 1991; Bromberg et al., 1992): it has been suggested that
imbalances in the cytokine network may contribute to im-
mune dysregulation in the certain strains of mouse (Levine et
al., 1991).
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Eicosanoid-induced Ca2+ release and sustained contraction in
Ca2+-free media are mediated by different signal transduction
pathways in rat aorta
Ryuichi Kurata, 'Issei Takayanagi & 2Tetsuhiro Hisayama

Department of Chemical Pharmacology, Toho University School of Pharmaceutical Sciences, 2-2-1, Miyama, Funabashi, Chiba
274, Japan

1 The effects of 12-O-tetradecanoyl 4p-phorbol 13-acetate (P-TPA) on the inositol 1,4,5-trisphosphate
(IP3) production, Ca2+ release from the intracellular Ca2+ stores and sensitization of contractile
apparatus, induced by prostaglandin Fu (PGF2.) and U46619, a thromboxane A2-mimetic, were studied,
using fura-2-loaded and -unloaded rat thoracic aortic strips.
2 Both eicosanoids had characteristic patterns of responses in Ca2+-free, 2 mM EGTA-containing
solution (Ca2'-free solution). They induced transient increases in intracellular Ca2+ concentration
([Ca2+],) without corresponding transient contraction, but produced delayed, sustained contraction,
where [Ca2+], was returned to the basal level.
3 Treatment with ,-TPA for 60 min reduced the eicosanoids-induced IP3 production, suggesting that
the treatment inhibits PIP2 breakdown.
4 The treatment also attenuated [Ca2+]1 transient induced by the eicosanoids, but not by caffeine (an
IP3-independent releaser of stored Ca2+), in fura-2-loaded preparations incubated in Ca2+-free solution.
5 In contrast in the presence of P-TPA, the sustained contractions evoked by the eicosanoids in
Ca2'-free solution were potentiated, suggesting that the sites of actions of P-TPA and the eicosanoids
may differ from each other.
6 PGF,A and U46619 utilize different and parallel signal transduction pathways to release Ca2+ by IP3
produced by PIP2 breakdown (,-TPA-sensitive), and to increase the sensitivity of contractile apparatus,
in which protein kinase C may not be involved (P-TPA-insensitive).

Keywords: Vascular smooth muscle; prostaglandin F2CC; U46619; calcium; fura-2; Ca stores; protein kinase C; phorbol ester;
inositol trisphosphate

Introduction

Activation of Ca2"-mobilizing receptors, has been shown to
stimulate PIP2 breakdown, catalyzed by phospholipase C.
This reaction results in an increased formation of inositol
1,4,5-trisphosphate (1P3) and diacylglycerol (DG), which it
has been suggested, contributes to vascular smooth muscle
contraction by releasing Ca2+ from the sarcoplasmic retic-
ulum (SR; Berridge, 1989), stimulating Ca2+ entry (Litten et
al., 1987) and sensitizing contractile apparatus by activating
protein kinase C (PKC; Rasmussen et al., 1987; Ruzycky &
Morgan, 1989; Karaki, 1989). One approach to monitor the
IP3-induced intracellular Ca2+ release and the PKC-mediated
increased sensitivity of contractile elements is to study the
muscle responses to receptor agonists under Ca2+-free condi-
tions. For example, transient and sustained contractions in
Ca2+-free media have been assumed to be due to the released
Ca2+ and changes in Ca2+-sensitivity of the contractile ap-
paratus (Bradley & Morgan, 1987; Karaki, 1989).
We previously reported that under Ca2+-free conditions,

prostaglandins F2. (PGF2.) elicited an immediate transient
increase in [Ca2+], without any corresponding contraction.
On the other hand, the large size of the sustained contraction
which follows occurred without any increase in [Ca2+], (His-
ayama et al., 1990). Similar observation has been reported by
other researchers (Bradley & Morgan, 1987; Heaslip & Sic-
kels, 1989; Ozaki et al., 1990). However, the ax-adrenoceptor
stimulant, phenylephrine caused a transient increase in

[Ca2+]i accompanied by a corresponding transient contrac-
tion. This was followed by a small, sustained contraction
where [Ca2+]i was reduced to the basal level (Hisayama et al.,
1990). The PGF2.-like actions are shared by endothelin- 1

(Huang et al., 1990a). These results seem to point to three
issues intimately involved in receptor-mediated signal trans-
duction, Ca2+-mobilization and contractile mechanisms: (1)
the [Ca2+], transient does not necessarily produce a transient
contraction; (2) in contrast, contraction that is sustained in
nature can be produced without any appreciable increase in
[Ca2+],; (3) the relative predominance between induction of
the transient contraction by released Ca2+ from the SR and
the sustained contraction brought about by increased respon-
siveness of contractile apparatus to Ca2+, depends on the
type of the receptor stimulated. The third case seems to be
important, because it suggests that the signal transduction
utilized by Ca2+ mobilizing receptors could not be accounted
for by a unitary system, such as PIP2 breakdown.
The present work was undertaken to obtain insight mainly

into the third point. It is well known that short-term treatment
with phorbol esters results in inhibition of receptor-mediated
PIP2 breakdown (Orellana et al., 1985; Leeb-Lundberg et al.,
1985; Roth et al., 1986; Litten et al., 1987; Slivka & Insel,
1988; Kaya et al., 1989; Araki et al., 1989). This providues us

with a possible method of addressing this point, i.e., to learn
which of the functional response(s) could be induced by the
PIP2 breakdown reaction. Thus, the effects of 1 2-O-tetra-
decanoyl 4P-phorbol 13-acetate (P-TPA) on IP3 production,
[Ca2+], transient and sustained contraction in response to
thromboxane A2 receptor agonists (U46619 and PGFu) were

investigated. In addition, regarding the second point, we also
studied the relationship of the sustained contraction induced
by the eicosanoids with PKC.

' Author for correspondence.
2 Present address: Department of Chemical Pharmacology, Faculty
of Pharmaceutical Sciences, University of Tokushima, 1-78-1, Sho-
machi, Tokushima 770, Japan.
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Methods

Tissue preparation

Male 8 to 12-week-old Wistar rats weighing 200-300 g were
stunned and bled. The thoracic aorta was dissected out and
spiral strips, 2-3 mm wide and 7-10 mm long, were pre-
pared. The endothelium was removed by gently rubbing the
intimal surface with filter paper moistened with normal
physiological saline solution (PSS).

Measurement of muscle tension

The aortic strips were suspended in siliconized organ baths
filled with a normal PSS which contained (mM): NaCl 145,
KCI 45, CaCl2 2.5, MgCl2 1.2, N-2-hydroxyethylpiperazine N'
-2-ethanesulphonic acid (HEPES) 20, N,N'-tetrakis(2-pyridyl-
methyl)ethylenedeiamine (TPEN) 10, glucose 11 and
ethylenediamine-N,N'-tetraacetic acid (EDTA) Na2 101M
(pH 7.4 at 37°C). The solution was gassed with 100% 02 and
maintained at 37°C. Isometric tension development was
recorded under an initial tension of 0.5 g. After equilibration
in normal PSS for 60 min, the strips were challenged with
1 1AM phenylephrine three times. Tension generated by the
last challenge was used as a reference value to normalize the
size of the response of the eicosanoids. In some experiments,
we used Ca2+-free PSS (made by omitting Ca2+ from normal
PSS and adding 2 mM [ethylene bis(oxyethylenenitrilo)] N,N'-
tetraacetic acid (EGTA) or high K+ PSS (made by replacing
NaCl with an equimolar amount of KC1).

Measurement of endogenous IP3 content

Segments of aorta were equilibrated in normal PSS at 37°C
bubbled with 100% 02 for 2 h. After treatment with appro-
priate drugs and/or solutions, if necessary, U46619 (1 1AM)
and PGF2, (10 1M) were added at timed intervals. The pre-
parations were quickly frozen in liquid nitrogen and homo-
genized in ice-cold 6% trichloroacetic acid (TCA). The
homogenate was centrifuged, and the resulting supernatant
used for determination of IP3 levels. TCA was extracted with
water-saturated ethyl ether and the solution was then neu-
tralized by addition of NaHCO3. After concentration of the
samples by lyophilization, IP3 was measured by protein bin-
ding assay with commercially available [3H]-IP3 assay system.
Each experimental group consisted of 4 to 5 preparations
from different animals.

Measurement of [Ca2+]i in fura-2-loaded preparation

The experiment was carried out as described previously (Sato
et al., 1988; Hisayama et al., 1990). The strips were incubated
with 5 1M fura-2/AM in normal PSS for 3-4 h at room
temperature in the presence of 0.2% Cremophor EL, then
rinsed with the solution for 15min. Thereafter, experiments
were performed with a double wavelength excitation fluor-
imeter (CAF 100, Japan spectroscopic Co., Tokyo, Japan)
where the fura-2-loaded strips was fixed horizontally in a
bath that was bubbled with 100% 02 at 37°C. The mech-
anical activity was monitored isometrically. Simultaneously,
500nm fluorescence emitted by 340nm and 380nm excita-
tion (F34o and F380, respectively) were measured by successive
alternating illuminations (48 Hz), and the ratio (R340/380) of
F340 to F380 was automatically calculated. In the muscle strips
that were successfully loaded with fura-2, the increase in
[Ca2J]i resulted in a symmetrical increase in F340 and decrease
in F380, and an increase in R340,380. Relative changes of [Ca2+],
were determined by measuring the R340/380. (Himpens & Som-
lyo, 1988; Sato et al., 1988; Hisayama et al., 1990). Changes
in R340/380 and muscle tension were expressed as a percentage
of those seen with caffeine (30 mM) and phenylephrine (1 1AM)
in normal PSS, respectively.

Treatment with P-TPA

IP3 determination After equilibration in normal PSS for
2-3 h, the preparations were treated with 13-TPA (5 jaM) for
60 min in the same buffer, followed by incubation with
U46619 (1AM) or PGF2. (1O1AM) for 15 and 45s, respec-
tively.

[Ca2J]i determination The fura-2 loaded aortae were trea-
ted with ,B-TPA (5 tLM) first in the normal PSS for 55 min,
followed by incubation in the Ca2"-free PSS for 5 min. After
incubation in the Ca2"-free medium in the continuing pre-
sence of P-TPA for 5 min, the prostanoids were applied and
the change in [Ca2+]i level was monitored.

Muscle tension measurement As shown in Figure 4b, the
Ca2+ released from the intracellular Ca2+ store sites is
unlikely to contribute to the development of the sustained
contraction induced in Ca2'-free PSS by the eicosanoids.
However, to determine the effect of P-TPA on the sustained
contractions, we carried out the experiment according to the
following protocol which was somewhat different from that
used in the [Ca2'], determination experiment, so that any
interference in the contractions by the released Ca2 , or by a
possible buffering action of fura-2 for Ca2" was excluded
completely. The fura-2-unloaded preparations were incubated
in Ca2"-free PSS before and during treatment with P-TPA
(5 1M), if necessary, for S min and 60 min, respectively, for
the contraction to reach a steady-state level and for the
stored Ca2" to be depleted. The prostanoids were then added
and the size of the resulting contractions measured.

Statistics

Numerical results are presented as the mean ± s.e. with the
number of the observations in parentheses. Tests for
significance were made by Student's two-tailed, unpaired t
test or Duncan's new multiple range test, a P value less than
0.05 being considered significant.

Drugs

The following drugs were used: U46619 ((15)S-hydroxy-
1 la,9a-(epoxymethano)-prosta-5Z, 1 3E-dienoic acid) (Cayman
Chemical Co., Ann Arbor, MI, U.S.A.), prostaglandin F20
(Ono Pharmaceutical Co., Ltd., Osaka, Japan), I-phenyle-
phrine hydrochloride, caffeine, flurbiprofen (Sigma Chemical
Co., St. Louis, MO, U.S.A.), fura-2/AM, EDTA Na2, TPEN,
HEPES, EGTA (Dojindo Laboratories, Kumamoto, Japan),
Cremophor EL (Nacalai Tesque, Kyoto, Japan), 4a and 4p
isomers of 12-O-tetradecanoylphorbol 13-acetate (a- and P-
TPA; Funakoshi Co. Ltd., Tokyo, Japan). The [3H]-IP3 assay
system was purchased from Amersham Japan (Tokyo, Ja-
pan). Other chemicals used were of analytical grade.

Results

Effect of short-term treatment with pf-TPA on
endogenous IP3 formation by U46619 and PGF20,
Figure 1 shows the endogenous IP3 levels between 0 (= uns-
timulated) and 15 min following incubation of rat aortic
segments with U46619 and PGF20, at concentrations of 1 and
101AM, which produced maximum contractions, respectively
(for example, see Figure 3 and Table 2). Both eicosanoids
induced transient increases in IP3 production, which were
observed 15 and 45 s after incubation with U46619 and
PGF20,, respectively. Thereafter, the IP3 levels declined rapidly
to the basal values.
The IP3 levels, which were increased by U46619 and PGF200

from the basal values of 34.1 ± 4.1 to 69.1 ± 4.7 and 66.3 +
4.3 pmol mg-' wet wt., were significantly reduced by the
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Figure 1 Time course of changes in the contents of endogen
in the presence of PGF2, and U46619 in rat aortic strip
concentrations of PGF2, (@) and U46619 (0) applied were
1 gM, respectively. Abscissa scale: time after addition of eac

sanoid; ordinate: IP3 contents. Values are the means ± s.e.

preparations. *P< 0.05 versus the control value (= 0 time

tractions, as shown in Figure 2 with the fura-2-unloaded
preparations. In the falling phase of the transient increases in
[Ca2+]j, the contractions began to develop, and were well
sustained where the [Ca2+], was returned to the resting level.

T U46619, added 40 min after Ca2+ depletion, induced only the
sustained contractions and not the [Ca2+], transient (Figure

1 4b).
-0

Effect of short-term treatment with P-TPA on Ca2l
release and sustained contraction induced by U46619 and
PGF2,

300 P-TPA, applied at 5 JAM in the normal PSS, produced a
slowly developing large contraction, which reached a plateau

U IP3 in about 60 min, with a slight increase in [Ca2],: the amp-
)s. The litude of the contraction was 117.4 ± 10.2% (n = 5) of that
10 and induced by phenylephrine (1 jLM), and the increase in [Ca2],
-h eico-
of 4-8
point). a

6.5
Table 1 Effect of prior treatment with P-TPA on the IP3
content determined in the presence of PGF2. and U46619 in
rat aortic strips

Basal
P-TPA
PGF2,
U46619
PGF2., + P-TPA
U46619 + P-TPA

IP3 content
(pmol mg-' wet weight)

34.1 ± 4.1
30.1 ± 1.0
66.3 ± 4.3*
69.1 ± 4.7*
48.7±6.Ot
48.5 ± 2.8t

;
n

8
4
7
8
5
4 7.5

After the 60 min treatment with P-TPA (5 JAM), the
preparations were incubated with PGF2, (10 JAM) and
U46619 (1 JAM) for 45 and 15 s, respectively. Figures are the
means of 4-8 preparations with s.e.
*P< 0.05 versus the basal value ( = 0 time point); tP< 0.05
versus the values obtained with each eicosanoid alone.

60-min treatment with P-TPA (5 JAM) to 48.5 ± 2.8 and
48.7 ± 6.0 (n = 4-5; P<0.05), respectively (Table 1). The
inactive isomer, a-TPA had no effect on the IP3 formation
induced by these eicosanoids (data not shown).

Contractile responses to U46619 and PGF2E, under
Ca2+-free conditions

In the absence of external Ca'+, U46619 (Figure 2) and
PGF2,, induced only relatively large sustained contractions
which were not accompanied by any transient contraction.
When the amplitude of the phenylephrine (1 pM)-induced
contraction in the normal PSS was taken as the reference
(= 100%), the maximum contractions induced by U46619
(I pM) and PGF2,, (10lM) were 154.4 ± 2.1 (n = 8) and
127.8 ± 4.7% (n = 5) in the normal PSS, and 30.8 ± 2.9
(n = 8) and 25.4 ± 1.6% (n = 5) in the Ca2+-free PSS, respec-
tively (Figure 3 and Table 2).

Changes in intracellular Ca2+ level induced by U46619
and PGF2a under Ca2 -free conditions

As shown in Figure 4a, in the fura-2-loaded preparations,
deprivation of extracellular Ca2' resulted in a rapid decrease
in [Ca2]i, which reached the steady-state level in about
5 min. At this point, U46619 (1 JM) and PGF2,l (10 JM)
evoked transient increases in [Ca2]j, which were 23.6 ± 1.0
(n = 5) and 21.1 ± 2.1% (n = 5) respectively of that induced
by 30 mM caffeine in the normal PSS. However, the [Ca2],
transients were not accompanied by any corresponding con-

b 6 6.5
G K 7 |1 mN

9 8.5 8

Figure 2 Typical tracing of contractions of rat aortic strips induced
by cumulative application of U46619 in normal (a) and Ca2"-free,
2 mm EGTA-containing (Ca2"-free; b) solutions. G marks the
change from normal solution to Ca"+-free solution. Numbers show
the negative logarithm of molar concentration of U46619 in the
muscle bath. Vertical and horizontal bars show I mN and 1 min,
respectively.
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Figure 3 Concentration-response curves for PGF2, and U46619 in
normal and Cal'-free, 2 mm EGTA-containing solutions in rat aor-
tic strips. The contractions induced by PGF2, (A. A) and U46619
(0, 0) in the absence (closed symbols) and presence (open symbols)
of extracellular Ca"+, are shown in relation to the phenylephrine
(I lAM)-evoked contraction in normal solution which was taken as
100%. Abscissa scale; concentrations of eicosanoids; ordinate scale;
contraction. Values are the means ± s.e. of 6 preparations.
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Table 2 Values of - log EC" and intrinsic activities of
PGF2, and U46619 in normal and Ca2'-free, 2 mM
EGTA-containing solutions

- log EC50 Intrinsic activity n

In normal solution
PGF2.
U46619

In Ca2l-free solution
PGFu
U46619

5.65 ± 0.02 1.28 ± 0.05 5
7.70 ± 0.07 1.54 ± 0.02 8

5.64 ± 0.02 0.25 ± 0.02 5
7.77 ± 0.03 0.31 ± 0.03 8

Figures are the means of 5-8 preparations with s.e.

was 10.7 + 3.0% (n = 5) of that by caffeine (30 mM). Neither
stress nor [Ca2+]i was changed by the same concentration of
a-TPA.
To study the effect of ,B-TPA on the Ca2" release and

contractions induced by the eicosanoids, the fura-2-loaded
preparations were treated for 60 min. Ca2+ deprivation resul-
ted in a rapid decrease in the [Ca2+], level below the resting
one observed in the normal PSS with a slight reduction of
the P-TPA-induced contraction. Five minutes later, applica-
tion of PGF2. or U46619 resulted in the development of a
larger contraction than that produced by either eicosanoid
alone, while inducing the attenuated amplitude of the [Ca2+],
transient (Figure 5). As shown in Table 3, the increases in
[Ca2+], level by U46619 and PGF2, were significantly reduced
by prior treatment with P-TPA (P <0.05). On the other
hand, there was no difference between the caffeine (30 mM)-
induced [Ca2+], transients in the absence of [Ca2+]. observed
with the control and P-TPA-treated preparations [24.1 ± 1.8
(n = 6) and 20.3 ± 2.9% (n = 6) of that evoked by caffeine
(30 mM) in normal PSS, respectively]. The [Ca2+], transient
induced by the eicosanoids was not affected by the same
concentration of a-TPA (data not shown).

In contrast, Figure Sb shows that P-TPA had no antag-
onizing effect on the sustained contraction. After changing
the medium to Ca2'-free PSS, the (fura-2-unloaded) prepara-
tion was treated for 60 min with P-TPA, if necessary, and
then U46619 or PGF2, was applied. The size of contraction
induced by P-TPA, U46619 or PGF2Z, applied alone was

a

(i)

(ii)

G G G
o o o

Table 3 Effect of prior treatment with P-TPA on [Ca2]i
transients induced by PGF2,, U46619 and caffeine in
Ca2+-free, 2 mM EGTA-containing solution in fura-2-loaded
rat aortic strips

PGF2,
U46619
PGF2. + P-TPA
U46619 + P-TPA

[Ca2+]i transient

20.1 ± 1.1
19.8 ± 2.6
11.3 ± 0.9*
12.6 ± 1.9*

n

5
5
6
6

The preparations were incubated with and without P-TPA
(5 M) for 55 min in normal solution. PGF2a (1I0 gM) and
U46619 (1 gLM) were then applied 5 min after changing
medium to Ca2+-free, 2 mm EGTA-containing solution.
Experimental details are as for Figure 5. Values were
normalized in relation to the [Ca2+]i transient evoked by
caffeine (30 mM) in normal solution which was taken to be
100%. Figures are the means of 5-6 preparations with s.e.
*P<0.05 versus the values obtained with the corresponding
eicosanoid alone.

43.1 ± 2.0 (n =4), 31.9 ± 1.7 (n = 6) or 12.9 ± 1.0% (n=4)
of that induced by 1 ltM phenylephrine in normal PSS (the
reference contraction), respectively. After treatment with P-
TPA, additional contractions by U46619 and PGF2. [ = (the
total size of contraction by each eicosanoid with P-TPA) -
(the size of the P-TPA-induced contraction just before addi-
tion of the eicosanoid)] were 50.2 ± 5.1 (n = 4) and 25.5 ±
2.7% (n = 5) of the reference contraction, respectively. These
values were significantly larger than that induced by the
corresponding eicosanoid alone (P<0.05; Table 4).

Effects offlurbiprofen and quinacrine on Ca2- release
and the sustained contraction induced by U46619 and
PGF2c,
Prior treatment with a potent cyclo-oxygenase inhibitor,
flurbiprofen (3 l4M) or quinacrine (100 gsM) for 30 min had no
effect on the Ca2" transients or sustained contractions by
EC50 concentrations of U46619 (0.03 lM) and PGF2a (3 pM)
(Table 5).

b

(i)
G
0

R 340/380
G
0

G
0

U
1

- 0.80

- 0.70

Imin

(ii)

G G
0 0

0

U

1 mN

1 min

Figure 4 Typical tracings of U46619-induced [Ca2+]i transients (i) and contractions (ii) obtained 5 (a) and 40 min (b) after
incubation of fura-2-loaded rat aortic strips in Ca2+-free, 2 mm EGTA-containing solution (Ca2'-free solution). G, change of the
medium from normal to Ca2+-free solution; U, addition of U46619 (I PM). Vertical and horizontal bars show R3Q/380 (i) and I mN
(ii), and I min, respectively.
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Table 4 Effect of prior treatment with P-TPA on sustained
contractions induced by PGF2,, U46619 in Ca2+-free, 2 mM
EGTA-containing solution in rat aortic strips

A Contraction

PGF2,,
U46619
PGF2 + P-TPA
U46619 + P-TPA

12.9 ± 1.0
31.9± 1.7
25.5 ± 2.7*
50.2 ± 5.1*

n

Table 5 Effect of flurbiprofen and quinacrine on the
PGF2,- and U46619-induced sustained contractions in
Ca2'-free, 2 mM EGTA-containing solution in rat aortic
strips

Contraction
4
6

4

Five minutes after deprivation of extracellular Ca2", the
preparation was incubated in the absence and presence of
P-TPA (5 riM) for 1 h, and PGF2, (10 tsM) or U46619 (I jAM)
was then applied. Values are shown according to the
following formula: (the amplitude of contraction by each
eicosanoid) - (the tension level obtained just before addition
of the eicosanoid), and normalized in relation to the
phenylephrine (1 jtM)-induced contraction (100%). Figures
are the means of 4-6 preparations with s.e.
*P<0.05 versus the values obtained with the corresponding
eicosanoid alone.

a

(i)

PGF2, + flurbiprofen
U46619 + flurbiprofen
PGF2, + quinacrine
U46619 + quinacrine

7.6 ± 0.4
20.6 ± 1.2
8.6 ± 1.5

23.7 ± 3.8

n

4
4
6
4

The preparations were incubated with and without
flurbiprofen (1 fLM) or quinacrine (100 gM) for 25 min in
normal solution. PGF2e, (3tiM) and U46619 (30nM) were
then applied 5min after changing medium to Ca2+ -free,
2 mM EGTA-containing solution with and without
flurbiprofen or quinacrine. Figures are normalized for the
contraction by each eicosanoid alone to be 100%, and are
the means of 4-6 preparations with s.e.

b

(i)
G
0

G
0 A

,B-TPA

G

R340/380

- 0.80

-0.70

1 min

(ii)

G G G
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II 0~~~~

(ii) G G G
0 0 0

0

U

,B-TPA

Figure 5 Typical tracings of [Ca2+]i transients (a) and contractions (b) induced by U46619 observed 5 min after incubation in
Ca2l-free, 2 mM EGTA-containing solution (Ca2l-free solution) in fura-2-loaded rat aortic strips which had been incubated in the
absence (a) and presence (b) of P-TPA. P-TPA (5 tM) was added 55 min before change of the medium from normal solution to
Ca2l-free solution, and present throughout. P-TPA, start of incubation with P-TPA; G, change of the medium from normal to
Ca2l-free solution; U, addition of U46619 (1 PM). Vertical and horizontal bars show RQ/380 (i) and I mN (ii), and I min,
respectively.

Discussion

In the present study, we monitored PIP2 breakdown by
measuring the content of IP3, which is one of the products of
the reaction. The rat aortic strips responded to PGF2. and
U46619, both of which act on the thromboxane A2 receptor
in this tissue (Kennedy et al., 1982; Hanasaki et al., 1988),
with an increased production of endogenous IP3. The res-
ponse was transient in nature, as observed with ax-adreno-
ceptor agonists (Langlands & Diamond, 1990; Huang et al.,
1990b). Prior short-term treatment with P-TPA greatly re-
duced the eicosanoid-induced production of IP3. The effect of
,-TPA seems to be specific, since x-TPA, the biologically-
inactive isomer, did not affect the IP3 contents.

It is well known that stimulated PIP2 breakdown mediated
by activation of Ca2+ mobilizing receptors is inhibited by
short-term treatment with active phorbol esters in many cell
types (Orellana et al., 1985; Leeb-Lundberg et al., 1985;
Litten et al., 1987; Slivka & Insel, 1988; Kaya et al., 1989;

Chardonnens et al., 1990), including vascular smooth muscle
cells (Roth et al., 1986; Reynolds et al., 1989; Araki et al.,
1989). Our results showing that the 60-min treatment with
P-TPA reduced the increased production of IP3 by PGF2, and
U46619 are consistent with these reports, and suggest that
the IP3-and DG-mediated responses to these eicosanoids
should be diminished by prior treatment with the phorbol
ester. The experiments were carried out under Ca2'-free con-
ditions, since the transient and sustained contractions under
such conditions have been assumed to be due to the Ca2+
released by IP3 and changes in Ca2+-sensitivity of contractile
apparatus by PKC, respectively (Bradley & Morgan, 1987;
Karaki, 1989; Huang et al., 1990b; Hisayama et al., 1990).

In the absence of extracellular Ca2+, both eicosanoids
produced transient increases in [Ca2+],, most probably by
releasing Ca2+ from the intracellular Ca2+ stores or the SR.
However, the transients were not accompanied by correspond-
ing transient contractions. In the falling phase of the tran-
sient increases in [Ca2+]1, the contractions began to develop

1 mN

1 min
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and were well sustained, even though the [Ca2+]i had then
returned to the resting level. Prior short-term treatment with
P-TPA, while having no significant effect on the [Ca2J]i tran-
sient induced by caffeine which releases Ca2" through an
IP3-independent mechanism (Endo, 1977), significantly reduc-
ed the amplitude of the [Ca2J]i transient evoked by PGF2e,
and U46619, as it did on IP3 production, suggesting that the
Ca2+ release is triggered by IP3 produced by PIP2 breakdown.
The reduction of [Ca2+], transient by the phorbol ester was,
however, smaller than that of IP3 production. We have no
explanation about this point, but it might be that other than
IP3-independent Ca2+ release is induced by the eicosanoids.

In contrast, the sustained contractions induced in Ca2+-
free media were not inhibited but augmented by the prior
short-term treatment with P-TPA. This suggests that the
signal-transducing pathway utilized for development of the
sustained contraction is different from that for the intracel-
lular Ca2+ release, and further that at least DG derived from
PIP2 is not involved in the sustained contraction. Rather, the
extra contraction of the P-TPA-treated preparations by the
eicosanoid [(the total size of contraction by each eicosanoid
with P-TPA) - (the size of the P-TPA-induced contraction
just before addition of the eicosanoid)] was larger in size than
that of the sustained contraction by either eicosanoid alone:
synergism between P-TPA and the eicosanoids was observed
in inducing the sustained contraction under Ca2'-free condi-
tions. This would raise the possibility that the mechanism
involved in the eicosanoid-induced sustained contractions is
unrelated to the PKC that is activated by application of
P-TPA. Similar synergism with P-TPA was obtained with
urotensin II (Itoh et al., 1991).
On the other hand, the prior short-term treatment with

P-TPA resulted in attenuation of IP3 production and Ca2+
release, but no effect on the sustained contraction in response
to endothelin-1 (Huang et al., 1990a,b). Although the path-
way used by endothelin-I for Ca2" release also differs from
that for sustained contraction, the mechanism involved in the

latter is somewhat different from that in the eicosanoid-
induced contraction, because the effects of P-TPA and
endothelin-I were additive in inducing the sustained contrac-
tion. This result was recently confirmed (Itoh et al., 1991).
Therefore, mechanistically, the receptor-mediated sustained
contraction obtained under Ca2"-free conditions may be of
at least two types.

It has been reported that the prior short-term treatment
with phorbol esters, while inhibiting PIP2 breakdown, poten-
tiates the phospholipase A2 activity which is stimulated by
some drugs, such as endothelin-l (Reynolds et al., 1989),
vasopressin (Chardonnens et al., 1990), and bradykinin (Sliv-
ka & Insel, 1988). One might consider whether or not the
synergistic effect of P-TPA on the eicosanoid-induced sus-
tained contraction shown in the present study is the result of
potentiated phospholipase A2 activity by the phorbol ester,
which resulted in the increase in the effective concentration of
constrictor eicosanoids due to their accumulation in the
organ bath during prolonged incubation with PGFu or
U46619. This situation has been demonstrated with endothe-
lin-I (Reynolds & Mok, 1990). However, in our case, this
possibility can be excluded, since quinacrine and flurbiprofen
had no inhibitory effect on the contraction induced by the
eicosanoids, the concentrations of which were around their
EC50 values to make it easier to detect any inhibition.

The present study strongly suggests that in the rat aorta,
PGF2. and U46619 utilize different and parallel signal trans-
duction pathways to release Ca2' by IP3 produced by PIP2
breakdown, and to increase the sensitivity of contractile
apparatus in which PKC may not be involved. Work is in
progress to determine whether the two independent pathways
derive from different receptor types or coupling of one type
of receptor with different effector systems.

This study was supported by a Grant-in-Aid for Scientific Research
from the Ministry of Education, Science and Culture, Japan (No.
04304030).
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Pharmacological activity of (-)-discretamine, a novel vascular
ax-adrenoceptor and 5-hydroxytryptamine receptor antagonist,
isolated from Fissistigma glaucescens
'Feng-Nien Ko, tSheu-Meei Yu, Ming-Jai Su, *Yang-Chang Wu & Che-Ming Teng

Pharmacological Institute, College of Medicine, National Taiwan University, Taipei, tDepartment of Pharmacology, Chang
Gung Medical College, Tao-Yuan and *School of Pharmacy, Kaohsiung Medical College, Kaohsiung, Taiwan

1 The pharmacological activity of (-)-discretamine, isolated from Fissistigma glaucescens, was deter-
mined in rat isolated thoracic aorta, cardiac tissues and ventricular myocytes and guinea-pig isolated
trachea.
2 (-)-Discretamine was found to be an a,-adrenoceptor blocking agent in rat thoracic aorta as
revealed by its competitive antagonism of noradrenaline (pA2 = 7.20 ± 0.10)- or phenylephrine
(pA2 = 7.60 ± 0.09)-induced vasoconstriction. It was as potent as phentolamine (pA2 = 7.51 ± 0.10), but
was more potent than yohimbine (pA2 = 6.18 ± 0.06). Removal of endothelium significantly increased
the antagonistic potency of (-)-discretamine on noradrenaline (pA2 = 7.52 ± 0.09)- or phenylephrine
(pA2 = 7.90 ± 0.09)-induced vasoconstriction.
3 (-)-Discretamine was also an a2-adrenoceptor blocking agent (pA2 = 6.30 ± 0.15) and a 5-
hydroxytryptamine antagonist (pA2 = 6.87 ± 0.06), both in rat aorta denuded of endothelium.
4 (-)-Discretamine protected a-adrenoceptors from alkylation by the irreversible blocking agent,
phenoxybenzamine.
5 ['H]-inositol monophosphate formation caused by noradrenaline (3 ELM) in rat thoracic aorta was
suppressed by (- )-discretamine (10 and 301M) and prazosin (3 pM).
6 A high concentration of (-)-discretamine (30 tLM) did not affect the contraction induced by the
thromboxane receptor agonist U-46619, prostaglandin Fl, (PGF2,,), angiotensin II, high K+ or
endothelin in rat aorta denuded of endothelium. Neither cyclic AMP nor cyclic GMP content of rat
thoracic aorta was changed by (-)-discretamine.
7 Contraction of guinea-pig trachea caused by histamine, leukotriene C4 or carbachol was not affected
by (-)-discretamine (301 M). (-)-Discretamine also did not block Il- or P2-adrenoceptor-mediated
responses induced by isoprenaline in rat right atria and guinea-pig trachea.
8 A voltage clamp study in rat ventricular single myocytes revealed that sodium inward current, slow
inward Ca2+ current or transient (I[O) and steady state (I800) outward current was not affected by
(-)-discretamine (30 jaM).
9 It is concluded that (-)-discretamine is a selective x-adrenoceptor and 5-HT receptor antagonist in
vascular smooth muscle.

Keywords: a-Adrenoceptor antagonist; 5-hydroxytryptamine receptor antagonist; (-)-discretamine; rat thoracic aorta; Fissi-
stigma glaucescens

Introduction

a-Adrenoceptors are involved in a variety of physiological
processes, including regulation of blood pressure (Minneman,
1988). Although the role played by a-adrenoceptors in
hypertensive disease remains unclear, the blockade of x-

adrenoceptors by appropriate antagonistic drugs is effective
in lowering blood pressure, particularly with the selective
o,-antagonists such as prazosin (Cavero & Roach, 1980;
Stanaszek et al., 1983; Titmarsch & Monk, 1987). The
chemical structures of ax-adrenoceptor antagonists may be of
pharmaceutical interest and/or useful for pharmacological
study. However, the chemical structure of x-adrenoceptor
antagonists is strikingly unrelated to their pharmacological
activity. Phenoxybenzamine is a phenylethylamine derivative
which is chemically related to endogenous catecholamines.
Phentolamine is an imidazoline derivative. Prazosin is a

piperazinyl quinazoline derivative, which shows some resem-
blance both to papaverine and to the aminopyrimidine
moiety of adenosine 3': 5'-cyclic monophosphate (cyclic

AMP) and guanosine 3': 5'-cyclic monophosphate (cyclic
GMP). Yohimbine is an indolealkylamine alkaloid and its
structure resemblance to reserpine is apparent.

Medicinal plants have been used as traditional remedies in
oriental countries over hundreds of years. In a large scale
screening test, we have found many biologically active com-

pounds isolated from plant sources. Among them, (-)-
discretamine (Figure 1), a tetrahydroprotoberberine alkaloid
isolated from Fissistigma glaucescens (Lu et al., 1985),
inhibited noradrenaline-induced contraction of rat thoracic
aorta. In the present study, we have determined the selec-
tivity of this agent for several receptor types and ion chan-
nels.

Methods

Rat aortic contraction

Wistar rats of either sex, 250-300 g, were killed by a blow to
the head. The thoracic aorta was isolated and excess fat and
connective tissue were removed. The vessels were cut into
rings of about 5 mm in length and mounted in organ baths

' Author for correspondence at: Pharmacological Institute, College
of Medicine, National Taiwan University, No. 1, Jen-Ai Rd., 1st
Section, Taipei, 10018 Taiwan.
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containing 5 ml Krebs solution of the following composition
(mM): NaCl 118.4, KCl 4.7, MgSO4 1.2, KH2PO4 1.2, glucose
11.7, CaCl2 1.9 and NaHCO3 25.0. The tissue bath solution
was maintained at 37°C and gassed with 95% 02-5% CO2.
Two stainless steel hooks were inserted into the aortic lumen,
one was fixed while the other was connected to a transducer.
Aortae were equilibrated in the medium for 90 min with
three changes of Krebs solution and maintained under an
optimal tension of 1 g before specific experimental protocols
were initiated. Contractions were recorded isometrically via a
force-displacement transducer connected to a Grass poly-
graph. In some experiments, the endothelium was removed
by rubbing with a cotton ball and the absence of acetyl-
choline-induced relaxation was taken as an indicator that
vessels were denuded successfully. Aortae were allowed to
equilibrate for 15 min with (-)-discretamine before the
generation of a cumulative concentration-response curve with
each agonist for 15-30 min at 3 min intervals. Results are
expressed as percentage of the maximal control response for
each agonist before the addition of (-)-discretamine.
The contractile effects of calcium were studied in rings

stabilized in K+ (60 mM) solution without Ca2 . Calcium was
then added from stock dilutions to obtain the desired concen-
trations, and the effect of each Ca2+ concentration was
recorded. The maximal tension attained at 3 mM Ca2+ was
considered as 100%. The high-K+ solution was prepared by
substituting NaCl with KCI in an equimolar amount.

Cyclic AMP and cylic GMP assay of rat aorta

The content of cyclic AMP or cyclic GMP was assayed on
aortic rings as previously described (Itoh et al., 1982;
Kauffman et al., 1987). After incubation of aortic rings with
dimethylsulphoxide (DMSO, 0.1%), forskolin, sodium nitro-
prusside or (-)-discretamine for 2 min, the aortic rings were
rapidly frozen in liquid nitrogen and stored at -80°C until
homogenized in 0.5 ml 10% trichloroacetic acid and 4 mM
EDTA using a Potter glass/glass homogenizer. The homo-
genate was centrifuged at 10,000 x g for 5 min and the super-
natant was removed and extracted with 4 x 3 vol of ether,
and the cyclic AMP or cyclic GMP content was then assayed
using RIA kits. The precipitate was used for protein assay
(Lowry et al., 1951). Cyclic AMP and cyclic GMP levels were
expressed as pmol mg-' protein.

Measurement of [3H]-inositol monophosphate
The same procedure as described by Hirata et al. (1990) was
used. Briefly, rat thoracic aorta were exposed to Krebs solu-
tion containing 10 tCimI-' of [3H]-myo-inositol for 3 h and
gassed with 95% 02-5% CO2 mixture. The tissues were then
transferred to tubes containing fresh Krebs solution with
DMSO (0.1%), (-)-discretamine or prazosin for 15 min, and
saline or noradrenaline (3 fLM) was added and the tubes
incubated for another 15 min. LiCl (10 mM) was added 5 min
before noradrenaline to inhibit metabolism of inositol
monophosphate (Berridge et al., 1982). Aortae were then
frozen in liquid nitrogen and homogenized in 1.3 ml of 10%
trichloroacetic acid. After centrifugation, 1 ml of supernatant
was collected and trichloroacetic acid was removed by
washing with 4 x 3 vol of ether. The inositol monophosphate
in the aqueous phase was analysed by application of the
sample to a column of 1 ml Dowex-1 ion-exchange resin
according to the method of Neylon & Summers (1987). The
pellets of the tissues were resuspended in 1.0 N NaOH and
assayed for protein according to the method of Lowry et al.
(1951).

Guinea-pig tracheal contraction

Tracheae from guinea-pigs were dissected out, transferred to
a dish containing Krebs solution and cut transversely
between the segments of cartilage. Several of these, usually

about 5, were tied together so as to form a chain, which was
then mounted in Krebs solution at 37°C, gassed with 95%
02-5% CO2. One end of the chain was attached to a fixed pin
in the bath and the other to a force-displacement transducer
connected to a Grass polygraph. Resting tension on each
tissue was set at 1 g. Tracheae were allowed to equilibrate for
at least 1 h and washed periodically. Cumulative concen-
tration-response curves were obtained by application of
various concentrations of spasmogens for 15-18 min at
3 min intervals. Responses were found to be reproducible
with this procedure. Tracheal rings were preincubated with
DMSO (0.1%) or (-)-discretamine for 15 mn, then various
concentrations of spasmogens were added at 3 min intervals.
Results are expressed as percentage of the maximal control
response for each agonist.

Rat right and left atria

Right and left atria strips (4 x 6 mm) were quickly dissected
from the hearts of male WKY rats (weighing 250-300 g) and
placed in an organ bath containing 10 ml Tyrode solution
gassed with 95% 02-5% CO2 kept at 36.0 ± 0.2°C. The com-
position of Tyrode solution was (mM): NaCl 137, KCI 5.4,
MgCl2 1.1, NaHCO3 11.9, NaH2PO4 0.33, dextrose 11 and
CaCl2 2. Contractions of spontaneously beating right atria
and electrically driven left atria strips were measured by
connecting one end of the preparation using a fine silk thread
to a force displacement transducer (Type BG 25, Gould) and
tension was recorded on a Gould 2200S recorder. A preload
of 500 mg was used. The left atria strips were stimulated at a
frequency of 2 Hz by rectangular pulses of 1 ms duration at
supramaximal intensity via an isolated Grass SD9 stimulator.

Single myocyte isolation

Single myocytes were isolated from adult rats by enzymatic
dissociation as described by Mitra & Morad (1985). Briefly,
the heart was rapidly excised from pentobarbitone anaes-
thetized rats. The aorta was cannulated and retrogradly per-
fused with Ca2'-free Tyrode solution containing (mM): NaCl
137, KCI 5.4, MgCl2 1.1, dextrose 11, and HEPES-NaOH
buffer (pH 7.4) 10. The perfusate was oxygenated and main-
tained at 37 ± 0.2°C. After 5 min, the perfusate was changed
to the same solution containing 1 mg ml-' collagenase (Type
I) and 0.3 mg ml-' protease (Type XIV). After 20-30 min
digestion, the residual enzyme-containing solution was
cleaned by 5 min perfusion with 0.2mM Ca2+ Tyrode solu-
tion. Thereafter, the left and right ventricules were separated
from atria, dispersed and stored in 0.2 mM Ca2+ Tyrode solu-
tion for later use. Only rod-like relaxed ventricular myocytes
showing clear striations were used for the experiments.

Whole-cell recording of rat single myocytes

Transmembrane currents were recorded by use of the single-
pipette whole-cell patch clamp technique (Hamill et al.,
1981). Rat ventricular cells were transferred to a chamber
mounted on an inverted microscope (Nikon Diaphot, Nikon
Co., Tokyo, Japan) for electrophysiological recording and
were bathed in Tyrode solution containing (mM): NaCl 137,
KCI 5.4, CaCl2 2, MgCl2 1.1, dextrose 11 and HEPES-NaOH
buffer (pH 7.0) 10. All experiments were performed at room
temperature (23-25°C). Electrode junction potentials (5 to
10 mV) were measured and nulled before impalement of the
cell. The formation of a high resistance seal was monitored
by applying 1 nA current from a digital pulse generator. A
high resistance seal (5 to 10 gigaohm) was obtained before
disruption of the membrane patch. The cells were dialyzed
with the electrode solution for 3 to 5 min to reach equilib-
rium state after disruption of the membrane patch. In voltage
clamp experiments series resistance compensation was used
to offset the series resistance due to the pipette tip resistance.
During measurement of potassium outward currents, the
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contamination of calcium inward current (Ica) was prevented
by adding 1 mM Co2" to the bathing medium. Under this
condition, 800 ms depolarization of membrane potential to a
level positive to -40 mV usually results in a generation of
fast sodium inward current (INa) followed by a transient and
steady-state outward potassium current. In order to eliminate
the contamination of inward current completely, 30 tLM tetro-
dotoxin (TTX) was added to inhibit the INa. The magnitude
of transient and steady-state outward current was measured
at 10 ms after the start and the end of the 800 ms depolariz-
ing pulses, respectively.

During measurement of INa and Ica, the potassium currents
were prevented by adding 2-4 mM Cs' to the bathing
medium and internal dialysis of the cells with Cs'-containing
internal solution of the following composition (mM): CsCl
130, EGTA 5, tetraethylammonium (TEA) chloride 15, cyclic
AMP 0.03, dextrose 5, HEPES-CsOH buffer (pH 7.4) 10.
Under such circumstances inward and outward K+ currents
were almost abolished within 4 to 6 min (Iijima et al., 1985).
In cells bathed in normal Tyrode solution, INa elicited by
depolarization to -40 mV was larger than 20 nA. In this
condition, the spatial and voltage control of membrane
potential was not satisfactory. To improve the clamp
efficiency, the INa was reduced by bathing the cells in low
Na+ Tyrode solution (122 mM NaCl was substituted with
choline chloride) and internal dialysis of the cell with Na+
containing (5 mM) Cs' pipette solution. In measurement of
ICa, the INa was inactivated by the first step depolarizing of
membrane potential to -40 mV, the ICa could then be
activated by the second step depolarization to levels positive
to -20 mV.

tolamine HCI, phenoxybenzamine HCI, clonidine HCI, U-
46619 (9,11-dideoxy-9a, lla,-methanoepoxy prostaglandin
F2,), angiotensin II acetate, endothelin, carbachol, acetyl-
choline HCI, myo-inositol, histamine dihydrochloride, 5-
hydroxytryptamine creatinine sulphate (5-HT), collagenase
(Type I), protease (Type XIV), trichloroacetic acid and
Dowex-l resin (100-200 mesh: x 8, chloride) were obtained
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Data analysis

In each experiment, agonist dose-response curves in the
presence of (- )-discretamine were related to the control
dose-response curve, of which the maximum response was
taken as 100%. In most experiments, three to four concentra-
tions of (-)-discretamine were tested and the slopes of the
resulting Schild plots were used to assess competitive
antagonism. The pA2 values were calculated for each concen-
tration of (-)-discretamine according to: pA2 =-log
([antagonist]/dose-ratio - 1]) (Mackay, 1978).
The experimental results are expressed as the mean +

s.e.mean and accompanied by the number of observations.
Statistical significance was assessed by Student's t test and P
values less than 0.05 were considered significant.
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Drugs

(-)-Discretamine (Figure 1) was isolated from the plant
Fissistigma glaucescens as previously described (Lu et al.,
1985). The following drugs were used: noradrenaline HCI,
isoprenaline HCI, yohimbine HCI, prazosin HCI, phen-

-

c
0
C.)

TC
0
0)CH30

-Log [Noradrenaline] (M)

Figure 1 Chemical structure of (-)-discretamine.

8 7 6 5 4

-Log [Noradrenaline] (M)

Figure 2 Cumulative concentration-response curves to phenyle-
phrine and noradrenaline in rat thoracic aorta with intact (a and c)
or without (b and d) endothelium. Dimethylsulphoxide (0.1%, con-
trol) (0) or (-)-discretamine, 0.1 jIM (*), 0.3 gM (A), 1.0 gM (A)
and 3 jAM (0) were preincubated with aorta for 15 min. Each point
represents the mean and vertical bars show s.e.mean (n - 6-8).
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from Sigma Chemical Co.; phenylephrine HCl was from
Denmarks Apotekerforening; leukotriene C4 and prostaglan-
din F2, (PGF20,) were from Biomol Research Lab.; cyclic
AMP and cyclic GMP RIA kits and myo-[2-3H]inositol was
purchased from Amersham. (-)-Discretamine was dissolved
in DMSO and the final concentration of DMSO in the
bathing solution did not exceed 0.1% and had no effect on
the muscle contraction.

Results

oa-Adrenoceptor antagonism in rat aorta

a-Adrenoceptor antagonistic properties of (-)-discretamine
were evaluated against concentration-response curves to
phenylephrine and noradrenaline in rat thoracic aorta. (-)-
Discretamine (0.1-3 1AM) produced a parallel, rightward shift
of the curve consistent with competitive blockade (Figure 2a
and c). The pA2 values of (-)-discretamine against
phenylephrine and noradrenaline were 7.60 ± 0.09 (slope
range 0.83-1.17) and 7.20±0.10 (slope range 0.92-1.21),
respectively. This concentration-related shift by (-)-dis-
cretamine was significantly pronounced in rat thoracic aorta
in which the endothelium had been removed (Figure 2b and
d). The pA2 values of (-)-discretamine against phenylephrine
and noradrenaline in rat aortae denuded of endothelium were
7.90 ± 0.09 (slope range 0.78-1.23) and 7.52 ± 0.09 (slope
range 0.85-1.18), respectively. Concentration-response curve
analysis of phenylephrine-induced contraction of intact rat
aortae were performed for the a,-adrenoceptor antagonism
by (-)-discretamine in comparison with phentolamine and
yohimbine. (-)-Discretamine was equi-potent to phentol-
amine (pA2 = 7.51 ± 0.10) but was more potent than yohim-
bine (pA2 = 6.18 ± 0.06). In all cases the Schild slopes were
not significantly different from 1.0.

(-)-Discretamine protected cx-adrenoceptors from alkyla-
tion by the irreversible blocking agents, phenoxybenzamine
(Figure 3). Phenoxybenzamine alone (50 nM) produced an
insurmountable blockade, shown as a non-parallel, rightward
shift of the concentration-response curve with a depressed
maximum response. Prior addition of (- )-discretamine
(30 1M) prevented this insurmountable blockade.
To see if signal transduction after a,-adrenoceptor activa-

tion was blocked by (- )-discretamine, rat thoracic aortae
were labelled with [3H]-myo-inositol. The accumulation of
[3H]-inositol monophosphate in rat aortae was increased in

the presence of noradrenaline (3 1AM). This increase was
significantly suppressed by prazosin (3 1M) or (-)-dis-
cretamine (10 or 301AM) (Table 1).

(-)-Discretamine also produced a concentration-related
shift in the concentration-response curves for clonidine and
5-HT in rat aorta denuded of endothelium (Figure 4). An
unconstrained Schild plot was derived from shifts in
concentration-response curves in individual tissues. The pA2
against M2-adrenoceptor and 5-HT receptor were 6.30 ± 0.15
and 6.87 ± 0.06 and the slopes of the Schild plots were 1.35
(range 1.04-1.66) and 0.61 (range 0.49-0.73), respectively.
A high concentration of (- )-discretamine (30 p1M) did not

block the increase in tension produced by Ca2+ (60 mM K+

Table 1 Effects of prazosin and (-)-discretamine on the
accumulation of [3H]-inositol monophosphate in rat thoracic
aortae by noradrenaline

Treatment

Resting
Noradrenaline (3 t1M)
Prazosin (3 1AM)
(-)-Discretamine (10 1M)

(30 1AM)

[3H1-inositol monophosphate
(c.p.m. mg-' protein)

1568 ± 109
3187 ± 214
1692 ± 175*
2112± 126*
1664± 115*

Rat aortic segments were preincubated with dimethyl-
sulphoxide (0.1%, for resting and control), prazosin (31M)
or (-)-discretamine for 15min, then saline (for resting) or
noradrenaline (31AM) was added for another 15min. Data
are presented as total [3H]-inositol monophosphate accum-
ulated (c.p.m. mg-' protein) and expressed as means +
s.e.mean (n = 4). *P<0.001I as compared with the control
value.
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Figure 3 Protection by (-)-discretamine against irreversible, non-

competitive inhibition by phenoxybenzamine in rat thoracic aorta.
(0) Phenylephrine control curve (n = 8). Aortae were subsequently
exposed to either dimethylsulphoxide (0.1%, 15min) and phenoxy-
benzamine (50 nM, 10 min) (0, n = 4) or (-)-discretamine (30;1M,
15 min) and phenoxybenzamine (50 nM, 10 min) (A, n = 4) before
thorough washing and subsequent generation of the concentration-
response curves. Each point represents the mean and vertical bars
show s.e.mean.
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Figure 4 Cumulative concentration-response curves to clonidine (a)
and 5-hydroxytryptamine (5-HT) (b) in denuded rat thoracic aorta.
Dimethylsulphoxide (0.1%, control) (0) and (-)-discretamine were
preincubated with aorta for 15 min. (a) (-)-discretamine, 1.0 1AM
(0), 3.0 1M (A) and 101AM (A); (b) (-)-discretamine, 0.31M (0),
3.0 1M (A) and 301AM (A). Each point represents the mean and
vertical bars show s.e.mean (n = 6-7).
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depolarization), angiotensin II, U-46619 and PGF2z in rat
aorta denuded of endothelium (Table 2). The slowly
developed tension caused by endothelium (3 nM, 1.13 +
0.08 g after 20 min challenge, n = 6) was also not inhibited by
a high concentration of (- )-discretamine (1.12 ± 0.06 g,
n = 6).

Effects of (-)-discretamine on the cyclic GMP and
cyclic AMPformation in rat aorta

The cyclic nucleotide content of the aorta was measured by
radioimmunoassay. As shown in Table 3, sodium nitroprus-
side and forskolin markedly elevated cyclic GMP and cyclic
AMP levels in rat aorta, respectively. (-)-Discretamine
(30 LM) did not exert any effect on the contents of these
cyclic nucleotides.

Antagonism against histamine, leukotriene C4, carbachol
and isoprenaline in guinea-pig trachea

In guinea-pig trachea, histamine, leukotriene C4 and car-
bachol caused contraction of tracheal smooth muscle.

(-)-Discretamine (30 lM) did not depress all these concen-
tration-response curves. (-)-Discretamine (30 gM) also had
no effect on the isoprenaline-induced relaxation of guinea-pig
trachea precontracted by carbachol (1 JLM) (Table 2).

P,-Adrenoceptor blockade in rat right and left atria

(-)-Discretamine (30 liM) did not affect the sinus nodal rate
and contractility in isolated right and left atria from the rat.
It also did not affect the inotropic and chronotropic
concentration-response curve for isoprenaline in rat right and
left atria (Table 2 for right atria).

Effects of (-)-discretamine on Na+ (IN,a) Ca" (1,)
and K+ current

The INa and Ica were examined with a whole cell voltage
clamp technique. The cells were depolarized from a holding
potential of -80 mV to -40 mV for 1Oms to inactivate the
INa (Weidmann, 1955; Lee et al., 1981), and then to 0 mV for
30ms to evoke the Ic. (-)-Discretamine (30 JM) did not
affect either INa or Ic. current (data not shown). The effect of

Table 2 Activity of (-)-discretamine at receptors other than o-adrenoceptors and 5-HT receptors

Tissue (response)

Rat aorta (contraction)

Guinea-pig trachea (contraction)

Guinea-pig trachea (relaxation)

Rat right atria (rate)
(force of contraction)

Concentration-ratio was calculated from EC5o values
means ± s.e.mean. n = number of estimates.

a
1'.

Competing drug Concentration-ratio n

U-46619 1.55 0.12 7
PGFu 1.15 0.06 7
Angiotensin II 1.07 ± 0.06 7
Calcium 1.00 0.04 7

Histamine 1.20 ± 0.10 5
Carbachol 1.59 ± 0.21 5
Leukotriene C4 1.15 ±0.13 6

Isoprenaline 0.78 ± 0.10 5

Isoprenaline 0.95 ± 0.11 6
Isoprenaline 1.04 0.08 6

in the presence or absence of (-)-discretamine (30JLM) and presented as

bU

/to (nA)

c

4 nAL

0.2 s

V (mV)

/Boo (nA)
d

-2

V (mV)

Figure 5 Voltage-dependence of transient (Ito) and steady state (I800) currents in the absence (0) and presence (0) of (-)-
discretamine. (a) and (b) Typical current traces induced by 800 ms depolarization or hyperpolarization pulses in 20 mV increments
between - 120 and + 60 mV from a holding potential of -80 mV. Horizontal line indicates zero-current level. Tetrodotoxin 30 AM
and Co2" I mM were added to the external solution to block INa and Ica' respectively. (c) and (d) I-V curves of Ito and Igoo.



PHARMACOLOGICAL ACTIVITY OF (-)-DISCRETAMINE 887

Table 3 Effects of (-)-discretamine on the cyclic GMP
and cyclic AMP formation of rat thoracic aorta

Cyclic GMP Cyclic AMP
(pmol mg-' protein)

Control 2.10 0.10 2.85 0.21
Sodium nitroprusside (1 .tM) 5.60 ± 0.60*
Forskolin (1 ;iM) - 5.37 ± 0.19*
(-)-Discretamine (30 tLM) 2.26 ± 0.41 3.06 ± 0.31

After preincubation of aortic rings in Krebs solution for
5 min, dimethylsulphoxide (0.1%, control), sodium nitro-
prusside, forskolin or discretamine was added for another
2 min and the reaction was stopped by immersing the tissue
into liquid nitrogen. Cyclic GMP and cyclic AMP content in
rat aortae were measured. Results are expressed as the
means ± s.e.mean (n = 4). *P< 0.001I as compared with the
respective control.

(-)-discretamine (30 DM) on the K + outward currents were
examined in the absence of the inward Na+ and Ca2` cur-
rents which were abolished by TTX (30 fLM) and Co2"
(1 mM), respectively. As shown in Figure 5, both the current-
voltage relationships of transient outward (Ito) and steady
state outward (Iwo) currents were not affected by (-
discretamine.

Discussion

The present studies have demonstrated that (-)-discret-
amine, a tetrahydroprotoberberine alkaloid isolated from Fis-
sistigma glaucescens, inhibited the contractile responses of rat
aorta to the adrenoceptor agonists, noradrenaline, phenyl-
ephrine and clonidine. It also protected (x-adrenoceptors
against irreversible blockade by phenoxybenzamine, and
inhibited [3H]-inositol monophosphate formation caused by
noradrenaline. It acts as a selective a-adrenoceptor anta-
gonist without affecting the contraction of rat aorta caused
by high-potassium depolarization, the thromboxane receptor
agonist (U-46619), PGF2X, angiotensin II or endothelin. In
addition, it also had no apparent effects on the leukotriene
C4 receptor, P2-adrenoceptor and histamine and muscarinic
receptors in guinea-pig trachea. PI-Adrenoceptors of rat right
and left atria and sodium, potassium and calcium channels of
rat ventricular single myocytes were not affected by (-)-
discretamine. All these data indicate that (-)-discretamine is
a selective a-adrenoceptor blocking drug.

(-)-Discretamine also possessed 5-HT receptor blocking
activity in a non-competitive manner, since the Schild plot
slope was far from 1 (range 0.49-0.73). Its potency for
blocking 5-HT receptors is about 10 times less than its
potency for blocking a,-adrenoceptors. The activity profile of
(-)-discretamine resembles that of the structurally dissimilar
agent ketanserin in possessing both a-adrenoceptor and 5-HT
receptor blocking properties (Van Nueten et al., 1981; Kalk-
man et al., 1982). Quantitatively these agents differ in that
(-)-discretamine is more selective for a,-adrenoceptors while
ketanserin shows about a 10 fold selectivity for 5-HT recep-
tors. Furthermore, (-)-discretamine has a non-competitive

while ketanserin has a competitive blocking action at 5-HT
receptors (Van Nueten et al., 1981). It has been shown that
there is a high degree of cross reactivity between compounds
interacting at a-adrenoceptors and 5-HT receptors (Apperley
et al., 1976; Black et al., 1981; Purdy et al., 1987). Zifa &
Fillion (1992) demonstrated that the al-adrenoceptor in the
rat has a 70% homology with the 5-HT2 receptor. The
efficiency of (-)-discretamine at 5-HT receptors can be
explained by the close homology of these two receptors.

Cyclic nucleotides are very important for relaxing vascular
smooth muscles (Murad, 1986). Forskolin and sodium nitro-
prusside have been shown to be potent relaxing agents in
vascular smooth muscles. Forskolin increases cyclic AMP
levels via activation of adenylate cyclase (Ousterhout &
Sperelakis, 1987); sodium nitroprusside produces prompt,
dose-dependent increases in the cyclic GMP level by directly
activating guanylate cyclase (Gruetter et al., 1979). Neither
the cyclic AMP nor the cyclic GMP content was changed by
(-)-discretamine (Table 3). This indicates that a-adreno-
ceptor and 5-HT receptor antagonistic effects of (-)-
discretamine are not mediated by increase of cellular cyclic
nucleotide concentrations.
The vascular endothelium plays an important role in con-

trolling vascular tone via the secretion of both relaxant and
contractile factors (Jaffe, 1985; Vanhoutte et al., 1986).
Endothelial cells respond to a variety of neurochemical and
physical stimuli to release endothelium-derived relaxing fac-
tor (EDRF) and prostacyclin (PGI2). Endothelium modulates
the vasoconstrictor responses to many agonists, and EDRF is
mainly responsible for these effects (Egleme et al., 1984;
Palmer et al., 1987). The a-adrenoceptor antagonistic action
of (-)-discretamine persisted in aorta denuded of endo-
thelium. Thus, the a-adrenoceptor antagonism by (-)-
discretamine was independent of the endothelium and was
not mediated by either EDRF or PGI2. Analysis of the
concentration-response curves of (-)-discretamine revealed
that competitive antagonism against noradrenaline and
phenylephrine occurred in aorta in the presence or absence of
endothelium. It has been reported that vascular endothelium
modifies the mode of antagonism by prazosin and doxazosin
but not those by phentolamine and yohimbine of the
noradrenaline and phenylephrine concentration-response
curves (Alosachie & Godfraind, 1986). Prazosin and dox-
azosin act as non-competitive antagonists against
noradrenaline and phenylephrine in the presence of
endothelium and as competitive antagonists after removal of
endothelium. Thus, vascular endothelium modifies the mode
of antagonism of prazosin and doxazosin but not those of
(-)-discretamine, phentolamine and yohimbine. However,
removal of endothelium did significantly increase the
antagonistic potency of (-)-discretamine on noradrenaline-
or phenylephrine-induced vasoconstriction.

In conclusion, (-)-discretamine is a novel vascular a-
adrenoceptor and 5-HT receptor antagonist with rank order
of a,> 5-HT> M2. Its structural novelty may provide an
original chemical basis for the development of new a-
adrenoceptor blockers.

This work was supported by Research Grant from the National
Science Council of the Republic of China (NSC81-0412-B002-543).
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Necessity of divalent cations for recovery from
carbachol-induced nicotinic acetylcholine receptor inactivation
at snake twitch fibre endplates
'Jean C. Hardwick & Rodney L. Parsons

Department of Anatomy and Neurobiology, College of Medicine, University of Vermont, Burlington, Vt 05405, U.S.A.

1 Previous studies demonstrated that elevation of the extracellular calcium concentration during a
prolonged exposure to a high concentration of carbachol reverses the staurosporine-induced decrease in
the extent of endplate resensitization in voltage-clamped snake twitch fibres. The present studies were
designed to establish the site, specificity and potential mechanisms by which calcium could reverse the
effects of staurosporine on acetylcholine receptor recovery.
2 Pretreatment of potassium-depolarized muscle preparations with 0.5 JAM staurosporine, followed by a
10 min incubation with 540 JAM carbachol, produced a significant decrease in the recovery of miniature
endplate current (m.e.p.c.) amplitudes. Raising the extracellular calcium concentration from 1 mM to
10 mM during the agonist application reversed this inhibition. In addition, a brief (3 min) incubation in
an elevated calcium (10 mM) solution in staurosporine-treated preparations previously exposed to
540 JAM carbachol also reversed the reduction in m.e.p.c. amplitude.
3 Substitution of calcium with 10 mM strontium had no effect on the staurosporine-induced decrease in
m.e.p.c. amplitude, whereas 10 mM magnesium partially substituted for calcium. Inclusion of (+)-
tubocurarine (13 JAM) in the 10 mM calcium solution to prevent the influx of calcium through agonist-
activated channels did not prevent the reversal of the staurosporine-induced decrease in m.e.p.c.
amplitudes. This suggested that the site of action of calcium on endplate resensitization was extracel-
lular.
4 Analysis of acetylcholine (ACh)-induced single channel currents demonstrated that a population of
small conductance channels seen only in the staurosporine-treated preparations following carbachol
exposure, was still present in staurosporine-treated preparations incubated in 540 JM carbachol solution
containing 10 mM calcium. Thus the effect of calcium on ACh receptor recovery was not due to the
conversion of the small conductance channels to the normal, large conductance channels.
5 Removal of calcium from the extracellular solution with the magnesium concentration unchanged,
resulted in no change in the extent of m.e.p.c. amplitude recovery, nor did it alter the ability of
staurosporine to inhibit recovery. Removal of both calcium and magnesium resulted in a significant
decrease in the extent of recovery and staurosporine produced no additional decrease. This decrease in
m.e.p.c. recovery in the divalent cation-free solution was not associated with a change in mean channel
conductance as determined by noise analysis.
6 Based on the results from these experiments, we suggest that, with prolonged exposure to agonist,
some ACh receptors at the endplate become irreversibly inactivated. For full recovery of endplate
sensitivity to occur, inactivated ACh receptors must be replaced. Part of the replacement ACh receptors
appear to be recruited from a readily available but not previously activated pool and this process is
dependent on extracellular calcium and/or magnesium. Thus, elevation of extracellular calcium may be
able to reverse the apparent decrease in endplate sensitivity in staurosporine-treated fibres following
carbachol exposure by increasing the number of functional receptors at the endplate.

Keywords: Acetylcholine receptors; staurosporine; protein phosphorylation; miniature endplate currents; single channel recor-
dings

Introduction

Previously, we demonstrated that the broad acting protein ACh-activated channels is present only in staurosporine-
kinase inhibitor, staurosporine, decreased the extent of ace- treated preparations (Hardwick & Parsons, 1993). We pos-
tylcholine receptor (ACh receptor) recovery from carbachol- tulated that, in staurosporine-pretreated preparations, the
induced desensitization (Hardwick et al., 1991). This decrease reduced amplitude of m.e.p.cs following prolonged carbachol
in sensitivity was seen as a decrease in both the amplitude of application was the result of the activation by ACh of a
carbachol-induced currents and averaged miniature endplate mixture of small and large conductance channels. In our
currents (m.e.p.cs). We suggested that the staurosporine- initial study, we also found that elevation of the extracellular
induced decrease in recovery resulted from an inhibition of calcium concentration during the exposure to carbachol an-
phosphorylation of the ACh receptor or a closely related tagonized the decrease in recovery produced by staurosporine
protein which was required for resensitization to occur. More (Hardwick et al., 1991). The present study was done to
recently, we showed that following recovery from a prolong- examine the effect of calcium on the staurosporine-induced
ed carbachol exposure, a population of small conductance decrease in recovery in more detail. Experiments were de-

signed to establish the site and specificity of the action of
calcium as well as the mechanism by which calcium reversed

Author for correspondence. the staurosporine-induced decrease in ACh receptor recovery.
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Methods

General methods

All experiments were done at room temperature on potas-
sium-depolarized twitch fibre endplates of costocutaneous
muscles isolated from garter snakes (Thamnophis) following
procedures described previously (Hardwick et al., 1991;
Hardwick & Parsons, 1993). Snakes were killed by rapid
decapitation and the muscles, with portions of the rib and
skin, were pinned out on Sylgard-coated petri dishes in a
physiological solution containing in mM: NaCl 159, KC1 2.5,
MgCl2 4.2, CaCl2 1.0, HEPES 1.0, pH 7.3 (Dionne & Par-
sons, 1981). Experiments were done after muscle preparations
had been bathed for 20-30 min in an isotonic potassium
propionate (KP) solution. In a number of experiments, the
divalent cation concentration was altered during the course
of the experiment as summarized in Table 1.

Carbachol (540 j4M, Sigma Chemical Co., St. Louis, MO,
U.S.A.) and staurosporine (0.5 jLM in 0.05% dimethylsul-
phoxide, Calbiochem, San Diego, CA, U.S.A.) were added
directly to the solution bathing the muscle preparations. In
the case of staurosporine, the preparations were exposed for
10-15 min to the drug and then washed several times with
drug-free solution before starting the experiments. Our pre-
vious studies had demonstrated that staurosporine alone had
no effect on either the activation or the gating kinetics of the
m.e.p.cs (Hardwick et al., 1991). The concentration of 0.5 tLM
staurosporine was chosen based on results from our previous
studies (Hardwick et al., 1991).

Electrophysiological methods

M.e.p.cs were recorded by standard two electrode voltage
clamp techniques similar to those employed in previous
studies (Dionne & Parsons, 1981; Connor et al., 1984;
Fiekers et al., 1987). The endplate region of individual fibres
was voltage-clamped to -100 mV and a 20-30 s record
containing m.e.p.cs was stored on a PCM recorder (Vetter)
for later analysis. Mean m.e.p.c. amplitude was determined
from an average of 50-100 m.e.p.cs by use of the programme
SCAN, provided by Dr John Dempster for the University of
Strathclyde.
The protocol used to assess endplate sensitivity was iden-

tical to that employed in earlier studies (Hardwick & Par-
sons, 1993). Average m.e.p.c. amplitude was determined from
2-3 individual endplates in a given preparation voltage
clamped to -100 mV prior to carbachol application and
again in different fibres from the same preparation following
removal of carbachol. Previous studies demonstrated that
there was no change in mean m.e.p.c. amplitude or amplitude
distribution in the isotonic potassium solution over the time
frame of these experiments (Hardwick et al., 1991). For noise
analysis, the endplates, held at -100 mV, were initially per-
fused with agonist-free solution to record the background
noise and then perfused with the same solution containing
30 ZlM carbachol. Mean channel conductance was determined
by use of a computer programme, SPAN, written by Dr John
Dempster of the University of Strathclyde. Records of single
channel activity were made on cell-attached patches with an
Axopatch voltage clamp system as described previously (Ha-
mill et al., 1981; Hardwick & Parsons, 1993). Nerve terminals
were removed by enzymatic treatment to expose the endplate
as described previously (Betz & Sakmann, 1973; Hardwick &
Parsons, 1993). The patch pipette contained Ca/Mg-KP with
the magnesium chloride concentration raised to 8.2 mm to
facilitate seal formation and 1 JiM ACh to activate ACh
receptors. The current output signal was low-pass filtered at
5 kHz (4-pole Bessel) and stored on a PCM recorder for later
analysis. The current signal was sampled at 33 kHz for
analysis using the programme pClamp (version 5.5.1, Axon
Instruments).

Statistics

Statistical significance was determined by analysis of variance
or Student's t test with P <0.05 considered significant.
Values shown represent the mean ± s.e.mean of n different
fibres from at least 3 different animals.

Results

Elevated calcium can antagonize the staurosporine-
induced decrease in recovery following a prolonged
carbachol application
In our initial study, we found that raising the external cal-
cium concentration from 1 mM to 10 mM during a 2-3 min
local perfusion of the endplate with carbachol reversed the
staurosporine-induced decrease in m.e.p.c. amplitude follow-
ing the recovery from desensitization (Hardwick et al., 1991).
The first experiments in the present study were done to test
whether elevating calcium could also effectively antagonize
the staurosporine-induced decrease in recovery when the
duration of carbachol application was increased to Omin.
M.e.p.cs were recorded from endplates voltage clamped to
- 100 mV in control and staurosporine-pretreated prepara-
tions prior to and 5-15 min after a Omin bath exposure to
540 JiM carbachol. In the first group of preparations, the
calcium concentration in the KP solution was maintained at
1 mM (Ca/Mg-KP, see Table 1) throughout the experiment.
In the second group of preparations, the calcium concentra-
tion before and after carbachol application was 1 mM, but
was elevated to 1OmM (KP-lOCa, see Table 1) during the
carbachol exposure. At control endplates, there was no
significant difference in the extent of m.e.p.c. amplitude
recovery when the calcium concentration was either 1 mM or
10 mM during the carbachol exposure. At staurosporine-
pretreated endplates, elevation of the calcium concentration
during the carbachol exposure resulted in a significant in-
crease in the extent of m.e.p.c. amplitude recovery (Table 2).
As was seen in previous studies (Hardwick et al., 1991;
Hardwick & Parsons, 1993), there was no change in the time
constant of m.e.p.c. decay following carbachol exposure in
control or staurosporine-treated preparations (data not
shown).

Large and small conductance channels are present
following ACh receptor recovery in
staurosporine-pretreated preparations exposed to 10 mM
calcium during the 540fM carbachol application
We showed in our previous study that, following recovery
from carbachol exposure, a small conductance ACh-activated
channel was observed in staurosporine-treated preparations
which was not seen following recovery in control prepara-
tions (Hardwick & Parsons, 1993). Here, we tested whether
exposure to elevated calcium reversed the staurosporine-
induced decrease in m.e.p.c. amplitude by converting the
small conductance channels to the large conductance type.
Cell-attached recordings of single channel activity were made
in Ca/Mg-KP on endplates from control and staurosporine-
pretreated fibres 10-25min after a 10min exposure to KP-
lOCa containing 540 JiM carbachol. All recordings were made
with the patch held at - 100 mV.

Channel activity was recorded in 6 patches made on con-
trol fibres and 8 patches made on staurosporine-pretreated
preparations. Only the large conductance channel was obser-
ved at control endplates, following recovery from the 10 min
exposure to carbachol in KP-lOCa (Figure la). Further, the
mean amplitude (- 4.58 ± 0.34 pA) of the ACh-activated
currents recorded at - 100 mV was identical to those deter-
mined previously for control endplates in Ca/Mg-KP either
prior to or following exposure to carbachol (Hardwick &
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Table 1 Composition of the different isotonic potassium propionate (KP) solutions used in this study

Concentration [mM]
K propionate CaC12 MgCI2 SrC12 CsC12 EGTA HEPES

Ca/Mg-KP
KP-lOCa
KP-IOMg
KP-lOSr
Ca-deficient KP
Ca/Mg-deficient KP

161
161
161
161
161
161

1.0
10
0
0
0
0

4.2
4.2
10
4.2
4.2
0

0
0
0
10
0
0

5.0
5.0
5.0
5.0
5.0
5.0

0
0
0
0

0.5
0

1.0
1.0
1.0
1.0
1.0
1.0

Table 2 Elevation of the calcium concentration during the carbachol application reverses the staurosporine-induced decrease in
recovery.

M.e.p.c. amplitude
following carbachol exposure

nATreatment

Control

Staurosporine

1 mM Ca2+

- 5.62 ± 0.20
(16)

-4.93 ± 0.13*
(33)

% recovery

85%

75%

nA
10mM Ca2"

- 5.77 ± 0.24
(16)

- 5.45 ± 0.15
(23)

% recovery

87%

82%

The average m.e.p.c. amplitude was determined at control and staurosporine-treated endplates following a 10 min exposure to 540 AM
carbachol. The concentration of extracellular calcium was either 1 mm or 1Omm during the agonist application. Staurosporine
pretreatment produced a significant decrease (P <0.05) in m.e.p.c. amplitude following agonist exposure with 1 mm calcium whereas
there was no significant decrease in the m.e.p.c. amplitude when the calcium concentration was 10 mm. Values represent the
mean ± s.e.mean from n fibres (given in parentheses). The percentage recovery is the amplitude following carbachol exposure versus
the m.e.p.c. amplitude prior to carbachol exposure. Average m.e.p.c. amplitude prior to carbachol exposure was - 6.61 ± 0.26 nA
(n = 7).

a

1'F

b

*~ ~~~~~~~~~~~~~~~~~~~~~~ *

Figure 1 Acetylcholine (ACh)-induced currents were recorded from cell-attached patches held at -100 mV from control (a) and
staurosporine-treated (b) endplates following a 10 min incubation with 540 liM carbachol containing 10 mM Ca2l. A population of
small amplitude channels was observed only in the staurosporine-treated preparations (asterisk). Calibration bars x axis = 5 pA, y
axis = 20 ms.

Parsons, 1993). In contrast, of the 11 channels observed in
the 8 patches made in Ca/Mg-KP on staurosporine-pre-
treated fibres following exposure to 540 tM carbachol in
KP-lOCa, 4 were small conductance channels and 7 were
large conductance channels (Figure lb). The mean amp-
litudes (- 2.89 ± 0.19 pA and - 4.87 ± 0.10 pA) of the two
populations of the ACh-activated currents recorded at - 100
mV from patches on the staurosporine-pretreated fibres were
similar to those reported previously for staurosporine-pre-
treated preparations exposed to 540 jLM carbachol in Ca/Mg-
KP (Hardwick & Parsons, 1993).

Elevated calcium concentrations can antagonize the
staurosporine-induced decrease in m.e.p.c. recovery when
appliedfollowing the carbachol application and in the
presence of the ACh-receptor inhibitor,
( + )-tubocurarine
We also tested whether elevating the calcium concentration
after the period of carbachol exposure could effectively
reverse the staurosporine-induced decrease in recovery of
m.e.p.c. amplitudes. For these experiments, m.e.p.cs were
recorded from endplates of different fibres in control and

.

11 -fvf-v V-rr"rllrT--v I'mWI --nr"'ll -qm -wppwv,-w-rrr -

Ad",L
F-

w



892 J.C. HARDWICK & R.L. PARSONS

staurosporine-pretreated preparations prior and following a
10min exposure to 540!LM carbachol. The calcium concen-
tration was maintained at 1 mM before and during the carba-
chol exposure. After removing the carbachol, the preparations
were washed for 5 min in agonist-free Ca/Mg-KP and m.e.
p.cs recorded. These same preparations were then exposed to
KP-lOCa (see Table 1) for 3 min, returned to Ca/Mg-KP for
approximately 5 additional minutes and m.e.p.cs recorded
from another group of fibres. In control preparations, the
m.e.p.c. amplitude recovered to approximately 85% of the
pre-carbachol values following the recovery period in Ca/Mg-
KP and did not change significantly following the 3 min
exposure to KP-IOCa (Table 3). In contrast, in stauro-
sporine-pretreated preparations, the m.e.p.c. amplitude recov-
ered to only 75% of the pre-carbachol value following the
recovery period in Ca/Mg-KP, but increased significantly to
approximately 90% of the pre-carbachol value after the
3 min exposure to KP-lOCa (Table 3).

Previously, we proposed that calcium influx through nico-
tinic receptor channels was a critical step in the calcium-
induced reversal of the staurosporine-induced decrease in
resensitization (Hardwick et al., 1991). However, the observa-
tion that elevation of calcium after the carbachol exposure
effectively reversed the staurosporine-induced decrease in
m.e.p.c. amplitude suggested that influx of calcium through
activated ACh receptors may not be required. M.e.p.c. fre-
quency increases substantially during exposure to KP-IOCa
(Hardwick et al., 1991). Therefore, during the period of
increased m.e.p.c. frequency, sufficient ACh receptors might
be activated to promote calcium influx at the endplate. This
possibility was tested in another series of experiments in
which 13 gM (+)-tubocurarine was included in the KP-lOCa
solution. In control fibres, no m.e.p.cs were discernible from
the background noise when 13 iM (+ )-tubocurarine was
present. The addition of (+)-tubocurarine to KP-lOCa did
not reduce the ability of a 3 min exposure to 10 mM calcium
to antagonize the staurosporine-induced decrease in resen-
sitization (Table 3).
To determine the specificity of this effect for calcium, the

ability of other divalent cations, specifically strontium and
magnesium, to antagonize the staurosporine-induced decrease
in m.e.p.c. recovery was also tested. M.e.p.c.s were recorded
from a series of control and staurosporine-pretreated fibres in
Ca/Mg-KP 5-15 min after a 10 min exposure to 540 !LM
carbachol (in Ca/Mg-KP) and again in Ca/Mg-KP after a
3 min exposure to either 10 mM strontium (KP-lOSr) or
10 mM magnesium (KP-lOMg, see Table 1). At both control
and staurosporine-pretreated preparations, the 3 min expo-
sure to KP-lOSr produced no significant effect on m.e.p.c.
amplitude during recovery from the 10 min carbachol expo-
sure (Table 4). At control endplates, exposure to KP-lOMg
did not significantly affect the m.e.p.c. amplitude (Table 4).
In contrast, at staurosporine-pretreated endplates, m.e.p.c.

amplitude was consistently increased following the 3 min
exposure to KP-lOMg such that there was no longer a
significant difference between staurosporine and untreated
endplates. However, the total extent of recovery in the KP-
1OMg was still less than that of elevated calcium (compare
Tables 3 and 4).

M.e.p.c. amplitude recovery requires divalent cations in
the extracellular solution

The results of the single channel studies indicated that
exposure to KP-1OCa along with carbachol did not reverse
the staurosporine-induced decrease in m.e.p.c. recovery by
converting small conductance ACh-activated channels to
large conductance channels. Therefore, exposure to 10mm
calcium must have antagonized the staurosporine action by
another mechanism such as increasing the number of func-
tional ACh receptors. If this proposal is correct, then calcium
could be another factor regulating the recruitment of new
receptors to replace those irreversibly inactivated during the
carbachol application (Hardwick & Parsons, 1993). There-
fore, we tested the dependence of m.e.p.c. recovery on extra-
cellular calcium. Initally, we determined the extent of m.e.p.c.
amplitude recovery following a 10min exposure to 540WLM
carbachol in preparations maintained in a Ca-deficient-KP
solution (see Table 1). The muscle preparations were first
incubated in Ca/Mg-KP for approximately 15 min. The pre-
parations were then equilibrated in Ca-deficient-KP for an
additional 15 min, incubated for Omin in Ca-deficient-KP
containing 540 pM carbachol and washed well with agonist-
free Ca-deficient-KP prior to recording m.e.p.cs. M.e.p.cs
also were recorded from other fibres in preparations which
were not exposed to carbachol, but maintained in Ca-defici-
ent-KP for similar durations. We found that for endplates
voltage-clamped to - 100 mV, m.e.p.c. amplitudes decreased
when the solution bathing the preparations was changed
from Ca/Mg-KP (- 5.59 ± 0.25 nA, n = 11) to Ca-deficient-
KP (- 4.86 ± 0.18 nA, n = 21). M.e.p.c. amplitudes were
decreased by 15% in fibres recovering from a 10 min
exposure to Ca-deficient-KP containing carbachol as com-
pared to fibres maintained in Ca-deficient-KP for the same
length of time. However, a 15% reduction in m.e.p.c. ampli-
tudes also occurs in control fibres kept in Ca/Mg-KP follow-
ing a 10 min exposure to 540 tLM carbachol (Figure 2). Con-
sequently, the extent of m.e.p.c. amplitude recovery following
the exposure to carbachol was similar for preparations kept
in Ca/Mg-KP and Ca-deficient-KP.

Staurosporine-pretreatment significantly decreased the ex-
tent of m.e.p.c. amplitude recovery in preparations kept in
Ca-deficient-KP (Figure 2). For these experiments, the mus-
cle preparations were pretreated with staurosporine during
the initial 15 min equilibration in Ca-deficient-KP. The staur-
osporine-induced decrease in the extent of recovery was

Table 3 Elevation of the extracellular calcium concentration in the absence of receptor activation reverses the effects of staurosporine
on m.e.p.c. amplitudes

Following 10min
540 lJM CCh

nA % recovery

M.e.p.c. amplitude
3 mm

10mM Ca2+ KP
nA % recovery

3min
10mM Ca2+/( + )-TC
nA % recovery

Control - 5.86 ± 0.21
(19)

Staurosporine - 5.00 ± 0.10*
(35)

88%

75%

- 6.40 ± 0.27
(13)

- 5.83 ± 0.20
(35)

96%

87%

-6.72 ± 0.27
(8)

- 6.32 ± 0.24
(15)

100%

94%

M.e.p.c. amplitudes were measured in control and staurosporine-treated fibres prior to agonist application, following a 10 min
exposure to 540 jAM carbachol (CCh) and again following an additional 3 min in either KP containing 1OmM Ca2l alone or KP
containinig 10 mM Ca"+ + 13 JAM (+)-tubocurarine ((+)-TC). M.e.p.c. amplitudes were significantly reduced in staurosporine-treated
preparations following carbachol exposure (P< 0.05) but this reduction in amplitude was reversed following a brief incubation in
either elevated calcium solution. The values shown are the means ± s.e.mean of n fibres (shown in parentheses). Percentage recovery is
the amplitude following the treatment indicated versus the m.e.p.c. amplitude prior to carbachol exposure. Average m.e.p.c. amplitude
prior to exposure to carbachol was - 6.69 ± 0.26 nA (n = 7).

Treatment
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Table 4 The effects of other divalent cations on m.e.p.c. amplitudes following carbachol exposure

Following 10min
54011M CCh

nA % recovery

M.e.p.c. amplitude (nA)
3min

10mM Sr2+ KP
nA % recovery

3 min
10mM Mg2+KP
nA % recovery

Control - 5.42 ± 0.13
(17)

Staurosporine - 4.58 ± 0.23*,t
(18)

92%

77%

- 5.15+ 0.15
(15)

-4.76±0.13t
(15)

87%

80%

5.59 + 0.27
(14)

- 5.03 ± 0.18
(13)

94%

85%

*P< 0.05 vs control fibres under the same conditions
tP<0.001 vs amplitudes before agonist application
M.e.p.c. amplitudes were measured in control and staurosporine-treated fibres prior to agonist exposure, following a 10 min exposure

to 540 IM carbachol, and following an additional exposure to either KP containing 10mM Sr2" or KP containinig 10mM Mg2+.
Staurosporine-treated fibres showed a significant reduction in m.e.p.c. amplitude versus control fibres following carbachol exposure.

Following the 3 min incubation in KP with either 10 mM Sr2' or 10 mM Mg2+, there was no significant difference between
staurosporine-treated and control fibres. However, the m.e.p.c. amplitude in staurosporine-treated fibres incubated in 10 mM Mg2+ was

no longer significantly different from the untreated values. The values shown are the means ± s.e.mean of n fibres (shown in
parentheses). Percentage recovery was the amplitude following the indicated treatment versus the m.e.p.c. amplitude prior to carbachol
exposure. Average m.e.p.c. amplitude prior to carbachol exposure was - 5.92 ± 0.28 nA (n = 5).
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Figure 2 Average m.e.p.c. amplitudes were measured prior to
agonist exposure and following a 10 min incubation with 540 1M

carbachol in control (C) and staurosporine-treated (S) fibres in
three different isotonic potassium solutions. In the normal Ca/
Mg-KP (hatched columns) and the Ca-deficient-KP, (cross-
hatched columns), staurosporine treatment resulted in a

significantly greater inhibition of m.e.p.c. amplitude. In the Ca/
Mg-deficient-KP (open columns), there was no difference between
control and staurosporine-treated fibres following carbachol
exposure. In addition, the percentage decrease in m.e.p.c. amp-
litude in those fibres maintained in Ca/Mg-deficient-KP was

significantly greater than that seen in fibres maintained in Ca/
Mg-KP.

essentially the same for preparations bathed in either Ca/Mg-
KP or Ca-deficient-KP.
The results from the preceding experiments indicated that

removal of external calcium, without also eliminating mag-
nesium, did not significantly alter m.e.p.c. amplitude recovery
following a 10min carbachol exposure, nor did it alter the
ability of staurosporine to decrease the extent of recovery
(Figure 2). This suggested that magnesium, in the absence of
calcium, must sustain the resensitization process. To test this
possibility, we measured the extent of m.e.p.c. amplitude
recovery in preparations kept in Ca/Mg-deficient-KP (see
Table 1).

Initially, we found that the mean m.e.p.c. amplitude
recorded at endplates voltage-clamped to - 1OOmV was

similar in preparations kept in Ca/Mg-deficient-KP (- 4.56

± 0.13 nA, n = 32) to that obtained for endplates maintained
in Ca-deficient-KP (- 4.86 ± 0.18 nA, n = 21). Next, we de-
termined the extent of m.e.p.c. amplitude recovery following
a Omin exposure to 540 gM carbachol in Ca/Mg-deficient-
KP. We found that m.e.p.c. amplitude recovered significantly
less, after carbachol exposure, at endplates in preparations
kept in Ca/Mg-deficient-KP than at endplates in preparations
bathed in either Ca-deficient-KP or Ca/Mg-KP (Figure 2). In
a separate series of experiments, we also tested whether
staurosporine-pretreatment would decrease the extent of
m.e.p.c. amplitude recovery in preparations maintained in
Ca/Mg-deficient-KP. We found that staurosporine-pre-
treatment did not further decrease the extent of m.e.p.c.

amplitude recovery in these preparations (Figure 2).

Mean channel conductance following recovery is
unchanged in staurosporine-treated preparations
maintained in Ca/Mg-deficient-KP
We felt that the decrease in extent of m.e.p.c. amplitude
recovery observed in preparations maintained in Ca/Mg-
deficient-KP could result from either a decrease in the
number of activatable ACh receptors or a decrease in the
single channel conductance of individual activated ACh
receptors. The latter mechanism appears to be responsible, at
least in part, for the staurosporine-induced decrease in
m.e.p.c. amplitude recovery (Hardwick & Parsons, 1993). To
test whether the latter mechanism might be involved, single
channel recordings were attempted in preparations kept in
Ca/Mg-deficient-KP. Out of over a dozen muscle prepara-
tions, only one successful patch was obtained. This patch,
from a control fibre maintained in Ca/Mg-deficient-KP, dem-
onstrated a single population of channels, however, we were

unable to record channels at sufficient voltages to estimate
the slope conductance. It was also necessary to add 8 mM
magnesium to the patch solution to obtain this single seal,
making the interpretation of the results difficult since the
channels would no longer be exposed to a divalent cation-
free solution. In general, we found that, following the
enzymatic cleaning, the muscle fibres were too delicate to
withstand incubation in a divalent cation-free solution.
Therefore, we abandoned the patch clamp experiments and
initiated experiments to estimate mean channel conductance
using noise measurements made on intact endplates in prep-
arations kept in Ca/Mg-deficient-KP. Previously, we showed
in staurosporine-pretreated preparations with noise measure-
ments that, after recovery from carbachol exposure, mean

channel conductance was reduced (Hardwick & Parsons,
1993). Therefore, we felt that this was an adequate means to
test whether the conductance of the ACh-activated channels

Treatment
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Table 5 Comparison of mean channel conductance (y) and m.e.p.c. amplitudes in Ca/Mg-deficient-KP in control and
staurosporine-treated preparations

y
-

M.e.p.c.

Before

Control recovery

Stauro recovery

pS

24 ± 3
(4)

24 ± 2NS
(5)

19 ± 2NS
(4)

% untreated

100%

100%

79%

nA

- 4.52 ± 0.34
(5)

- 3.47 ± 0.16*
(7)

- 3.45 ± 0.17*
(8)

% untreated

100%

77%

76%

*P<0.05 versus untreated preparations
NS, not significantly different from untreated preparations.
Mean channel conductance (y) estimated from the response to 30 JuM carbachol was determined at endplates prior to carbachol
exposure in control and staurosporine (Stauro)-treated fibres following a 10min incubation with 540 JAM carbachol. Average m.e.p.c.
amplitudes were measured in the same preparation. The results are expressed as the mean ± s.e.mean of n fibres (shown in
parentheses). The values are also shown as a percentage of those in the untreated preparations. There was no significant change in the
mean channel conductance following agonist application in either control or staurosporine-treated fibres whereas there was a
significant decrease in the m.e.p.c. amplitude in these same preparations.

was changed following recovery from carbachol exposure at
endplates bathed in Ca/Mg-deficient-KP.
To record agonist-induced membrane noise, noise measure-

ments were made before and during microperfusion of 30 JIM

carbachol onto an individual endplate. Results were obtained
from muscle preparations maintained in Ca/Mg-deficient-KP.
Both untreated preparations and preparations which had
been pretreated with 0.5 JAM staurosporine were studied. For
both groups of muscle preparations, membrane noise mea-

surements was recorded prior to and following a 10 min
incubation in Ca/Mg-deficient-KP containing 540 AM carba-
chol. We found that for preparations maintained in Ca/Mg-
deficient-KP and not exposed to agonist, the mean channel
conductance was approximately 50% lower than that repor-
ted previously for fibres maintained in KP (24 pS versus

41 pS, Hardwick & Parsons, 1993). This finding is consistent
with the decrease in m.e.p.c. amplitude noted in Ca/Mg-
deficient-KP which was described above. In addition, we

found that, following exposure to 540 JAM carbachol, there
was no significant decrease in mean channel conductance at
either untreated or staurosporine-treated fibres (Table 5).

M.e.p.c. amplitude recovery was also measured in these
same preparations. We found that although the mean chan-
nel conductance was not decreased following recovery from
carbachol application, there was a significant decrease in the
m.e.p.c. amplitude after carbachol exposure of both the un-

treated and staurosporine-pretreated preparations. A com-

parison of the decrease in mean channel conductance and
m.e.p.c. amplitude is presented in Table 5.

Discussion

We reported previously that elevating the extracellular cal-
cium concentration reversed the staurosporine-induced de-
crease in extent of m.e.p.c. amplitude recovery (Hardwick et
al., 1991). This observation was confirmed in the present
study. Also, we had proposed that calcium, acting at an
intracellular site, reversed the staurosporine-induced decrease
in m.e.p.c. amplitude recovery by stimulating additional
kinase activity (Hardwick et al., 1991). The results obtained
in this study do not support our initial hypothesis. The fact
that exposure to 10 mM calcium after the carbachol applica-
tion was as effective as raising extracellular calcium during
the agonist exposure suggested that calcium is acting at an

extracellular site. In chronically depolarized muscle fibres,
calcium permeability is very limited at the endplate except
when ACh channels are activated (Jenkinson & Nicholls,
1961; Parsons & Nastuk, 1969; Manthey, 1974). Even if
calcium were able to enter through ACh-activated channels,
the observation that elevated calcium still reversed the stau-

rosporine-induced decrease in recovery when (+)-tubocurar-
ine was present also indicated that influx through ACh-
activated channels was not required. Assuming that the site
of calcium action is indeed extracellular, then the change in
the staurosporine-induced decrease in extent of recovery with
calcium is probably not due to the stimulation or re-
activation of intracellular protein kinases which phosphory-
late the ACh receptor or a related protein. In fact, in staur-
osporine-pretreated preparations, elevated calcium effectively
increased the extent of m.e.p.c. recovery even though many
small conductance channels were still present. Therefore, we
conclude that the calcium-induced increase in the extent of
m.e.p.c. amplitude recovery is not due to the conversion of
small conductance ACh channels to large conductance chan-
nels and that stimulation of phosphorylation is not the
mechanism by which calcium increases endplate sensitivity at
the staurosporine-treated endplates.

If the site of calcium action is extracellular, not intracel-
lular and not related to protein phosphorylation, what is a
plausible alternative mechanism? We suggest that extracel-
lular calcium plays a critical role in the accumulation and
stabilization of newly recruited ACh receptors in the endplate
membrane. This suggestion is consistent with previous studies
which show that extracellular calcium is essential for the
agrin-induced accumulation and stabilization of ACh recep-
tors on myotubes (Wallace, 1988; Nastuk et al., 1991).
Interestingly, in cultured muscle cells, other divalent cations
including magnesium do not substitute for calcium as pro-
moters of ACh receptor clustering (Bloch, 1983). In contrast,
at snake twitch fibre endplates, magnesium appeared to be
able to substitute partially for calcium so that m.e.p.c.
recovery occurred to essentially the same extent in Ca/Mg-
KP as in Ca-deficient-KP. Exposure to 10mM magnesium
resulted in a partial increase in the extent of m.e.p.c. recovery
at staurosporine-treated fibres. The difference in results could
be due to differences in species studied or conditions of the
experiments. For instance, the concentrations of magnesium
used in the present study were higher than those tested
previously. Although magnesium could replace calcium, stro-
ntium was an ineffective substitute. M.e.p.cs recorded in
Ca-deficient-KP and Ca/Mg-deficient-KP were significantly
smaller than those recorded from fibres kept in Ca/Mg-KP.
Previously, Lambert & Parsons (1970) demonstrated at pot-
assium-depolarized frog endplates that post-junctional sen-
sitivity to cholinoceptor agonists decreased markedly in
calcium-deficient solutions. These authors showed that mag-
nesium was able to replace calcium, but higher concentra-
tions were required. We suggest that the decrease in m.e.p.c.
amplitude we noted in the Ca-deficient-KP and Ca/Mg-
deficient-KP is caused by a similar decrease in responsiveness
of the postsynaptic membrane rather than to a decreased
quantal size.
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Based on the observations made in the present study, we
propose that calcium and magnesium are key extracellular
factors determining the density of functional ACh receptor-
channel complexes at the endplate. This view is consistent
with the observation that the extent of m.e.p.c amplitude
recovery following exposure to carbachol was much less
when the preparations were kept in a divalent cation deficient
solution than when calcium and/or magnesium were present.
Further, after exposure to 10 mM calcium, the mean m.e.p.c.
amplitude was actually greater than the control values both
with and without carbachol exposure (see Tables 2 and 3)
even though the single channel conductance was not affected.
Lastly, even though m.e.p.c. amplitude recovery was enhanced
in staurosporine-pretreated preparations by exposure to 10 mM
calcium, many small conductance channels were still present.
Thus, the simplest explanation of the observed increase in
endplate sensitivity in staurosporine-treated fibres is that brief
exposure to 10 mM calcium stimulated an increase in the
density of functional ACh receptors.
We propose the following scheme as a working model for

the role of extracellular divalent cations, especially calcium,
and intracellular phosphorylation in the regulation of end-
plate sensitivity following a prolonged exposure to carbachol.
When the endplate is exposed to high doses of agonist, many
of the activated ACh receptors become desensitized (Katz &
Thesleff, 1957; Connor et al., 1984). If agonist concentration
is sufficiently high and exposure prolonged, then some of the
ACh receptors become irreversibly inactivated. This would
explain why m.e.p.c. amplitudes do not recover fully even
after a long period of recovery (Hardwick et al., 1991). To
maintain the 'normal density' of ACh receptors at the end-
plate, new receptors must replace those inactivated. Partial
resensitization occurs rapidly so that the synthesis of new
receptors is not involved over the time frame of these

experiments (Hardwick et al., 1991). Therefore, we suggest
that some replacement ACh receptors are derived from a
pool of previously synthesized, recruitable, but nonactivatible
ACh receptors. Based on the results of our previous studies
and the present study, we propose that the recruitment and
conversion of these ACh receptors from a nonactivatable to
an activatable state is a two step process. The first step,
which requires extracellular calcium or magnesium, involves
the recruitment and anchoring of new receptors in the mem-
brane. These newly recruited ACh receptors are then rapidly
phosphorylated by a staurosporine-sensitive protein kinase.
The phosphorylated ACh receptor is the prevalent ACh
receptor at twitch fibre endplates and when activated pro-
duces the large conductance response. With staurosporine
treatment, this second step is inhibited and results in an
intermediate form of the receptor which is activatible but has
a smaller conductance value. Therefore, small conductance
channels were still observed in the staurosporine-treated
preparations, even with exposure to elevated calcium.

In conclusion, in the present study, as in our earlier work,
a sustained agonist application was used to activate repeti-
tively ACh receptors and cause a significant number to
become irreversibly inactivated in a short time period. We
suggest that this procedure provides a good model system for
studying the mechanisms regulating the normal 'use depen-
dent' turnover of ACh receptor-channel complexes in the
endplate membrane of adult muscle fibres.
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Role of oxygen radicals and arachidonic acid metabolites in the
reverse passive Arthus reaction and carrageenin paw oedema in
the rat

IN.K. Boughton-Smith, A.M. Deakin, R.L. Follenfant, B.J.R. Whittle &
*L.G. Garland

Department of Pharmacology and *Research Directorate, Wellcome Research Laboratories, Beckenham, Kent, BR3 3BS

1 The role of arachidonic acid metabolites and oxygen radicals in carrageenin-induced rat paw oedema
and dermal reverse passive Arthus reaction (RPA) have been investigated.
2 Indomethacin (10 mg kg-', p.o.) inhibited carrageenin paw oedema when administered 30 min
before, but not 2 h after carrageenin. BWB70C (10 mg kg-', p.o.), a selective inhibitor of 5-
lipoxygenase, had no effect whether administered before or after carrageenin. Administration of both
indomethacin and BWB70C had no greater anti-inflammatory effect than indomethacin alone.
3 BW755C (20 mg kg- , p.o.), which inhibits the cyclo-oxygenase and lipoxygenase pathways of
arachidonic acid metabolism, or superoxide dismutase-polyethylene glycol conjugate (SOD-PEG, 3000 u,
i.v.) inhibited carrageenin paw oedema whether administered either 30 min before, or 2 h after car-
rageenin.
4 Pretreatment with dexamethasone (0.1 mg kg-') or colchicine (2 mg kg-'), likewise suppressed car-
rageenin paw oedema.
5 BW755C (25-100mgkg-', p.o.) dose-dependently reduced plasma leakage in the RPA, whereas
indomethacin (5mgkg-', p.o.) or BWB70C either alone or in combination, did not.
6 SOD-PEG (300-3000 u, i.v.) dose-dependently inhibited plasma leakage in the RPA. In addition, the
iron chelator and peroxyl radical scavenger, desferrioxamine (200mgkg-', s.c.) also inhibited plasma
leakage.
7 Pretreatment with dexamethasone (0.1 mg kg-') or colchicine (1 mg kg-l) reduced the plasma
leakage in RPA, whereas MK-886 (10mgkg-1) had no effect.
8 These results indicate an important role for oxygen radicals but not arachidonic acid metabolites in
the maintenance of carrageenin paw oedema and the plasma leakage in RPA. Furthermore, the results
suggest that the anti-inflammatory actions of BW755C can be dissociated from its effects on arachidonic
acid metabolism and are attributed to its anti-oxidant activity.

Keywords: Carrageenin oedema; reverse passive Arthus reaction; neutrophil-dependent plasma leakage; cyclo-oxygenase;
lipoxygenase; 5-lipoxygenase inhibitor; BW755C; oxygen radicals

Introduction

There is considerable evidence from both in vitro and in vivo
studies that oxygen-derived radicals play a role in acute
inflammation. Reactive oxygen molecules generated
enzymically or from activated phagocytes, damage mam-
malian cells, including endothelial cells (for review, Fantone
& Ward, 1982; Ward, 1991). Administration of oxygen
radical generating systems into the lung, knee joint or foot of
experimental animals leads to increases in vascular
permeability, cellular infiltration and tissue damage (for
review, Schraufstatter et al., 1987). Furthermore, the anti-
oxidant enzyme, superoxide dismutase (SOD) has anti-
inflammatory activity in models of acute inflammation
(Oyanagui, 1976).
Arachidonic acid metabolites of the cyclo-oxygenase and

lipoxygenase enzymes have also been implicated as mediators
of acute inflammation. The vasodilator prostaglandins pro-
duce erythema and hyperalgesia (for review, see Higgs et al.,
1984), while the potent actions of the 5-lipoxygenase product,
leukotriene B4 (LTB4) on polymorphonuclear leucocytes
(PMN's) may contribute to their accumulation and activation
at sites of inflammation (for review, see Lewis et al., 1990).
Furthermore, in the presence of vasodilator prostaglandins,
LTB4 produces a neutrophil-dependent increase in vascular
permeability (Wedmore & Williams, 1981).

' Author for correspondence at present address: Department of Phar-
macology, Fisons Pharmaceuticals, Loughborough, Leicestershire,
LE I ORH.

The role of arachidonic acid metabolites has been inves-
tigated in a number of models of acute inflammation. Thus
carrageenin-induced paw oedema in the rat has been used
extensively to determine the activity of non-steroid anti-
inflammatory or aspirin-like drugs which inhibit prostaglan-
din synthesis (Higgs et al., 1983). The experimental anti-
inflammatory compound BW755C, a dual cyclo-oxygenase/
lipoxygenase inhibitor, also inhibits carrageenin-induced paw
oedema (Higgs et al., 1979). Oxygen radicals have also been
implicated in models of acute inflammation in which there is
a neutrophil-dependent increase in vascular permeability (for
review, see Fantone & Ward, 1982). However, the role of
oxygen radicals in acute inflammation in relation to the
activity of arachidonic acid metabolites remains unclear. In
the present study the role of both oxygen radicals and
arachidonate metabolites have been investigated in
carrageenin-induced paw oedema and in the dermal reverse
passive Arthus reaction (RPA) in the rat.

Methods

Carrageenin paw oedema

Male Wistar rats (140-190g) which had been fasted over-
night (18 h) received a subplantar injection in the right hind
paw of carrageenin (100 tl of 1% suspension in 0.85%
saline). Paw thickness was measured from ventral to dorsal

Br. J. Pharmacol. (I 993), 110, 896 902 '." Macmillan Press Ltd, 1993
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surfaces, with dial callipers (Mitutoyo), immediately prior to
carrageenin injection and then at hourly intervals from 1-6 h
afterwards. Oedema was expressed as the increase in paw
thickness (in mm) measured after carrageenin injection com-
pared to the pre-injection value for individual animals.

Drugs were administered orally in 0.25% methyl cellulose
(celacol) or intravenously (dose volume of 5 ml kg-'), either
30 min before or 2 h after carrageenin, unless otherwise
stated. Doses were selected from previous studies
(indomethacin, Higgs et al., 1983; BWB70C, Salmon et al.,
1989 and unpublished data; BW755C, Higgs et al., 1979;
Salmon, 1986; MK-886, Gillard et al., 1989).

Reverse passive Arthus reaction

Male Wistar rats (225-275 g) which had been fasted over-
night were anaesthetized with halothane (2%, 3 1 -

oxygen min-'). Antigen (3 mg rabbit IgG), mixed with 12511
labelled human serum albumin (HSA; 0.5;LCi) and Evans
blue (2.5% in saline), was injected via the tail vein (1 ml).
Immediately afterwards, either antibody (50 jig goat anti-
rabbit IgG) or saline was injected intra-dermally (50 LIl,
12 x 0.4 mm needle), in triplicate according to a random
plan, to a previously shaved area of dorsal skin. The rats
were allowed to recover from the anaesthesia.

Rats were re-anaesthetized with halothane 90 min after
challenge and, following laparotomy, blood (I ml) was drawn
from the abdominal aorta into tri-sodium citrate (0.315%
final concentration). Plasma was separated by centrifugation
(10,000 g; 2 min). The rats were killed by cervical dislocation,
the dorsal skin removed and injection sites (blue areas) and
two untreated sites punched out with a cork borer (17 mm).
Radioactivity in skin samples and duplicate plasma samples
(100 gil) was counted (Nuclear Enterprises - NEI 600 gamma
counter). Plasma leakage was calculated as gIl of plasma.
BW755C, BWB70C and indomethacin were administered

orally 1 h before and MK-886, 4 h before induction of the
RPA response, (suspended in 0.5% methyl cellulose, dosing
volume of I ml kg-'). Colchicine and dexamethasone were
administered subcutaneously 2 h before and desferrioxamine
1 h before induction of the RPA reaction. Superoxide dis-
mutase-polyethylene glycol conjugate (SOD-PEG) was injected
i.v. (in saline, 2 ml kg-') via the tail vein 1 min before initia-
tion of RPA. Control animals received the vehicle via the
relevant route of administration.

Myeloperoxidase activity

Myeloperoxidase (MPO), a haemoprotein which is located in
azurophil granules of neutrophils where it plays a role in
bacterial killing, has been used as an enzyme marker of
neutrophil infiltration in various tissues (Bradley et al., 1982).
In the present study, MPO was measured by a method
similar to that described by Bradley et al. (1982).

Skin sites were finely chopped with scissors and
homogenized (Ultra turrax 45 s) in 3 ml of 0.5%
hexadecyltrimethyl-ammonium bromide (HTAB) in 50 mM
potassium phosphate buffer (pH 6). Aliquots (1 ml) were
frozen (on cardice) and thawed (immersion in warm water,
37C) three times. Following centrifugation (10,000 g for
20 min) the supernatant (200 gil) was mixed in a cuvette with
2.8 ml of 50 mM phosphate buffer (pH 6) containing
0.167 mg ml-' 0-dianisidine dihydrochloride and 0.0005%
hydrogen peroxide at 37°C and the change in absorbance at
460 nm measured immediately (Guildford Response spectro-
photometer). The MPO activity is expressed as the number of
rat peritoneal neutrophils (glycogen elicited and purified as
described by McCall et al., 1989) containing an equivalent
amount of MPO.

Plasma SOD activity

SOD activity was measured spectrophotometrically in diluted
plasma (1:2) as inhibition of ferricytochrome C reduction by

2-. Ferricytochrome C (20 mM) was incubated (37°C) with
an °2 generating system (5 mu xanthine oxidase and 100 jIM
hypoxanthine, 37°C) and increases in absorbance at 550 nm
measured (Guildford Response spectrophotometer). The
amount of 02 -scavenging activity in the plasma was ex-
pressed as units of SOD activity.

Statistical analysis

Results are expressed as mean ± s.e.mean of (n) rats. Where
appropriate, statistical significance was calculated by Stu-
dent's t test for unpaired data (two tailed) or one way
analysis of variance (ANOVA) and Bonferroni corrected P
value for multiple comparisons. The level of statistical
significance was taken as P < 0.05. In time course
experiments (Figures 1-5) analysis by Student's t test was
made at one time point (3 h), being representative of the
drug-induced change.

Materials

BWB70C ((E)-N-3-[3-(4-fluorophenoxy)phenyl]- 1 (R,S)-methyl-
prop-2-en-l-yl-N-hydroxyurea), (Salmon et al., 1989) and
BW755C (3-amino-l-[m-(trifluoromethyl)phenyl]-2-pyrazoline)
(Higgs et al., 1979), MK-886(3-[1-(4-chlorobenzyl)-3-t-butyl-
thio-5-isopropylindol-2-yl]-2,2-dimethylpropanoic acid) (Gil-
lard et al., 1989) were synthesized by Wellcome Research
Laboratories (Beckenham). Dexamethasone (Decadron) was
obtained from Merk, Sharpe and Dohme (Hertfordshire) and
desferrioxamine (Desferal) from Ciba Laboratories (Hor-
sham). Methyl cellulose was obtained from Courtaulds Fine
Chemicals (Derby), 0-dianisidine di-hydrochloride and
hexadecyltrimethyl-ammonium bromide from Aldrich
Chemical Co. Ltd., (Dorset), Halothane BP from RPM
Animal Health Ltd., and '251I-labelled human serum albumin
(2.5 fiCi mg-' protein) from Amersham International plc
(Amersham). All other reagents and antibodies were obtained
from Sigma Chemical Co. Ltd. (Poole, Dorset).

Results

Carrageenin paw oedema

Cyclo-oxygenase and 5-lipoxygenase inhibitors A subplantar
injection of carrageenin in control rats induced an increase in
paw thickness over 6 h (Figure 1). Pretreatment with
indomethacin (10 mg kg-', p.o.) 30 min before carrageenin
prevented the increase in paw thickness between 2 and 6 h
(P< 0.001 at 3 h, n = 5, Figure la), while treatment with
indomethacin (10 mg kg-', p.o.) 2 h after carrageenin had no
effect on paw oedema (Figure lb). The selective 5-lipoxy-
genase inhibitor, BWB70C (10 mg kg', p.o.) had no effect
on paw thickness whether administered 30 min before or 2 h
after carrageenin (Figures la and b). Pretreatment with a
combination of indomethacin (10 mg kg-', p.o.) and BWB70-
C (10 mg kg-', p.o.) inhibited the increase in paw thickness
produced between 1 and 6 h (P<0.01 at 3 h, n = 5, Figure
la) but had no inhibitory effect when administered 2 h after
carrageenin (Figure lb).

BW755C Pretreatment (30 min) with BW755C (20 mg kg-',
p.o.) inhibited oedema formation produced between 2 and
6 h after carrageenin (Figure 2a). Furthermore, treatment
with BW755C (20 mg kg', p.o.) 2 h after injection of car-
rageenin also inhibited the increases in paw thickness over
the subsequent 4 h, while producing an apparent reversal of
oedema formation (Figure 2b).

SOD-PEG SOD-PEG (3000 u, i.v.) inhibited the increase in
paw thickness when given either before (30 min) or 2 h after
carrageenin (Figure 3). The inhibition produced by SOD-
PEG when given after carrageenin was dose-dependent with
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Figure 1 Effect of indomethacin and BWB70C on carrageenin-
induced paw oedema administered either (a) 30 min before or (b) 2 h
after carrageenin, as indicated by an arrow: (U) celacol; (0)
indomethacin (10mgkg-', p.o.); (@) BWB70C (10mgkg-', p.o.);
(0) indomethacin + BWB70C. Results are shown as the mean in-
crease in paw thickness (mm) of 5 rats, statistical significance from
the celacol group was determined after 3 h (***P<0.001). For
clarity s.e.mean are not included, but are less than 5% of the mean

for all points.

a reduction in paw thickness between 1 and 4 h at doses of
300, 1 000 and 3 000 u of 47 ± 8%, 59 ± 7% and 83 ± 7%
respectively (n = 6). Furthermore, the high dose of SOD-
PEG (3 000 u) caused an apparent reversal of the oedema
(Figure 3b).
Plasma SOD-like activity from untreated rats was equiva-

lent to 24 u ml' SOD (n = 2). Immediately after an intra-
venous bolus injection of SOD-PEG (1 500 u) the activity in
plasma rose to 195 ± 10 u ml-' of SOD-like activity which
decreased to 137 ±6 u ml-' after 3 h and 140 ± 5 u ml-'
after 6 h (n = 3).

Dexamethasone Preatment with dexamethasone (0.1 mg
kg-', i.v.) completely suppressed the increase in paw thick-
ness between 2 and 6 h after carrageenin (Figure 4a). Given
2 h after carrageenin, the glucocorticoid also reduced oedema
in a time-dependent manner (Figure 4b).

Coichicine The inhibitor of microtubule activity, colchicine,
was used to determine the role of leucocytes in the oedema
response to carrageenin. Colchicine (2 mg kg-', s.c.) inhibited
the increase in paw thickness induced by carrageenin. The
degree of inhibition was dependent upon the time of pretreat-
ment prior to challenge (Figure 5).
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Figure 2 Inhibition of carrageenin-induced paw oedema by
BW755C, administered either (a) 30 min before or (b) 2 h after
carrageenin, as indicated by an arrow; (U) celacol; (A) BW755C
(20 mg kg-', p.o.). Results expressed as the increase in paw thickness
(mm) are shown as mean ± s.e.mean of 5 rats; statistical significance
from the celacol group was determined after 3 h (***P<0.001).
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Figure 3 Inhibition of carrageenin-induced paw oedema by superox-
ide dismutase-polyethylene glycol conjugate (SOD-PEG)
administered either (a) 30 min before or (b) 2 h after carrageenin, as

indicated by an arrow; (U) saline; (E) SOD-PEG (3000 u, i.v.).
Results expressed as the increase in paw thickness (mm) are shown
as mean ± s.e.mean of 6 rats; statistical significance from the saline
group was determined after 3h (***P<0.001).
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Figure 4 Effect of dexamethasone on carrageenin-induced paw

oedema, administered either (a) 30 min before or (b) 2 h after car-

regeenin, as indicated by an arrow; (0) saline; (U) dexamethasone
(0.1 mg kg-', i.m.). Results expressed as the increase in paw thickness
(mm) are shown as mean ± s.e.mean of 6 rats; statistical significance
from the saline group was determined after 3 h (***P<0.001).
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Figure 5 Effect of colchicine on carrageenin-induced paw oedema,
administered (a) 30 min, (b) 60 min and (c) 120 min before car-

rageenin; (0) saline; (0) colchicine 2 mg kg- , s.c. Results expressed
as the increase in paw thickness (mm) are shown as mean ± s.e.mean
of 6 rats; statistical significance from the saline group was deter-
mined after 3h (**P<0.01, ***P<0.001).
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Dermal reverse passive Arthus reaction

The induction of the RPA response, by intravenous antigen
and intradermal antibody, resulted in a substantial increase
in plasma leakage within 90 min (68 ± 6 gil plasma/site,
n = 30, P <0.001 compared to saline-injected sites). Dermal
administration of antibody (50 pg) in the absence of antigen

Table 1 The effect of inhibitors of arachidonic acid
metabolism on plasma leakage in the rat dermal reverse
passive Arthus (RPA) reaction

Dose
Compound (mg kg- ') Route

Indomethacin
BWB70C

Indomethacin
+ BWB70C
MK-886
Dexamethasone

% control
Pretreatment plasma

time leakage n

5 p.o. I h 103 ± 17 (8)
10 p.o. I h 149± 10 (8)

100 p.o. I h 105± 24 (3)
5 p.o. I h 106±11 (5)

10
10 p.o. 4h 136±11 (4)
0.1 s.c. 2h 9±1** (4)

Drugs were administered prior to induction of the RPA
reaction as shown by the pretreatment time. Results are
expressed as percentage of the plasma leakage in RPA sites
from control rats as mean ± s.e.mean of (n) rats. The data
are from three separate experiments and statistical
significance of inhibition was calculated by comparison with
the appropriate control group before normalization to
percentage control (**P<0.01).

(n = 3) or saline injection (50 gl) produced minimal plasma
leakage (<10O il, n = 20).

Cyclo-oxygenase and 5-lipoxygenase inhibition Pretreatment
(1 h) with indomethacin (5 mg kg-', p.o.) or BWB70C
(10 mg kg', p.o.), either alone or in combination, did not
reduce the plasma leakage in the RPA sites (Table 1). A
higher dose of BWB70C (100 mg kg-', p.o.) or MK-886
(10 mg kg-', p.o., 4 h prior to challenge) also failed to inhibit
plasma leakage (Table 1).

BW755C Pretreatment (1 h) with BW755C (25-100mg
kg-l, p.o.) produced a dose-dependent reduction in plasma
leakage in RPA sites (Figure 6a). At the highest dose
(100 mg kg-', p.o.) the plasma leakage in RPA sites was not
significantly different from that produced by the saline
injected sites (P<0.001; n = 5).

SOD-PEG and desferrioxamine SOD-PEG (300-3 000 u,
i.v. 1 min prior to challenge) dose-dependently reduced
plasma leakage in RPA sites (Figure 6b), producing a
53 ± 9% inhibition (P<0.01; n = 4-8) of plasma leakage at
the highest dose (3 000 u, i.v.) The vehicle (PEG 200 nmol,
i.v.) had no significant effect on plasma leakage in RPA sites
(73 ± 10 gil; n = 7) compared to RPA sites in rats receiving
only saline (64 ± 9 glI; n = 4). The iron chelator and peroxyl
radical scavenger, desferrioxamine (200 mg kg-', s.c. 1 h
prior to challenge) also significantly inhibited plasma leakage
(44 ± 12% inhibition, n = 6, P< 0.01).
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Figure 6 Dose-dependent inhibition of plasma leakage in the rat
dermal reverse passive Arthus (RPA) reaction by (a) BW755C
(25-100mgkg-') and (b) superoxide dismutase-polyethylene glycol
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Dexamethasone Administration of dexamethasone (0.1 mg
kg-', s.c.) 2 h before induction of the RPA reaction
significantly reduced plasma leakage (91 ± 1% inhibition,
n=4; P<0.01; Table 1).

Colchicine Colchicine (1 mg kg-', s.c. 2 h prior to challenge)
inhibited neutrophil accumulation in the RPA reaction by
80 ± 4% (P<0.01; n = 7-8), as measured by MPO activity
(Figure 7a). The MPO activity in the saline-injected sites was
also lower in the colchicine-treated group than in the con-
trols. The decreased MPO activity in colchicine-treated
animals is unlikely to be due to a direct inhibitory activity of
colchicine on the enzyme or assay system, as colchicine
(10 1Ag ml-') had no effect on MPO activity from rat
peritoneal neutrophils in vitro (data not shown). In a parallel
experiment (Figure 7b) colchicine administration significantly
inhibited plasma leakage in RPA sites by 83 ± 5%
(P<0.001; n = 7).

Discussion

The present study provides strong evidence for an important
role of oxygen radicals in the plasma leakage produced dur-
ing the dermal reverse passive Arthus reaction (RPA) and in
the oedema induced by carrageenin in the rat paw. Further-
more, the data suggest that arachidonic acid cyclo-oxygenase
(CO) and 5-lipoxygenase (5-LO) products do not contribute
to the increases in plasma leakage in the dermal RPA or the
later phase of the carrageenin paw oedema.

Carrageenin paw oedema has been used extensively to
evaluate non-steroid anti-inflammatory drugs and the activity
of these compounds is closely related to their potency as
inhibitors of CO (Higgs et al., 1983). Indeed, in the present
study pretreatment with indomethacin abolished the oedema
induced by carrageenin. However, administration of
indomethacin 2 h after carrageenin had no effect on paw
oedema, confirming previous studies by Holsapple & Yim
(1984). In the present study, indomethacin also failed to
reduce the plasma leakage produced in the dermal RPA,
confirming previous studies where indomethacin and other
non steroid anti-inflammatory drugs were found either to
have weak or no effect (Pflum & Graeme, 1979; Chang &
Otterness, 1981; Carter et al., 1982). In contrast, prostaglan-
dins may play a role in the RPA response in the rabbit skin
since local administration of PGE2 enhanced, and indo-
methacin reduced, plasma leakage (Hellewell & Williams,
1987).
At the inflammatory site where there is damaged endo-

thelium, vasodilators may potentiate plasma leakage and
hence oedema formation by increasing blood flow (Williams
& Peck, 1977). In the present study, plasma leakage in rat
dermal RPA and the later phase of carrageenin paw oedema
appeared to be independent of prostaglandins, and therefore
other vasodilators may be involved, for example nitric oxide
(NO). Indeed, recent studies have indicated a role for NO in
substance P- and carrageenin-induced oedema in the rat
(Hughes et al., 1990; lalenti et al., 1992) and in endotoxin-
induced vascular permeability changes in the intestine
(Boughton-Smith et al., 1992).
The plasma leakage induced in the dermal RPA and in the

later phase of the carrageenin-induced paw oedema has been
proposed to be neutrophil-dependent (Humphrey, 1955). This
mechanism of action is supported in the present study by the
inhibition with colchicine (an inhibitor of microtubule
activity that prevents leucocyte motility) of neutrophil
infiltration and plasma leakage in dermal RPA and
carrageenin-induced paw oedema. Although LTB4 is thought
to be a major mediator of neutrophil accumulation and
plasma leakage in man and rabbit (for review, see Higgs et
al., 1984), both the selective 5-LO inhibitor BWB70C and the
5-lipoxygenase activating protein (FLAP) inhibitor MK-886

failed to reduce the plasma leakage in the dermal RPA at
doses that markedly inhibit leukotriene synthesis in vivo
(Salmon et al., 1989; Gillard et al., 1989). BWB70C was also
without effect on the carrageenin-induced paw oedema,
confirming previous studies with other selective 5-LO
inhibitors (Higgs et al., 1988). Although Namiki et al. (1986)
reported that LTB4 was chemotactic for rat neutrophils in
vitro, others have failed to demonstrate such an effect (Krei-
sle et al., 1985, Kopp et al., 1985). Moreover, binding studies
suggest that rat neutrophils lack the low affinity LTB4 recep-
tor which is thought to mediate chemotaxis (Kreisle et al.,
1985), which therefore may explain the lack of activity of
5-LO inhibitors in these neutrophil-dependent models of
inflammation.
The 'dual inhibitor' of CO and LO, BW755C, reduced paw

oedema when administered either before or after carrageenin.
In addition, BW755C produced a dose-dependent inhibition
of plasma exudation in the dermal RPA. The effect of
BW755C given before carrageenin may be mediated via CO
inhibition since pretreatment with indomethacin was also
effective. However, the anti-inflammatory effect of BW755C
when given after carrageenin and in the RPA was indepen-
dent of 5-LO and CO as the combination of BWB70C and
indomethacin failed to inhibit these responses. BW755C also
inhibits the 12-LO and 15-LO pathways of arachidonic acid
metabolism (Randall et al., 1980). Since these enzymes would
not be inhibited by the combination of BWB70C and
indomethacin at the doses used, the anti-inflammatory
activity of BW755C may have been due to inhibition of
12-LO or 15-LO. However, the anti-inflammatory activity of
BW755C may also be mediated by its anti-oxidant activity
(Marnett et al., 1982; Pekoe et al., 1982). This mechanism is
supported by the ability of both SOD-PEG, and desferriox-
amine to attenuate vascular leakage in dermal RPA. Also,
SOD-PEG, like BW755C, reduced oedema when admini-
stered either before or after carrageenin. SOD has previously
been shown to have anti-inflammatory activity in both car-
rageenin paw oedema (Oyanagui, 1976) and in rat dermal
RPA (Petrone et al., 1980; McCormick et al., 1981; Warren
et al., 1987; 1990). Furthermore, Fligiel et al. (1984) reported
that desferrioxamine attenuated plasma leakage in rat dermal
RPA, although Warren et al. (1990) found that desferriox-
amine attenuated plasma leakage in the rat lung but not
dermal RPA.

In the present study, the anti-inflammatory activity of
dexamethasone demonstrated by the reduction in plasma
leakage in the RPA and late phase carrageenin reactions
cannot be explained by inhibition of CO and 5-LO. How-
ever, glucocorticoids, via inhibition of phospholipase A2
through induction of lipocortin, will also inhibit 12-LO and
15-LO pathways of arachidonic acid metabolism and also
prevent the production of PAF (for review, Flower, 1989),
which may account for the activity of dexamethasone in the
present study. Indeed a PAF antagonist suppressed oedema
formation in the rabbit dermal RPA (Hellewell & Williams,
1986). In addition, dexamethasone inhibits the induction of
NO synthase in vivo (Knowles et al., 1990), which may
contribute to its anti-inflammatory activity in these models.
The present study suggests that neither prostaglandins nor

leukotrienes have a role in the later phase of carrageenin paw
oedema or in the dermal RPA in the rat skin. The anti-
inflammatory activity of SOD-PEG and desferrioxamine sug-
gests that the increases in vascular permeability in these
models are mediated by oxygen radicals. The results present-
ed illustrate qualitative differences in activity between the
combination of selective CO and 5-LO inhibitors and
BW755C, a so-called dual inhibitor of CO and 5-LO. Indeed,
the activity of BW755C in the present study is best explained
as being due to CO inhibition, for the initial suppression of
carrageenin paw oedema, while activity as a scavenger of
oxygen radicals may account for inhibition of the subsequent
phases, as well as its activity in dermal RPA. Previous studies
on the prevention of gastric mucosal injury in the rat by
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BW755C have also indicated that this action is independent
of CO and 5-LO inhibition (Boughton-Smith & Whittle,
1988). These observations illustrate clearly that the use of
BW755C to evaluate the role of leukotrienes in models of
inflammation is potentially misleading, and therefore should

be discontinued. These findings also suggest that the rat
dermal RPA and the later phases of the carrageenin paw
oedema may be suitable models for the in vivo assessment of
the anti-inflammatory actions of novel anti-oxidants and
inhibitors of oxygen radical generation.

References

BOUGHTON-SMITH, N.K., BERRY, S., EVANS, S.M., WHITTLE, B.J.R.
& MONCADA, S. (1992). Intestinal damage and the induction of
nitric oxide synthase by endotoxin in the rat. Br. J. Pharmacol.,
107, 79P.

BOUGHTON-SMITH, N.K. & WHITTLE, B.J.R. (1988). Failure of the
inhibition of rat gastric mucosal 5-lipoxygenase by novel
acetohydroxamic acids to prevent ethanol-induced damage. Br. J.
Pharmacol., 95, 155-162.

BRADLEY, P.P., PRIEBAT, D.A., CHRISTENSEN, R.D. & ROTHSTEIN,
G. (1982). Measurement of cutaneous inflammation. Estimation
of neutrophil content with an enzyme marker. J. Invest. Der-
matol., 78, 206-209.

CARTER, G.W., MARTIN, M.K., KRAUSE, R.A. & YOUNG, P.R.
(1982). The effects of anti-inflammatory and other agents on the
rat dermal arthus reaction. Res. Commun. Chem. Pathol. Phar-
macol., 35, 189-207.

CHANG, Y.-H. & OTTERNESS, I.G. (1981). Effects of pharmacological
agents on the reversed passive Arthus reaction in the rat. Eur. J.
Pharmacol., 69, 155-164.

FANTONE, J.C. & WARD, P.A. (1982). Role of oxygen-derived free
radicals and metabolites in leukocyte-dependent inflammatory
reactions. Am. J. Pathol., 107, 397-418.

FLOWER, R.J. (1989). Lipocortin. Biochem. Soc. Trans., 17, 276-278.
FLIGIEL, S.E.G., WARD, P.A., JOHNSON, K.J. & TILL, G.O. (1984).

Evidence for a role of hydroxyl radical in immune-complex-
induced vasculitis. Am. J. Pathol., 115, 375-382.

GILLARD, J., FORD-HUTCHINSON, A.W., CHAN, C., CHARLESON,
S., DENIS, D., FOSTER, A., FORTIN, R., LEGER, S., MCFARLANE,
C.S., MORTON, H., PIECHUTA, H., RIENDEAU, D., ROUZER, C.A.,
ROKACH, J., YOUNG, R., MACINTYRE, D.E., PETERSON, L.,
BACH, T., EIERMANN, G., HOPPLE, S., HUMES, J., HUPE, L.,
LUELL, S., METZGER, J., MEURER, R., MILLER, D.K., OPAS, E. &
PACHOLOK, S. (1989). L-663,536 (MK-886) (3-(1-(4-chloro-
benzyl)-3-t-butyl-thio-5-isopropylindol-2-yl)-2,2-dimethylpropanoic
acid), a novel, orally active leukotriene biosynthesis inhibitor.
Can. J. Physiol. Pharmacol., 67, 456-464.

HELLEWELL, P.G. & WILLIAMS, T.J. (1986). A specific antagonist of
platelet-activating factor suppresses oedema formation in an
arthus reaction but not oedema induced by leukocyte chemo-
attractants in rabbit skin. J. Immunol., 137, 302-307.

HELLEWELL, P.G. & WILLIAMS, T.J. (1987). Interaction between
eicosanoids and other mediators of inflammation. In Eicosanoids
in Inflammatory Conditions of the Lung, Skin and Joints. ed.
Church, M. & Robinson, C. pp. 43-65. Adv. Eicosanoid Res.,
Lancester: MTP Press.

HIGGS, G.A., FLOWER, R.J. & VANE, J.R. (1979). A new approach to
anti-inflammatory drugs. Biochem. Pharmacol., 28, 1959-1961.

HIGGS, G.A., FOLLENFANT, R.L. & GARLAND, L.G. (1988). Selective
inhibitors of arachidonate 5-lipoxygenase by novel acetohydrox-
amic acids: effects on acute inflammatory responses. Br. J. Phar-
macol., 94, 547-551.

HIGGS, G.A., MONCADA, S. & VANE, J.R. (1983). The mode of action
of anti-inflammatory drugs which prevent the peroxidation of
arachidonic acid. In Anti-rheumatic Drugs. pp. 11-36. ed. Huskis-
son, E.C. Praeger: Praeger Publishers.

HIGGS, G.A., MONCADA, S. & VANE, J.R. (1984). Eicosanoids and
inflammation. Ann. Clin. Res., 16, 287-299.

HOLSAPPLE, M.P. & YIM, G.K.W. (1984). Therapeutic reduction of
ongoing carrageenin-induced inflammation by lipoxygenase, but
not cyclooxygenase inhibitors. Inflammation, 8, 223-229.

HUGHES, S.R., WILLIAMS, T.J. & BRAIN, S.D. (1990). Evidence that
endogenous nitric oxide modulates oedema formation induced by
substance P. Eur. J. Pharmacol., 191, 481-484.

HUMPHREY, J.H. (1955). The mechanism of Arthus Reactions II.
The role of PMN leukocytes and platelets in reversed passive
Arthus reaction in the guinea-pig. Br. J. Exp. Pathol., 36,
283-289.

IALENTI, A., IANARO, A., MONCADA, S. & DI ROSA, M. (1992).
Modulation of acute inflammation by endogenous nitric oxide.
Eur. J. Pharmacol., 211, 177-182.

KNOWLES, R.G., SALTER, M., BROOKS, S.L. & MONCADA, S. (1990).
Anti-inflammatory glucocorticoids inhibit the induction by
endotoxin of nitric oxide synthase in the lung, liver and aorta of
the rat. Biochem. Biophys. Res. Commun., 172, 1042-1048.

KOPP, D.E., ESSER, B., TASHOFF, T., GOLDMAN, D.W., GOETZL, E.J.
& LEMANSKE, R.F. (1986). In vivo and in vitro assessment of the
role of leukotriene B4 as a mediator of rat cutaneous late-phase
reactions. J. Allergy Clin. Immunol., 77, 302-308.

KREISLE, R.A., PARKER, C.W., GRIFFIN, G.L., SENIOR, R.M. &
STENSON, W. (1985). Studies of leukotriene B4-specific binding
and function in rat polymorphonuclear leucocytes: absence of a
chemotactic response. J. Immunol., 134, 3356-3363.

LEWIS, R.A., AUSTEN, K.F. & SOBERMAN, R.J. (1990). Leukotrienes
and other products of the 5-lipoxygenase pathway - biochemistry
and relation to pathobiology in human diseases. N. Engl. J.
Med., 323, 645-655.

MARNETT, L.J., SIEDLIK, P.H. & FUNG, W.M. (1982). Oxidation of
phenidone and BW755C by prostaglandin endoperoxide synthase.
J. Biol. Chem., 257, 6957-6964.

MCCALL, T.B., BOUGHTON-SMITH, N.K., PALMER, R.M.J., WHIT-
TLE, B.J.R. & MONCADA, S. (1989). Synthesis of nitric oxide from
L-arginine by neutrophils. Release and interaction with superox-
ide anion. Biochem. J., 261, 293-296.

MCCORMICK, J.R., HARKIN, M.M., JOHNSON, K.J. & WARD, P.A.
(1981). Suppression by superoxide dismutase of immune-complex
induced pulmonary alveolitis and dermal inflammation. Am. J.
Pathol., 102, 55-61.

NAMIKI, M., IGARASHI, Y., SAKAMOTO, K., NAKAMURA, T. &
KOGA, Y. (1986). Pharmacological profiles of a potential LTB4
antagonist, SM-9064. Biochem. Biophys. Res. Commun., 138,
540-546.

OYANAGUI, Y. (1976). Participation of superoxide anions at the
prostaglandin phase of carrageenin foot-oedema. Biochem. Phar-
macol., 25, 1465-1472.

PEKOE, G., VAN-DYKE, K., PEDEN, D., MENGOLI, H. & ENGLISH, D.
(1982). Antioxidant theory of non-steroidal anti-inflammatory
drugs based upon the inhibition of luminol-enhanced
chemiluminescence from the myeloperoxidase reaction. Agents
Actions, 12, 371-376.

PETRONE, W.F., ENGLISH, D.K., WONG, K. & MCCORD, J.M. (1980).
Free radicals and inflammation: superoxide-dependent activation
of a neutrophil chemotactic factor in plasma. Proc. Natl. Acad.
Sci. U.S.A., 77, 1159-1163.

PFLUM, L. & GRAEME, M.L. (1979). The Arthus reaction in rats, a
possible test for anti-inflammatory and antirheumatic drugs.
Agents Actions, 9, 184-189.

RANDALL, R.W., EAKINS, K.E., HIGGS, G.A., SALMON, J.A. &
TATESON, J.E. (1980). Inhibition of arachidonic acid cyclooxy-
genase and lipoxygenase activities by indomethacin and com-
pound BW755C. Agents Actions, 10, 553-555.

SALMON, J.A. (1986). Inhibition of prostaglandin, thromboxane and
leukotriene biosynthesis. Adv. Drug Res., 15, 111-167.

SALMON, J.A., JACKSON, W.P. & GARLAND, L.G. (1989). Inhibition
of 5-lipoxygenase: development of hydroxamic acids and hydroxy-
ureas as potential therapeutic agents. Adv. Prostaglandin Throm-
boxane Leukot. Res., 21A, 109-112.

SCHRAUFSTATTER, I.U., HYSLOP, P.A., JACKSON, J. & COCHRANE,
C.C. (1987). Oxidant injury of cells. Int. J. Tissue React., 9,
317-324.

WARD, P.A. (1991). Mechanisms of endothelial cell injury. J. Lab.
Clin. Med., 118, 421-425.

WARREN, J.S., WARD, P.A., JOHNSON, K.J. & GINGSBERG, I. (1987).
Modulation of acute immune complex-mediated tissue injury in
the presence of polyionic substances. Am. J. Pathol., 128, 67-77.

WARREN, J.S., YABROFF, K.R., MANDEL, D.M., JOHNSON, K.J. &
WARD, P.A. (1990). Role of 02- in neutrophil recruitment into
sites of dermal and pulmonary vasculitis. Free Rad. Biol. Med., 8,
163-172.



902 N.K. BOUGHTON-SMITH et al.

WEDMORE, C.V. & WILLIAMS, T.J. (1981). Control of vascular
permeability by polymorphonuclear leukocytes in inflammation.
Nature, 289, 646-650.

WILLIAMS, T.J. & PECK, M.J. (1977). Role of prostaglandin-mediated
vasodilatation in inflammation. Nature, 270, 530-532.

(Received March 17, 1993
Revised June 1, 1993

Accepted June 15, 1993)



Br. J. Pharmacol.
Ltd, 1993

Electrophysiological actions of alfentanil: intracellular studies
in the rat locus coeruleus neurones

'T.H. Chiu, M.H. Yeh, *S.K. Tsai & tM.S. Mok

Departments of Physiology & *Anaesthesiology, National Yang-Ming Medical College, Shih-Pai, Taipei, Taiwan and
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1 The electrophysiological effects of alfentanil on 156 neurones of the rat locus coeruleus were
investigated by use of intracellular recordings from the in vitro brain slice preparation.
2 Bath application of alfentanil (5-100 nM) reversibly decreased the firing rate of all neurones tested in
a dose-dependent manner, with an IC,0 4.1 nM.
3 Based on inhibition of the spontaneous firing rate, alfentanil was 22 times more potent than
morphine.
4 At 100 nM, alfentanil produced a complete inhibition of firing of all neurones tested (n = 62); the
inhibition was accompanied by a membrane hyperpolarization 17.0 ± 0.8 mV (range 6.1-30.3 mV,
n = 62) and a reduction in input resistance 26.4 ± 1.7% (range 6.5-53%, n = 51).
5 The effects of alfentanil were antagonized by naloxone, with a dissociation equilibrium constant of
2.7±0.4nM (n=6).
6 The reversal potential for the alfentanil-induced hyperpolarization was - 110 ± 2 mV (n = 9), which
is approximately the potassium equilibrium potential.
7 The alfentanil-induced hyperpolarization was blocked by caesium chloride and barium chloride.
8 These results indicate that alfentanil binds to g-opioid receptors on the cell membrane of neurones of
the locus coeruleus. This leads to opening of the inward-going rectification potassium channels, resulting
in the observed hyperpolarization of the membrane.

Keywords: Alfentanil; locus coeruleus; brain slice; intracellular recording; ;L-opioid receptors; potassium channels

Introduction

The 4-anilinopiperidine series of analgesic/anaesthetics are
potent, synthetic opioids which are structurally and physico-
chemically dissimilar from morphine. Of this series alfentanil,
fentanyl and sufentanil are representative compounds (Cook-
son et al., 1983). In recent years, agents of this novel class
have become extremely popular in clinical anaesthesia
because of the superior analgesic potency and cardiovascular
stability that they provide (Sebel et al., 1982). According to
animal studies, the analgesic potency of alfentanil is 30 to 73
times greater than morphine, one fourth as great as fentanyl,
and one sixty-sixth as great as sufentanil (Niemegeer & Jans-
sen, 1981; Janssen, 1984). Studies of in vitro receptor binding
have shown that these 4-anilinopiperidine derivatives possess
high opiate receptor affinities, primarily at the f-receptor site
(Leysen et al., 1983). Little is known about the mechanism of
action of anilinopiperidine derivatives in the central nervous
system.
The hippocampal formation is the most commonly used

brain structure for the study of anaesthetic effects, which
have been extensively described both in vivo and in vitro (for
a review, see Pocock & Richards, 1991). We have conducted
a detailed assessment of the actions of alfentanil on neurones
of locus coeruleus (LC) using intracellular recording analysis
techniques. The LC brain slice was the subject of the present
investigation for three reasons. First, the LC contains the
greatest concentration of noradrenergic cell bodies in the
central nervous system (CNS), with projections from this
small pontine nucleus responsible for more than half the
noradrenaline in the brain (Amaral & Sinnamon, 1977).
Since the LC has extensive projections to many CNS areas,
alterations of the activity of LC neurones would be expected
to cause widespread effects in CNS. Second, immunocyto-
chemical and immunofluorescent studies showed that nerve

'Author for correspondence at: Department of Physiology, National
Yang-Ming Medical College, Shih-Pai, Taipei, Taiwan.

terminals that contain opioid peptides innervate neurones of
the LC (Finley et al., 1981; Leger et al., 1983). Electro-
physiological studies also indicate that opioid receptors in the
LC are of the j type ( Williams & North, 1984; North, 1986).
Third, the LC is the primary origin of descending nor-
adrenergic analgesic fibres (for reviews see Proudfit, 1988;
Lipp, 1991; Jones, 1991). Electrophysiological studies have
provided strong evidence for a role of LC in modulating
analgesia. Lesions of the LC impair the ability of morphine
to suppress responses to electrical stimuli of the rat fore paw
(Sasa et al., 1977), and analgesia induced by electrical
stimulation of LC neurones has been demonstrated in several
studies (see Proudfit, 1988 for references). Furthermore, mic-
roinjection studies have identified several brain regions as
important in mediating opiate analgesia, including the peri-
aqueductal gray, LC, nucleus raphe magnus and nucleus
reticularis gigantocellularis (see Bodnar et al., 1988 for
references). Bodnar et al. (1988) also observed profound
analgesia following the microinjection of morphine into these
four brain regions and further claimed that morphine
analgesia was more potent in the LC than in the peri-
aqueductal gray. Recently, synergistic analgesic interactions
between these supraspinal analgesic systems have been
reported and nucleus raphe magnus is suggested to form a
relay or the final common pathway for opioid-induced sup-
raspinal analgesia (Bodnar et al., 1991; Lipp, 1991; Rossi et
al., 1992).

Methods

Preparation and maintenance of slices of locus coeruleus

The methods used to prepare and maintain slices of locus
coeruleus of the rat were similar to those previously des-
cribed (Shefner & Chiu, 1986; Chiu et al., 1990). In brief,
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male Sprague-Dawley rats (120-200 g) were anaesthetized
with ether and their brains were rapidly removed. A block of
tissue containing the pons was excised and attached to a

small Plexiglass stage with cyanoacrylate glue; an agar block,
next to the tissue, served to support it during sectioning. The
tissue was then submerged in oxygenated artificial cerebro-
spinal fluid (artificial CSF), maintained at 3-5°C, in the well
of a Lancer 1000 vibratome and coronal slices of pons
(300-350 itm thick) were cut. A slice containing a cross-
section through the caudal end of the locus coeruleus was
mounted in the recording chamber and allowed to equilibrate
for 1 h. The recording chamber consisted of a Plexiglass bath
(0.3 ml) with a nylon net stretched tightly across it. The slice
was placed on a square of lens paper on top of the net and
an electron microscopy grid, held down by platinum wires,
was placed over the locus coeruleus to keep the slice from
floating. The slice was completely submerged in artificial CSF
of the following composition (mM): NaCl 126, KCl 2.5,
NaH2PO4 1.2, NaHCO3 26.2, MgCl2 1.3, CaCl2 2.4, glucose
11.1 (saturated with 95% 02/5% C02, pH = 7.4). The
temperature of the artificial CSF was 33-34°C and the flow
rate was 2.3 mlmin-'.

Intracellular recording

The slice was viewed from above through a dissection micro-
scope. In the trans-illuminated slice, the locus coeruleus is
seen as a translucent area lying on the lateral aspect of the
periventricular gray, below the fourth ventricle. Recording
microelectrodes, filled with KCl (2 M) and having d.c. tip
resistance 40-70 MQ, were used. They were inserted into the
locus coeruleus under visual control. Intracellular potentials
were recorded by an amplifier with an active bridge circuit,
allowing the injection of current through the recording elec-
trode (WPI M707). Current and voltage traces were dis-
played on a storage oscilloscope (Textronix 5113) and a
rectilinear pen recorder (Gould 2400). Input resistance was
measured by passing pulses of hyperpolarizing current of
varied amplitudes; the resulting alterations of voltage were
measured and voltage-current (V/I) curves were constructed.
Current pulses were of sufficient duration (250-300 ms) to
charge fully the membrane capacitance and to reach a
steady-state voltage deflection.

Perfusion of solutions and drugs

A valve system was used to switch solutions, superfusing the
preparation, from control artificial CSF to CSF which con-
tained drugs. The period required for test solutions to reach
the chamber was known and was in the range 25-35 s.
Equilibration to the full concentration of the drug in the
chamber took approximately 2.5 min. Drugs were admin-
istered for a sufficient period to reach a steady-state response
and the effects were observed at 5 min or longer, after the
beginning of infusion of the drug.

Drugs

The following drugs were used: alfentanil hydrochloride
(Janssen), morphine sulphate (Narcotics Bureau, Taiwan),
naloxone hydrochloride, caesium chloride and barium chlor-
ide (Sigma). Numerical data are expressed as mean ± stan-
dard error of the mean (s.e..mean).

Results

n = 156), with a regular interspike interval characteristic of
neurones of the locus coeruleus in the slice preparation (Wil-
liams et al., 1984).

Alfentanil responses

Alfentanil (5- 100 nM) reversibly decreased the firing rate of
all neurones of the locus coeruleus tested. Although neurones
varied in their sensitivity to alfentanil, the inhibition of firing
rate, hyperpolarization of the membrane potential and reduc-
tion in input resistance depended on concentration (Figure
1). The most sensitive of these effects, which caused a re-
markable change even at small alfentanil concentrations, was
decrease of the firing rate. At 5 and 1O nM alfentanil, which
respectively gave 58% (n = 14, including 3 cells in which
firing was completely suppressed) and 76% (n = 29, including
12 cells in which firing was completely suppressed) inhibition
of the neuronal firing rate, little hyperpolarization and small
reduction of input resistance of the neurones were seen.
Larger concentrations of alfentanil (30 and 50 nM) caused
not only greater inhibition of firing but also hyperpolariza-
tion of the membrane potential and decreased input resis-
tance. There was considerable variation of the size of hyper-
polarizations and reductions of input resistance induced by
the same concentration of alfentanil in different neurones.
For instance, the amplitudes of hyperpolarization and reduc-
tion of input resistance in response to 30 nM alfentanil were
in the range 0-18 mV (9.1 ± 0.7 mV, n = 47) and from 0 to
37% (12.7 ± 1.4%, n = 40), respectively. At 100 nM, alfen-
tanil produced complete inhibition of firing of all neurones
tested (n = 62); the inhibition was associated with a 17 mV
hyperpolarization (range 6.1-30.3 mV, n =62) and a 26%
reduction in input resistance (range 6.5-53%, n = 51).
Because locus coeruleus neurones have a pronounced inward
rectification, we demonstrated that the decrease of input
resistance observed as an effect of alfentanil was not due to
membrane rectification induced by the hyperpolarization.
The resistance decrease persisted when the membrane poten-
tial was manually clamped back to its predrug value during
the peak of the effect (e.g. Figure Sb).

Comparison ofpotencies of alfentanil and morphine

Dose-response curves for alfentanil and morphine for the
inhibition of firing rate were compared in 5 neurones of the
locus coeruleus. The neurones were perfused individually
with one of the two drugs at varied concentrations and then
with those of the other. Figure 2 shows the results from one
cell, in which alfentanil was 21 times more potent than
morphine. A comparison of the IC50 between alfentanil and
morphine in these 5 neurones is listed in Table 1. On average,
alfentanil was 22 times more potent than morphine. In three
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The present results are based on recordings made from 156
locus coeruleus neurones in total, with stable intracellular
impalements. These cells had resting membrane potentials of
- 50-- 71.7 mV (- 60.7 ± 0.4 mV, n = 156) and apparent
input resistance of 101-362MQ (161 ± 5 MQ, n = 141).
They fired spontaneously from 0.4 to 3.8 Hz (2.2 ± 0.1 Hz,

5 10 30 50 100
Alfentanil concentration (nM)

Figure 1 Dose-dependent effects of alfentanil on the firing rate (0),
membrane potential (-) and input resistance (0) of neurones of the
locus coeruleus. Mean ± s.e.mean is shown for the number of
neurones indicated.
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Figure 2 The dose-response curves for alfentanil (0) and morphine
(M) were compared on the inhibition of neuronal firing in the locus
coeruleus. The IC_0 is defined as the concentration which gave 50%
inhibition of neuronal firing. The calculated IC50 of alfentanil,
obtained from this figure, was 2.6 nM; that of morphine was 55.2 nm.
In this cell, alfentanil was 21 times more potent than morphine.

Table 1 IC50 of morphine and alfentanil for inhibition of
spontaneous firing of neurones of the locus coeruleus

Cell no.

2
3
4
5

Mean ± s.e.mean

IC50 of
morphine

(nM)

72.9
59.2
55.2
52.1
32.2

IC50 of
alfentanil

(nM)

2.7
2.3
2.6
2.5
2.6

54.3±6.6 2.5±0.1

IC50 ratio
(Morph/Alf)

27.2
25.8
21.0
20.9
12.6

21.5

Figure 3 Effect of alfentanil on the current-voltage relationship of a
neurone in the locus coeruleus. (a) The injected hyperpolarizing
current pulses and the generated electrotonic potentials of the
neurone, perfused with normal artificial CSF. (b) The current pulses
and electrotonic potentials of the same neurone, perfused with alfen-
tanil (100 nM). (c) Current-voltage curves for this neurone, perfused
with (0) control artificial CSF and (A) alfentanil (100 nM). The
arrow indicates the reversal potential, which was - 115 mV in this
neurone.

The dose-response curve of cell 3 is shown in Figure 2.

other neurones, alfentanil and morphine at greater concentra-
tions were applied to induce stronger hyperpolarization in
the LC neurones. These concentration-dependent hyper-
polarizations were used to construct dose-response curves.
However, it was generally impracticable to construct full
concentration-hyperpolarization sigmoidal curves for both
alfentanil and morphine during the course of a recording
from a single cell. The rank order of potency of alfentanil
and morphine was, therefore, determined by comparing their
equieffective concentrations that produced a 15-mV hyper-
polarization (the half-maximal response caused by 100 tiM

normorphine; see Williams & North, 1984). The equieffective
concentration of morphine was 25 times greater than that for
alfentanil.

Current-voltage relationship before and after perfusion
of alfentanil

The current-voltage relationship of the locus coeruleus
neurones revealed an anomalous rectification that has been
described previously (Andrade & Aghajanian, 1984;
Osmanovic & Shefner, 1987; Williams et al., 1988). That the
value of the alfentanil reversal potential was so negative
made it difficult to reverse alfentanil responses by hyper-
polarizing the membrane with d.c. current injection. Instead,
the reversal potential for alfentanil-induced hyperpolarization
was calculated from the intersection of the control current-
voltage curve and the curve obtained in the presence of
alfentanil. The relationship between injected current pulses
and steady-state membrane potentials is shown in Figure 3c.

After alfentanil administration the slope of the current-
voltage curve was reduced throughout the voltage range

examined; hence the decreased input resistance elicited by
alfentanil resulted not simply from anomalous rectification
by the cell membrane. The alfentanil reversal potential
ranged from - 101 to - 117 mV; the average was
-110± 2 mV (n = 9).

Effect of naloxone on reversing the hyperpolarization
caused by alfentanil

Perfusion of naloxone (100 nM) produced no significant
change of membrane potential or input resistance in
neurones of the locus coeruleus. However, a small increase in
firing rate was occasionally observed. Pretreatment with
naloxone (100 nM) and then changing the perfusate to alfen-
tanil (100 nM), mixed with naloxone (100 nM), eliminated the
effects of alfentanil on these neurones. Neither firing rate,
membrane potential nor input resistance was altered, com-
pared with the pre-alfentanil state (n = 4). In another six
neurones, the duration of recording was sufficient to con-
struct concentration-response curves for alfentanil, in the
absence and presence of naloxone; an example is presented in
Figure 4. Naloxone produced a parallel, dose-related shift to
the right of the concentration-response curve for alfentanil.
To determine the dissociation equilibrium constants (KD) for
naloxone, we calculated the dose-ratio by dividing the con-
centration of alfentanil, required to produce a given
hyperpolarization in the presence of naloxone, by the concen-
tration of alfentanil, required to give an equal hyperpolariza-
tion in the absence of naloxone. These dose-ratios were then
used to construct the Schild plots, described by Williams &
North (1984). These experiments yielded a KD value of
2.7 ± 0.4 nM (n = 6) for the antagonism of alfentanil-induced
hyperpolarizations by naloxone.
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Figure 4 Antagonism by naloxone of alfentanil-induced hyperpolarization. (a) Shows hyperpolarization induced by superfusion of
alfentanil (9900 nM) in the presence of naloxone (300 nM). (b) Dose-response curves for alfentanil in the presence of different
concentrations of naloxone: control (x); naloxone 30 nM (0); 100 nM (A) and 300 nM (A). (c) Schild plot of data shown in (b), at
a response level 14 mV. The dissociation equilibrium constant was 2.9 nm in this neurone.

Effect of BaCl2 and CsCl on blocking hyperpolarization
caused by alfentanil

The blocking effects of barium (0.3 mM) and caesium (3 mM)
on alfentanil-induced hyperpolarization were tested in 8 and
5 neurones of the locus coeruleus, respectively. Barium
depolarized the membrane and increased the amplitude and
duration of the action potential. Caesium also increased the
peak amplitude, duration and afterhyperpolarization of the
neuronal action potential. As shown in Figure Sb, super-
fusion with alfentanil (100 nM) for 4.5 min produced com-
plete inhibition of spontaneous firing, hyperpolarization of
the membrane potential (16.5 mV) and decreased input resis-
tance (25%). After superfusion with caesium chloride (3 mM)
for 25 min, or barium chloride (0.3 mM) for 15 min, the same
neurone was challenged with alfentanil (100 nM), again in the
presence of caesium (Figure Sc) or barium (Figure Sd). Dur-
ing caesium treatment, alfentanil-induced hyperpolarization
still occurred, though to a lesser degree (67% reduction).
Barium, on the other hand, completely prevented alfentanil-
induced hyperpolarization, but inhibition of spontaneous
firing remained (a 37% reduction). In eight neurones tested,
barium completely blocked the hyperpolarization caused by
alfentanil, but a partial suppression of the baseline firing rate
was still observed (48 + 10%, n = 8). In the caesium-treated
neurones, caesium reduced but did not eliminate hyper-
polarization of alfentanil. On the average, caesium reduced
the alfentanil-induced hyperpolarization by 44% of these five
cells.

Discussion

Our investigation provides evidence that alfentanil is able to
inhibit the spontaneous firing rate, cause hyperpolarization of
the membrane potential and reduce the input resistance of
neurones of the locus coeruleus. These findings are consistent
with those of previous studies that indicate that many anaes-
thetic agents reduce the neuronal excitability of central
neurones by increasing membrane conductance and produc-
ing hyperpolarization (Nicoll & Madison, 1982; Berg-Johnsen
& Langmoen, 1987; O'Beirne et al., 1987). The functional
significance of this hyperpolarization would be to increase
the threshold of impulse initiation and thus to decrease the
probability that a cell discharges in response to a given
excitatory synaptic input. By use of extracellular single
neurone recording, it has been demonstrated that alfentanil

inhibited both the spontaneous activity of medullary res-
piratory neurones in rats (Hewson & Bradley, 1982) and the
noxiously evoked activity of cells in the nucleus reticularis
gigantocellularis in cats (Yuge et al., 1985). The present
results on the spontaneous neuronal activity are compatible
with the extracellular findings. We also found that the
depressant effects of alfentanil on neurones of the locus
coeruleus were more potent than those of morphine. Com-
parison of the ability of alfentanil and morphine to inhibit
neuronal firing in the locus coeruleus showed that alfentanil
was 22 times as potent as morphine. Although in some
studies no evidence was found of alteration of membrane
potential with anaesthetic agent treatment (Weakly, 1969;
Zorychta & Capek, 1978; Sawada & Yamamoto, 1985;
Richards & Strupinski, 1986), the present results that alfen-
tanil is 25 times as potent as morphine in causing hyper-
polarization confirm previous observations that there is a
clear correlation between the anaesthetic (or analgesic)
potency and the hyperpolarization potency (Nicoll &
Madison, 1982, see Figure 1).
The observation that naloxone was able to counteract the

inhibitory effect of alfentanil on neurones of the locus
coeruleus is consistent with previous reports, which demon-
strated that naloxone competitively reversed the effects of
opioid substances ([D-Ala2,N-methyl-Phe4,Gly5-ol]enkephalin),
with a dissociation equilibrium constant in the range
1.5-2 nM (Williams & North, 1984; McFadzean et al., 1987).
Our work showed that naloxone antagonized the actions of
alfentanil, with a dissociation equilibrium constant about
2.7 nM, which is within the range used to define the "A-opiate
receptor (0.5-3 nM, North, 1986) and appears to be much
smaller than the antagonistic KD values for naloxone on 6-

and Kc-receptors (30 and 15 nM, respectively; North, 1986,
Table 1). North et al. (1987) also demonstrated that the
1.-agonist, and not the 6-agonist, caused hyperpolarization of
neurones of the locus coeruleus. Extrapolating from these
results, we suggest that hyperpolarization caused by alfen-
tanil was also mediated by ri-opiate receptors (Leysen et al.,
1983).

Hyperpolarization of neurones of the locus coeruleus,
caused by alfentanil, appears to be due to the opening of
potassium channels, that display anomalous rectification, for
the following reasons: (1) alfentanil enhanced anomalous
rectification; (2) caesium and barium suppressed alfentanil-
induced hyperpolarization, and (3) the reversal potential of
the hyperpolarization was about - 110 mV, approximately
the potassium equilibrium potential (Williams et al., 1988).
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This evidence is consistent with previous studies that
indicated that the opioid-induced potassium conductances in
neurones of the submucous plexus (North et al., 1987), the
arcuate nucleus (Loose & Kelly, 1990) and locus coeruleus
(North et al.,1987; Williams et al., 1988) are characterized by
inward rectification. Caesium chloride, however, can only
partially suppress alfentanil-induced hyperpolarization in the
neurones tested (see also North & Williams, 1985; Chiu et
al., 1990). In contrast, hyperpolarization induced by alfen-
tanil was completely suppressed by barium in the neurones
tested. These data indicate that barium was more effective
than caesium in suppressing alfentanil-induced hyperpolariza-
tion. Extracellular barium and caesium block inward-

rectifying potassium channels in the LC (Osmanovic &
Shefner, 1987; Williams et al., 1988) but the behaviour of
caesium blocking differs from that of barium blocking.
Externally applied caesium appeared to cause only a voltage-
dependent block of the inward potassium current through the
inward rectifier but had no effect on the outward potassium
current induced by opioids (North et al., 1987) or somato-
statin (Mihara et al., 1987). External barium, in contrast, can
block both inward and outward potassium currents (see Con-
stanti & Galvan, 1983 for references). Furthermore, barium
carries charge through calcium channels more effectively than
calcium itself in the LC (Williams et al., 1984) and in several
other kinds of excitable membrane (see Schwindt & Crill,

a l l l l l m l l l l l l l l l l l l l l ll l l I I I I I I I 8 I i I I I I I I I I

I 0.05 nA
b Continuous record

f Atfenianil 100 nM
1'i'XII[If[IrliilUllliljil[Thu:ir l IIiiiulii 11111111-rF IIIIIIIT I 1T1iss

t Wash

-3nmin 15s

10mV l_
5s

c Continuous record

11 g I I CeesIIum31 m1 +1a1fentanl 100n I
Caesium 3 mM a'ffentanil 100 nM Wash

d Continuous record

B....m..... 3 . +.alfentani--100 n---- Wash

f 0 rium 300 PM + alfenta'nil 100-nm Wash

Figure 5 Effects of caesium and barium on alfentanil-induced hyperpolarization in a neurone in the locus coeruleus. (a) Shows the
injected current with amplitude 0.065 nA, duration 300 ms and frequency 0.3 Hz. (b) Superfusion with alfentanil (100 nM) caused
complete inhibition of the firing rate, hyperpolarization of the membrane potential (16.5 mV) and a decrease in input resistance
(25%). During the steady state of hyperpolarization, a d.c. depolarizing current was injected to return the membrane potential of
this cell to its predrug level (see curent trace in a). When this was done, the input resistance was still decreased, as compared with
the predrug state. (c) In the presence of caesium (3 mM), alfentanil-induced hyperpolarization still occurred, though to a lesser
degree (a 67% reduction). (d) In the presence of barium (0.3 mM), alfentanil (100 nM) produced no hyperpolarization. However,
inhibition of spontaneous firing still occurred, although it was not complete (37% inhibition).
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1980, for references), which in turn would generate a
depolarizing current. In combination, these effects of barium
would contribute to its actions in opposing the alfentanil-
induced hyperpolarization.
The mechanisms by which the LC involved in the media-

tion of opioid analgesia are complicated as there appears to
be interaction between the supraspinal systems. A review of
the literature indicates that participation of the LC in
modulating morphine-induced antinociception is mediated
indirectly through the nucleus raphe magnus (Lipp, 1991).
Neurones in two classes are identified in the nucleus raphe
magnus, termed off- and on-cells (Fields et al., 1988; see also
Pan et al., 1990). Several lines of evidence indicate that
on-cells function primarily as intrinsic GABAergic inter-
neurones that inhibit off-cells and that disinhibition (activa-
tion) of off-cells results in antinociception (Pan et al., 1990;
Fields et al., 1991; Heinricher et al., 1992). Pharmacological
investigations have shown that on-cells but not off-cells were
consistently and selectively excited by noradrenaline, and this
facilitatory effect was reversed by the al-antagonist, prazosin

(Heinricher et al., 1988). Since the nucleus raphe magnus
receives noradrenergic innervation from the LC (Chu &
Bloom, 1974; Amaral & Sinnamon, 1977; Sakai et al., 1979;
Westlund & Coulter, 1980; Dong & Shen, 1986), then direct
inhibition of LC neurones by opioid substances (e.g. alfen-
tanil) results in decreased release of noradrenaline within the
nucleus raphe magnus. Consequently, lifting of the tonic
excitatory influence of noradrenaline on the on-cells disrupts
GABA inhibition of the off-cells. This disinhibition allows
the descending inhibitory influence of off-cells on the spinal
pain-transmission to be facilitated and could be the possible
mechanism by which the LC mediates opioid (alfentanil)
supraspinal analgesia (Lipp, 1991; Field et al., 1991; Hein-
richer et al., 1992; Heinricher & Tortorici, 1992).
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T.H.C.) from the National Science Council, and a Tjing-Ling
Medical Foundation Professorship (to T.H.C.), Taiwan. We apprec-
iate the help given to us by Miss M.J. Chen in preparing this
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Evidence that M1 muscarinic receptors enhance noradrenaline
release in mouse atria by activating protein kinase C
Mary Costa, Michelle Barrington & 'Henryk Majewski

Prince Henry's Institute of Medical Research, PO Box 152, Clayton, Victoria, Australia 3168

1 The Ml selective muscarinic agonist, McNeil A 343, enhanced the electrically evoked release of
noradrenaline from postganglionic sympathetic nerves in mouse atria. This has been found previously to
be due to activation of muscarinic receptors of the Ml subtype, probably located on sympathetic nerve
terminals. The present study investigated the signal transduction mechanisms involved in the release-
enhancing effects of McNeil A 343. The release of noradrenaline from mouse atria was assessed by
measuring the electrically-induced (3 Hz, 60 s) outflow of radioactivity from atria which had been
pre-incubated with [3H]-noradrenaline.
2 8-Bromo cyclic AMP in the presence of IBMX was used to enhance maximally S-I noradrenaline
release through cyclic AMP-dependent mechanisms. However, the facilitatory effect of McNeil A 343
(10 ytM) was not different from the effect in the absence of these drugs, suggesting that McNeil A 343
enhances noradrenaline release independently of the cyclic AMP system. Furthermore, the release-
enhancing effect of McNeil A 343 (10 AM) on noradrenaline release was also not altered by the
5-lipoxygenase inhibitor, BW A4C.
3 The facilitatory effect of McNeil A 343 was not altered in the presence of drugs (trifluoperazine, W7,
and calmidazolium) which inhibit calmodulin-dependent processes, suggesting that the mechanisms of
action of McNeil A 343 does not depend on calmodulin.
4 It was considered likely that the facilitatory effect of McNeil A 343 on noradrenaline release may be
due to activation of protein kinase C, since activators of protein kinase C enhance noradrenaline release.
The facilitatory effect of McNeil A 343 was abolished by the non-selective protein kinase C inhibitor,
K-252a. To investigate further the involvement of protein kinase C, mouse atria were chronically
incubated (9-O h) with the protein kinase C activator, 4p-phorbol dibutyrate (1.0IM) in order to
down-regulate protein kinase C activity. In protein kinase C-down-regulated atria, the facilitatory effect
of McNeil A 343 (30 AM) was abolished. Incubation with 4m-phorbol dibutyrate which does not affect
protein kinase C did not reduce the facilitatory effect of McNeil A 343. This provides evidence that
activation of protein kinase C is involved in the signal transduction process of McNeil A 343.

Keywords: Noradrenaline release; Ml muscarinic receptors; McNeil A 343; calmodulin antagonists; protein kinase C

Introduction

It is well established that postganglionic sympathetic nerve
terminals are endowed with release-inhibiting muscarinic
receptors (see Muscholl, 1980; Mitchelson, 1988). However,
the muscarinic agonist, McNeil A 343, enhances action-
potential evoked release of noradrenaline from sympath-
etically innervated tissues (Allen et al., 1972; 1974; Fozard &
Muscholl, 1974; Nedergaard, 1980; Arbilla et al., 1986; Vizi
et al., 1989). In the past this effect was thought not to involve
muscarinic receptors as it was resistant to blockade by
atropine (Allen et al., 1972; 1974; Fozard & Muscholl, 1974;
Nedergaard, 1980; Arbilla et al., 1986; Vizi et al., 1989).
However, in a recent study in mouse atria (Costa & Majew-
ski, 1991) it was found that the facilitatory effect of low
concentrations of McNeil A 343 on stimulation-induced
release of noradrenaline was blocked by the muscarinic
receptor antagonists, atropine, pirenzepine, dicyclomine and
methoctramine, with the rank order of antagonism (pirenze-
pine>methoctramine) suggesting that an Ml receptor was
involved. On the other hand, the inhibitory effect of car-
bachol on noradrenaline release was blocked with a rank
order of antagonism methoctramine> pirenzepine, sugges-
ting that this was mediated through M2 muscarinic receptors.
Thus it may be that noradrenaline release from sympathetic
nerves is under dual Ml and M2 modulation. In field stim-
ulated mouse atria, the facilitatory Ml receptors on
sympathetic nerves were not activated by endogenously
released acetylcholine since pirenzepine did not inhibit

Author for correspondence.

noradrenaline release (Costa & Majewski, 1991). However, in
rabbit atria, pirenzepine did inhibit noradrenaline release
during concomitant parasympathetic/sympathetic nerve stim-
ulation (Muscholl et al., 1989; Altes et al., 1990; Harber-
meier-Muth et al., 1990), suggesting physiological activation
of MI-receptors by neuronally released acetylcholine.
The aim of the present study was to characterize further

the Ml facilitatory mechanism on sympathetic nerves by
investigating the signal transduction pathway through which
it operates. Candidate pathways include the adenosine 3':5'-
cyclic monophosphate (cyclic AMP) system since activation
of this system results in enhanced release of noradrenaline
(see Majewski et al., 1988); arachidonic acid metabolites since
activation of muscarinic receptors releases arachidonic acid
metabolites in many tissue and cell types (see Nathanson,
1987); and the phospholipase C pathway since in many
systems Ml receptors transduce their effect through this
system (see Fisher & Agranoff, 1987). Two important second
messengers are formed as a result of phospholipase C
activity; inositol trisphosphate and diacylglycerol (see Ber-
ridge, 1987). The major action of inositol trisphosphate is to
release calcium from intracellular stores (Berridge & Irvine,
1984), and this may influence neurotransmitter release since
calcium binds to calmodulin which may then activate
calcium-calmodulin protein kinases thought to be involved in
the neurotransmitter release process (see Greengard, 1987).
Diacylglycerol, on the other hand, activates protein kinase C,
a process which enhances noradrenaline release from many
tissues both in the central nervous system and periphery (see
Majewski et al., 1990). In this study all of these mechanisms
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were investigated to determine the signal transduction path-
way utilized by release-enhancing M, receptors in sym-
pathetic nerves.

Methods

[3H]-noradrenaline release

Mice of either sex (15-25 g) were decapitated and the heart
was rapidly removed and placed in Krebs-Henseleit solution
which was bubbled with a mixture of 5% CO2, 95% 02. The
atria were dissected free of the surrounding tissue and placed
in an organ bath with Krebs-Henseleit solution which was
maintained at 37°C and constantly gassed with 5% CO2,
95% 02. The atria were incubated with [3H]-noradrenaline
(15 flCi ml-'; 0.37 fM) for 20 min to label transmitter
noradrenaline stores. Following incubation the atria were
tied loosely to a disc and transferred to individual flow cells.
The tissues were washed by superfusing them at a rate of
2 ml min-' for 60 min with Krebs-Henseleit solution which
was maintained at 37°C and constantly gassed with 5% CO2,
95% 02. A priming stimulation was delivered to the atria
45 min after the beginning of the washing period. The prim-
ing stimulation consisted of square wave pulses, 1 ms dura-
tion, 15 V cm-' field gradient, and was delivered at 3 Hz for
60 s through two platinum electrodes which were fixed into
the flow cell and situated either side of the tissue. The
washing procedure and the priming stimulation were
designed to remove unbound and loosely bound radioactive
compounds from the atria. After the washing period, 3 min
fractions of the solution superfusing the atria were collected
for the next 54 min. There were two test stimulation periods
(S1 and S2), delivered at 6 and 42 min from the onset of
sample collection. The stimulation parameters for the test
stimulations were the same as those for the priming stimula-
tions (15 V cm-', 3 Hz, 60 s). The effects of drugs were
assessed by superfusing them only during the second stimula-
tion period. In most experiments drugs were present from
either 24 min or 15 min prior to the second stimulation
period.
At the end of all experiments the atria were dissolved

overnight in 2 ml Soluene 350 (Packard Instruments, Wil-
mington, U.S.A.). The samples of the superfusion solution
and the dissolved atria were added to 6-12 ml Picofluor 40
(Packard), and the radioactive content of the samples and the
atria was estimated with a liquid scintillation counter. Cor-
rections for counting efficiency were determined by automatic
external standardization, and all measurements were exp-
ressed as disintegrations per min (d.p.m.).

Chronic experiments with phorbol dibutyrate

Mouse isolated atria were dissected free and placed in
25-50 ml of tissue culture medium to which either vehicle
(dimethylsulphoxide, DMSO, 0.05% v/v) or phorbol ester
(1.0jIM) had been added. The solution containing the atria
was placed in an incubator which had a 95% 02, 5% CO2
environment and was maintained at 37°C, for 9-10 h. The
culture medium had been equilibrated in the incubator for
20 min before the atria were added. Following the preincuba-
tion the atria were removed, rinsed in Krebs-Henseleit solu-
tion and then a [3H]-noradrenaline release experiment was
conducted as described by Foucart et al. (1991), where in-
stead of flow cells, the atria was placed in an organ bath and
the outflow of radioactivity measured in 3 min samples of the
bathing fluid. Some experiments on non-preincubated atria
were also performed in organ baths as indicated in the
results.

Calculation of radioactive outflow
The fractional radioactive outflow of a sample was calculated
as the radioactive content of the sample expressed as a

percentage of the total tissue radioactivity at the time the
sample was collected. The spontaneous (resting) outflow of
radioactivity was calculated as the mean value of the frac-
tional radioactive content of the sample taken immediately
before the stimulation and of the sample taken 9 min follow-
ing the onset of stimulation. The fractional stimulation-
induced outflow of radioactivity was calculated by adding the
fractional radioactive content of the sample during which
stimulation occurred and the sample immediately following,
and then subtracting twice the mean fractional resting
outflow of radioactivity.

Statistical analysis of results

All data are expressed as mean and standard error of the
mean (s.e.mean). The data were analysed by Student's t tests.
Where multiple comparisons against a single control were
made, one way analysis of variance (ANOVA) followed by
Dunnett's tests were done. Where appropriate, two-way
ANOVA were also carried out to determine whether effects
of McNeil A 343 in relation to drug-free control experiments
(A) were affected by a particular treatment (B). In this case
the significance was determined from the interaction term
A*B in the analysis of variance table, where variable A
comprised McNeil A 343 and control experiments and
variable B comprised McNeil A 343 and control experiments
after the treatment. Probability levels (P) of less than 0.05
were taken to indicate statistical significance in all cases.

Materials

The following drugs were used: (-)-2,5,6-[3H]-noradrenaline
(specific activity 40.8 Ci mmol-'; NEN, Boston, U.S.A.),
3-isobutyl-l-methylxanthine (IBMX), W-7 (N-(6-aminohexyl-
5-chloro-l-napthalenesulphonamide), 4p-phorbol dibutyrate,
calmidazolium (R 24 571) and trifluoperazine (Sigma, St
Louis, U.S.A.); 8-bromoadenosine 3',5'-cyclic monophos-
phate (Boehringer-Mannheim, Mannheim, FRG); 4x-phorbol
dibutyrate (LC Services, Woburn, U.S.A.); McNeil A 343 (4-
(m-chlorophenylcarbamoyloxy)-2-butynyltrimethylammonium
chloride; McNeil Laboratories, Australia). BW A4C (N-(3-
phenoxycinnamyl) acetohydroxamic acid) was a gift from
Wellcome, UK. K-252a ((8R*,9S*,I IS*)-(-)-9-hydroxy-9-
methoxycarbonyl-8-methyl-2,3,9, I 0-tetrahydro-8- 1 1 -epoxy-1H,
8H, 11 H-2,7b, 1 la-triazadi benz[a,g]cycloocta[c,d,e,]trinden-l-
one) was a generous gift from Dr H. Kase, Kyowa Hakko
Kogyo, Japan.

Trifluoperazine, W-7, calmidazolium, BW A4C, phorbol
dibutyrate and K-252a were dissolved in DMSO before being
further diluted in Krebs-Henseleit. All other drugs were dis-
solved directly in Krebs-Henseleit solution.
The modified Krebs-Henseleit solution had the following

composition (mM): NaCl 118, KCI 4.7, CaCl2 2.5, NaHCO3
25.0, KH2PO4 1.03, MgSO4 0.45, D-( + )-glucose 11.1,
disodium edetate 0.067, and ascorbic acid 0.14.
The tissue culture medium used was Medium 199 with

Hank's salt without glutamine (Commonwealth Serum
Laboratories, Parkville, Australia) to which bovine serum
albumin (5 g 1`) and sodium pyruvate (0.5 mM) were added.

Results

Cyclic AMP and McNeil A 343

Mouse atria were incubated with [3H]-noradrenaline and two
stimulations were delivered (SI and S2). The absolute frac-
tional stimulation-induced (S-I) outflow of radioactivity for
all experimental groups in the first stimulation period (FR1)
is given in Table 1.
The M, selective agonist, McNeil A 343 (10IM), signi-

ficantly enhanced the fractional S-I outflow of radioactivity
from mouse atria when it was present during the second
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Table 1 The baseline
radioactivity correspondii
(SI) from mouse atria pre

Treatment

No pre-incubation

No pre-incubation
DMSO incubation
4kx-PDB incubation

DMS0 incubation
4P-PDB incubation

parameters for the outflow of stimulation period (Figure 1). The combination of 3-isobutyl-
ng to the first stimulation period I1-methyl-xanthine (IBMX; 00 tLm) and 8-bromo cyclic AMP
,--incubated with [3H]-noradrenaline (270 JLm) enhanced the fractional S-I outflow of radioactivity

n SI x 0 RI x 100 (Figure 1), and it has been shown previously that this con-

centration of 8-bromo cyclic AMP in the presence of IBMX

Flow cell is maximally effective for enhancing noradrenaline release

experiments from mouse atria (Costa & Majewski, 1990). In the presence

of 8-bromo cyclic AMP (270 Jm) and IBMX (100pJm), the
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Organbath
~~S-I outflow of radioactivity was not significantly different
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~~(Figure 1).
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Figure 1 The influence of 8-bromo cyclic AMP (8BR; 270 1Am) plus

3-isobutyl-1-methylxanthine (IBMX, 100 1Am) and BWA4C (BW;

1.0 1Am) on the facilitatory effect of McNeil A 343 (McN; 1Am) on

the fractional stimulation-induced (S-I) outflow of radioactivity from

mouse atria pre-incubated with [3H]-noradrenaline. There were two

stimulation periods (3 Hz, 60 s) 36 min apart. All drugs were present

from 15 min before the second stimulation period. The mean frac-

tional S-I outflow in the second stimulation period (S2) expressed as

a percentage of that in the first (51) is shown. The columns represent

the mean ± s.e.mean. The number of experiments is at the base of

each column. *Represents a significant difference from control (Con;

P<0.05, Dunnett's test after one-way ANOVA), and trepresents a

significant difference from 8-bromo cyclic AMP plus IBMX or BW

A4C as appropriate (P <0.05, Student's t test). The enhancing effect

of McNeil A 343 was not altered by 8-bromo cyclic AMP and

IBMX, or BW A4C (P<0.05, two-way ANOVA).

CMZ W-7 TFP

300 Control (0.Op. ) (l0o M) (1.OgxLM)
I II!III I
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Figure 2 The influence of calmidazolium (CMZ; 1.0 JAm), W-7
(10 JAm) and trifluoperazine (TFP; 1.0 jAm) on the facilitatory effect of
McNeil A 343 (McN; 10 jAm) on the fractional stimulation-induced
(S-I) outflow of radioactivity from mouse atria pre-incubated with
[3H]-noradrenaline. There were two stimulation periods (3 Hz, 60 s)
36 min apart. McNeil A 343 was present from 15 min before the
second stimulation period. All other drugs were present from 24 min
before the second stimulation period. The mean fractional S-I
outflow in the second stimulation period (S2) expressed as a percen-
tage of that in the first (SI) is shown. The columns represent the
mean ± s.emean. The number of experiments in each series was 4-6.
*Represents a significant difference from the drug free control (Con;
P<0.05, Dunnett's test after one-way ANOVA), and trepresents a
significant difference from the respective drug control experiment
(P<0.05, Student's t test). The enhancing effect of McNeil A 343
was not altered by either calmidazolium, W-7 or trifluoperazine
(P>0.05, two-way ANOVA).
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radioactive outflow from the tissue, or the effects of the drugs
on the fractional S-I outflow of radioactivity (not shown).

Protein kinase C and McNeil A 343

The protein kinase C inhibitor K-252a (1.01M), present by
itself in the second stimulation period did not alter the
fractional S-I outflow of radioactivity (P> 0.05, Student's t
test; Figure 3). In the presence of K-252a, McNeil A 343
(10 t1M) did not facilitate the fractional S-I outflow of
radioactivity from mouse atria (Figure 3).

Further experiments were conducted in organ baths instead
of flow cells. In flow cells the atria are superfused with
Krebs-Henseleit solution at 1 ml min-' whereas in organ
bath experiments the atria were bathed in solution which was
replaced every 3 min. The spontaneous and stimulation-
induced outflow of radioactivity was less in flow cell
experiments compared to organ bath experiments (Table 1).
It is unclear why this was observed but it may be related to
the more extensive washing by the superfusion in flow cells
after incubation with [3H]-noradrenaline and/or different elec-
trode geometry between the two systems. In atria which had
been pre-incubated with either vehicle (0.05% DMSO) for
9-10 h or the phorbol ester which does not activate protein
kinase C, 4x-phorbol dibutyrate (1.0 tLM), McNeil A 343
(30 tLM) enhanced the S-I outflow of radioactivity to a similar
extent (Figure 4). In a separate series of experiments (series
2), both 4f-phorbol dibutyrate (1.0 ItM) and McNeil A 343
(30 SAM) added before the second stimulation significantly
enhanced the S-I outflow of radioactivity from mouse atria
which had been chronically (9-1O h) incubated with vehicle
(0.05% DMSO; Figure 4). However, after pre-incubation
with 4p-phorbol dibutyrate (1.0 LM) for 9-10 h to down-
regulate protein kinase C, subsequent addition of 4p-phorbol
dibutyrate (1.0 tLM) did not alter the fractional S-I outflow of
radioactivity indicating down-regulation of protein kinase C
(Figure 4). In 413-phorbol dibutyrate pre-incubated atria,
McNeil A 343 (30ylM) also did not alter the S-I outflow of
radioactivity (Figure 4). In the pre-incubated atria, the frac-
tional S-I outflow of radioactivity in the first stimulation
period was not significantly different from non-pre-incubated
atria in organ baths for any of the pre-incubated groups
(DMSO, 4(x-phorbol dibutyrate, 4,B-phorbol dibutyrate, series

200 *

0

1601 ~~~~~~~~~~~t

._ 100

0

0

8 8 4 5
Con McN K-252a K-252a

McN

Figure 3 The influence of K-252a (1.0I1M) on the facilitatory effect
of McNeil A 343 (McN; 10 1M) on the fractional stimulation-
induced (S-I) outflow of radioactivity from mouse atria pre-
incubated with [3H]-noradrenaline. There were two stimulation
periods (3 Hz, 60 s) 36 min apart. McNeil A 343 was present from
15 min before the second stimulation period, and K-252a was present
from 24 min before the second stimulation period. The mean frac-
tional S-I outflow in the second stimulation period (S2) expressed as
a percentage of that in the first (SI) is shown. The columns represent
the mean ± s.e.mean. The number of experiments is at the base of
each column. *Represents a significant difference from control (Con;
P<0.05, Dunnett's test after one way ANOVA); tindicates that the
enhancing effect of McNeil A 343 was significantly inhibited by
K-252a (P<0.05, two-way ANOVA).

1 and series 2) (Table 1). The spontaneous (resting) outflow
of radioactivity was significantly increased in pre-incubated
atria over non-pre-incubated atria (Table 1).

Spontaneous outflow of radioactivity

McNeil A 343 (10 iM), either by itself or in the presence of
other drugs, inhibited the spontaneous outflow of radioac-
tivity by about 10% from mouse isolated atria which had
been incubated with [3H]-noradrenaline and this was not
affected by any of the other treatments used in combination
with McNeil A 343 (not shown). Other drugs used in the
present study had minor or no effect on the spontaneous
outflow (not shown).
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Figure 4 The effect of prolonged incubation (9-1O h) with 4a- or

4p-phorbol dibutyrate (mPDB, PPDB, 1.0 1AM) on the facilitatory
effect of subsequently applied 4P-phorbol dibutyrate (1.0 1AM) and
McNeil A 343 (McN; 30 1AM) on the fractional stimulation-induced
(S-I) outflow of radioactivity from mouse atria pre-incubated with
[3H]-noradrenaline. Mouse isolated atria were incubated with tissue
culture medium containing 4a- and 4p-phorbol dibutyrate (1.0 1AM) or
DMSO (vehicle) for 9-10 h prior to being incubated with [3H]-
noradrenaline. There were two series of experiments: series 1 and
series 2 done at different times. In some experiments the atria were
used without prior incubation. In all experiments there were two
stimulation periods (3 Hz, 60 s) 36 min apart. McNeil A 343 was

present from 15 min before the second stimulation period, and 4p-
phorbol dibutyrate was present from 24 min prior to the second
stimulation period. The mean fractional S-I outflow in the second
stimulation period (S2) expressed as a percentage of that in the first
(S) is shown. The columns represent the mean ± s.e.mean. The
number of experiments is at the base of each column. *Represents a

significant difference from the vehicle control (Con) (P< 0.05,
Student's t test); tindicates that the enhancing effects of 4P-phorbol
dibutyrate or McNeil A 343 were significantly reduced in 4i-phorbol
dibutyrate pre-incubated atria (P< 0.05, two-way ANOVA).
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Discussion

The present study was designed to elucidate possible
transduction pathways associated with enhancement of
noradrenaline release from sympathetic nerves through mus-
carinic receptors. In the present study, as previously observed
(Costa & Majewski, 1991), the muscarinic agonist McNeil A
343 enhanced the stimulation-induced (S-I) release of
noradrenaline from mouse atria. This effect was found most
likely to be due to activation of Ml muscarinic receptors at
postganglionic sympathetic nerve varicosities (Costa &
Majewski, 1991).
One intraneuronal pathway involved in the enhancement

of noradrenaline release from nerve terminals is the adenylate
cyclase-cyclic AMP system (see Majewski et al., 1988). There
have been reports that cyclic AMP levels in some neurones
are raised following activation of muscarinic receptors
(Hanley & Iversen, 1978; Lenox et al., 1980; Briggs et al.,
1982), and a recent report indicates that muscarinic receptors
in the rat olfactory bulb are linked directly to stimulation of
adenylate cyclase activity (Onali & Olianas, 1990). In the
present study the combination of 8-bromo cyclic AMP and
the phosphodiesterase inhibitor, IBMX, enhanced the S-I
release of noradrenaline. This has been shown previously
in mouse atria (Costa & Majewski, 1988) where the cyclic
AMP-dependent pathway for enhancing noradrenaline re-
lease was saturated using the same concentrations of these
agents. Under these conditions the release-enhancing effects
of prejunctional P-adrenoceptors and prejunctional ACTH
receptors were abolished (Costa & Majewski, 1988), which is
consistent with the linking of these receptors to adenylate
cyclase (Gothert & Hentrich, 1984; Johnston et al., 1987;
Costa & Majewski, 1988; 1990). However, in the present
study the release-enhancing effect of McNeil A 343 was
maintained in the presence of 8-bromo cyclic AMP and
IBMX, ruling out the possibility of a cyclic AMP-mediated
mechanism in this case.

Activation of muscarinic receptors releases arachidonic
acid from many tissues including the heart (Junstad &
Wennmalm, 1974), and metabolites of arachidonic acid, par-
ticularly the prostaglandins, have been found to modulate
noradrenaline release (see Hedqvist, 1977; Malik & Sehic,
1990). In a previous study in rabbit pulmonary artery it was
found that cyclo-oxygenase metabolites of arachidonic acid
did not mediate the facilitatory effect of McNeil A 343 on
noradrenaline release (Nedergaard, 1980) although this was
not directly tested in the present study. In the present study
we have extended these findings to suggest that certain
lipoxygenase metabolites of arachidonic acid are also not
involved since BW A4C, which is a relatively selective 5-
lipoxygenase inhibitor (Tateson et al., 1988), did not alter the
facilitatory effect of McNeil A 343 on noradrenaline release.

Muscarinic receptors of the Ml subtype have been closely
associated with the phospholipase C-inositol trisphosphate/
diacylglycerol signal transduction mechanism in many
systems (see Eglen & Whiting, 1986; Nathanson, 1987; Mit-
chelson, 1988). The second messenger inositol trisphosphate
releases Ca2+ from intracellular stores, which by binding to
calmodulin may activate calmodulin-dependent enzymes
thought to have a role in neurotransmitter release (see Green-
gard, 1987). However, in the present study the facilitatory
effect of McNeil A 343 on noradrenaline release was not
altered in the presence of the calmodulin antagonists, cal-
midazolium (Van Belle, 1981), W-7 (Hidaka et al., 1981) or
trifluoperazine (Levin & Weiss, 1979), suggesting that this
pathway was not involved.
None of the calmodulin antagonists by themselves

decreased the S-I release of noradrenaline. This is in marked
contrast to the release-inhibiting effects of these agents (W7
and trifluoperazine) in brain synaptosomes (DeLorenzo,
1985), which has been interpreted as evidence for a role for
calmodulin in the process of neurotransmitter release
(DeLorenzo, 1981; 1985; see also Llinas et al., 1985). How-

ever, other studies have also failed to observe inhibition of
neurotransmitter release in various systems (Publicover, 1985;
Jinnai et al., 1986; Reimann et al., 1988) using W7,
trifluoperazine and calmidazolium. Thus, there may not be a
universal role for calcium-calmodulin kinases in neurotrans-
mitter release processes.
The other metabolite formed by the action of phos-

pholipase C is diacylglycerol, which can activate protein
kinase C to phosphorylate proteins associated with the pro-
cess of neurotransmitter release (Nishizuka, 1984; 1986).
Indeed, protein kinase C activators such as phorbol esters
enhance the release of noradrenaline from many tissues in-
cluding mouse atria (see Musgrave & Majewski, 1989). In the
present study the protein kinase C inhibitor K-252a (Kase et
al., 1987) abolished the facilitatory effect of McNeil A 343 on
noradrenaline release. Similar results have been observed
with other protein kinase C inhibitors on muscarinic
enhancement of neurotransmitter release in the central ner-
vous system (Diamant et al., 1988; Xu et al., 1990), where a
role for protein kinase C was assumed. However, some cau-
tion must be used since protein kinase C inhibitors are in
general relatively non-selective. For example, K-252a has
inhibitory effects on a wide range of other intracellular
systems including cyclic AMP-dependent protein kinase, cyc-
lic GMP-dependent protein kinase, myosin light chain kinase,
as well as calmodulin and some calmodulin-dependent
enzymes (Kase et al., 1987; Nakanishi et al., 1988; see Ruegg
& Burgess, 1989). In the present study it is unlikely that
K-252a inhibited the effect of McNeil A 343 by altering
cyclic AMP- or calmodulin-dependent transduction systems
since the experiments described above rule out their involve-
ment.
Another approach taken to test whether protein kinase C

was involved was to down-regulate protein kinase C by
long-term exposure (9-1O h) to protein kinase C activating
phorbol esters such as 4p-phorbol dibutyrate (Mathies et al.,
1987; Young et al., 1987). In the present study, after 4p-
phorbol dibutyrate pretreatment the facilitatory effect of
subsequently applied phorbol esters on noradrenaline release
was abolished, indicating functional protein kinase C down-
regulation. Similar results were obtained previously in mouse
atria by Foucart et al. (1991) who also showed that 4a-
phorbol dibutyrate, which does not activate protein kinase C
but has the other chemical characteristics of 4p-phorbol
dibutyrate (Niedel & Blackshear, 1986), did not produce
down-regulation of protein kinase C. Using 4p-phorbol
dibutyrate treatment in the present study, the facilitatory
effect of McNeil A 343 on noradrenaline release was
abolished, strongly suggesting that a functional protein
kinase C mechanism was necessary for enhancement of
noradrenaline release through Ml receptors. After 4ax-phorbol
dibutyrate treatment the facilitatory effect of McNeil A 343
on noradrenaline release was still observed indicating that the
inhibition of this effect of McNeil A 343 produced by 4,B-
phorbol dibutyrate was probably a specific protein kinase C
effect.

There are two possible roles for protein kinase C. The first
is that it is part of a final common pathway in the release
process, necessary for the full manifestation of enhanced
transmitter release. For example, the ability of many drugs
(such as 8-bromo cyclic AMP, isoprenaline, idazoxan, tetra-
ethylammonium and angiotensin II, as well as high frequency
electrical stimulation) to enhance noradrenaline release in
mouse atria is reduced but not abolished by protein kinase C
inhibitors and protein kinase C down-regulation (Foucart et
al., 1991; Musgrave et al., 1991). Thus, a partially reduced
effect of McNeil A 343 by anti-protein kinase C measures
may be expected. However, given the direct linking of Ml
receptors to protein kinase C in other systems (see above), a
second alternative is that protein kinase C may directly trans-
duce Ml-facilitation on noradrenaline release especially since
the PKC inhibitor and PKC down regulation completely
inhibited the facilitatory effect of McNeil A 343. A similar
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observation was made with angiotensin II (Musgrave et al.,
1991; Foucart et al., 1991) where it was also suggested that
protein kinase C directly transduces the facilitatory effect on
noradrenaline release.

It is not clear whether these facilitatory Ml receptors are of
physiological sigaificance, particularly for the tonic modula-
tion of noradrenaline release in vivo, since in a previous study
the Ml antagonist, pirenzepine, by itself did not inhibit
noradrenaline receptors from field stimulated mouse atria
(Costa & Majewski, 1991), suggesting that they were not
activated by endogenously released acetylcholine. However,

another possibility is that modulation of neurotransmitter
release is not the only function of Ml receptors especially
since protein kinase C is involved in a number of cell func-
tions such as neurotransmitter synthesis, as well as growth
and development (Nishizuka, 1986). A physiological role for
Ml receptors in this arena remains to be investigated.

M.C. was in receipt of an Australian Government Postgraduate
Research Award. The work was supported by grants from the
National Health and Medical Research Council of Australia.
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1 The intraperitoneal (i.p.) injection of 1 or 10 fig ovalbumin to sensitized Balb/c mice led to an acute
histamine release, firstly evidenced 1 min after the challenge and returning to basal levels 30 min
thereafter. This phenomenon was unaccompanied by protein extravasation. A dose-dependent increase
in the amounts of immunoreactive leukotriene (LT) C4 and LTB4 was observed in the peritoneal washing
from sensitized mice 6 h after 1 or 10 ig ovalbumin administration. In separate experiments, the i.p.
administration of 1 mg activated zymosan to non-immunized mice was followed by a marked protein
extravasation, and by immunoreactive LTC4 and LTB4, but not histamine, release in mouse peritoneum
1 h after its injection.
2 Mediator release in the mice peritoneal cavity was concomitant with a transient neutrophil
infiltration, which peaked at 6 h and returned to basal levels thereafter. An intense eosinophil accumula-
tion starting at 24 h, peaking at 48 h and returning to basal values at 164 h, was also observed.
3 Ovalbumin (1 fig)-induced eosinophilia, observed at 24 h, was reduced by the pretreatment of the
animals with dexamethasone (1 mg kg- ', s.c.) or with the 5-lipoxygenase inhibitor, BWA4C (20 mg kg- ,

s.c.), whereas indomethacin (2 mg kg', s.c.) and the platelet-activating factor (PAF)-antagonist SR
27417 (10 mg kg-', s.c.) were ineffective. These results indicate that metabolites of arachidonic acid of
lipoxygenase pathway, but not cyclo-oxygenase derivatives or PAF, mediate antigen-induced eosinophil
accumulation in the mouse peritoneum.
4 The histamine HI receptor antagonist drug, cetirizine (15-30 mg kg-', s.c.) markedly reduced
ovalbumin-induced eosinophil accumulation under conditions where terfenadine was ineffective, sugges-

ting that the effect of cetirizine was not related to the inhibition of the H, receptor effects of histamine.
5 The immunosuppressive agent, FK-506 (1-2 mg kg-', s.c.) and the protein synthesis inhibitor,
cylcoheximide, when administered either in situ (0.06 ng/cavity) or systemically (5 mg kg-', s.c.),
prevented antigen-induced eosinophil accumulation in the mouse peritoneum, contributing to the
concept that substances (probably cytokines) originating from lymphocytes may be involved in the
modulation of the eosinophilotactic response in this model.
6 The results of the present study indicate that the i.p. administration of ovalbumin to actively
sensitized mice induced late eosinophil accumulation in the peritoneal cavity. This phenomenon, which
may be in part mediated by the release of lipoxygenase metabolites and/or by newly generated factors,
such as T-lymphocytes-derived eosinophilotactic cytokines, offers an interesting tool to investigate the
mechanism of action of anti-allergic and anti-inflammatory drugs.

Keywords: Eosinophils; allergic response; zymosan; leukotrienes

Introduction

The participation of eosinophils in allergic reactions is sug-
gested by the presence of specific receptors for anaphylactic
immunoglobulins, adhesion molecules and pro-inflammatory
mediators at their surface (Capron, 1992). Eosinophils are
prominent inflammatory cells involved with allergic disor-
ders, which are recruited in elevated numbers into the air-
ways and the pleural cavity of several species, including
guinea-pigs, mice and rats, following antigen challenge (Lel-
louch-Tubiana et al., 1988; Gulbenkian et al., 1990; Lima et
al., 1991; Okudara et al., 1991). The ability of activated
eosinophils to release eosinophil-derived cytotoxic proteins,
such as major basic protein and eosinophil-derived neuro-
toxin (Gleich, 1990), has associated these cells with epithelial
damage and tissue injury. In addition, the number of eosino-
phils in the airways correlates with the severity of the late
phase asthma (Bousquet et al., 1990), suggesting that their
presence in inflamed tissues contributes to the perpetuation
and the amplification of the disease. However, the mecha-
nisms responsible for the attraction and the localisation of
eosinophils at the site of allergic reactions remain, to be
elucidated fully. Lipid mediators, such as platelet-activating

' Author for correspondence.

factor (PAF), or leukotriene (LT) B4 are potent chemotactic
agents for eosinophils from different species (Ford-Hutchin-
son et al., 1980; Lellouch-Tubiana et al., 1988; Martins et al.,
1991; Coeffier et al., 1991). Furthermore, it has been suggested
recently that cytokines released by activated T-lymphocytes,
such as interleukin-5 (IL-5), IL-3 or granulocyte-macrophage
colony stimulating factor (GM-CSF), may play a role in
eosinophil accumulation at the site of the allergic reactions
(Owen et al., 1987; Rothenberg et al., 1988; Sanderson,
1992). This phenomenon may depend on the ability of those
cytokines to induce eosinophil proliferation from their bone-
marrow precursors and to enhance their survival. Thus,
drugs inhibiting the pro-inflammatory activities of lipid med-
iators on one hand and those interfering with the activation
of T-lymphocytes, on the other, are potentially useful in the
treatment of allergic disorders.
The mechanisms of inflammatory reactions have been

largely investigated in mice (Colorado et al., 1991; Amorim
et al., 1992a,b; Perretti et al., 1992), with particular emphasis
on the role of eosinophil infiltration which accompanies hel-
minthic infections (Sher et al., 1990; Secor et al., 1990).
However, only few studies have focused on the effects of
antigen challenge in sensitised mice in terms of cell migration
and activation. In particular, Spicer et al. (1986) described
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the kinetics of cell infiltration in the peritoneal cavity of
sensitized mice following antigen administration. Using a
limited number of anti-inflammatory and anti-allergic drugs,
they have also shown that metabolites of arachidonic acid or
vasoactive amines are not involved in antigen-induced eos-
inophilia. However, the interactions between cell mobilisation
and other inflammatory parameters, such as local mediator
release, were not investigated. Consequently, the mechanisms
responsible for the cell attraction and, particularly, those
involved in the maintenance of eosinophils at the site of
hypersensitivity reaction remain to be determined.

In an attempt to define better the role of different med-
iators and inflammatory cells in antigen-induced peritonitis in
sensitized mice, we investigated the changes in cell distri-
bution and mediator release in the peritoneal washing follow-
ing ovalbumin administration to sensitized Balb/c mice.
Changes in eosinophil distribution were modulated by differ-
ent inhibitors of synthesis and antagonists of receptors for
inflammatory mediators, and by drugs effective on the T-
lymphocyte function.

Methods

Animals and sensitization procedure

Male Balb/C mice aged 8 weeks, weighing approximately
25-30 g raised at the Pasteur Institute (Paris, France), were
actively sensitized by a subcutaneous (s.c.) injection of 0.4 ml
0.9% w/v NaCl (saline) containing 100 gLg ovalbumin adsorb-
ed in 1.6 mg aluminium hydroxide (Andersson & Brattsand,
1982). Seven days later, the animals received the same dose
of ovalbumin in the presence of Al(OH)3 and were used 7
days thereafter.

Antigen-induced peritonitis

Peritonitis was induced by the intraperitoneal (i.p.) injection
of 0.4 ml of a solution containing 2.5 or 25 gg ml-' oval-
bumin diluted in sterile saline (1 or 10 fig of ovalbumin, as
final doses injected per cavity). Control animals received the
same volume of sterile saline. At various time intervals after
antigen challenge (30 min- 164 h), animals were killed by an
overdose of ether and the peritoneal cavity was opened and
washed with 3 ml of heparinised saline (10 U ml-'). Approx-
imately 90% of the initial volume was recovered. In rare
cases, when haemorrhages were noted in the peritoneal
cavity, the animals were discarded.

Zymosan-induced peritonitis

Non-immunized mice (25-30 g) were injected i.p. with 0.4 ml
of a solution containing 2.5 mg ml-' activated zymosan (AZ)
(1 mg, as final dose injected) prepared according to Bruijnzeel
et al. (1985). The peritoneal cavity was washed 1 or 4 h after
the stimulation, as described above.

Leucocyte analysis

Total leucocytes present in the peritoneal lavages were
counted in a Coulter counter ZM (Coultronics, Margency,
France) and expressed as numbers of cells ml-'. Differential
cell counts were performed after cytocentrifugation (Hettich-
Universal) and staining with Diff-Quik stain (Baxter Dade
AG, Dudingen). At least 300 cells were counted and results
were expressed as number of each cell population ml-'.

Drug treatment

The dose of 1 glg of ovalbumin and the time of 24 h after
challenge were selected to study the pharmacological modula-
tion of ovalbumin-induced peritonitis.
The steroidal anti-inflammatory agent, dexamethasone (1

mg kg-'), the non-steroidal anti-inflammatory drug, indo-
methacin (2 mg kg-') and the selective 5-lipoxygenase inhibi-
tor, BWA4C (20 mg kg-') (Payne et al., 1988) were injected
s.c. 1 h before antigen challenge. The PAF antagonist, SR
27417 (10mg kg-') (Herbert et al., 1991) and the histamine
Hi-antagonists, terfenadine (10 mg or 30 mg kg-', s.c.), or
cetirizine (7.5-30mg kg-') were administered s.c., 1 h before
and 6 h after antigen challenge. The protein synthesis inhib-
itor cycloheximide was injected either i.p. at a dose of
0.06 ng/cavity 5 min before, or s.c. at Smg kg' S h before
antigen challenge. The immunosuppressive compound FK-
506 (0.5-2.0 mg kg-') (Yamamoto et al., 1990) was injected
s.c. 6 h and 5 min before ovalbumin provocation. All drugs
were dissolved in sterile saline, except SR 27417, which was
dissolved in 0.1 N HCI and saline (0.1:1, v/v), BWA4C,
which was first dissolved in dimethylsulphoxide (DMSO) and
further diluted in saline (0.1:1, v/v) and FK-506 which was
dissolved in a mixture of ethanol, Tween 80 and saline
(1:0.2:8.8; v/v/v). The appropriate vehicles were injected in
control experiments.

Measurement of immunoreactive LTC4-like material,
LTB4 and histamine in the peritoneal washing

Immunoreactive LTC4-like material was measured in the
supernatant from peritoneal washings (centrifuged at 1,200 g
for 15 min at 4°C) by radioimmunoassay according to
Aehringhaus et al. (1982) and to Young et al. (1991). Briefly,
dextran-coated charcoal was used to separate unbound lig-
and by centrifugation at 1,200 g for 10 min at 4°C. The
monoclonal anti-LTC4 antibody employed (kindly provided
by Dr U. Zor and Dr F. Kohen, Weizmann Institut, Reh-
ovot, Israel) was 10% crossreactive with LTD4 and less than
0.1% with LTA4 and LTB4. The sensitivity of the assay was
approximately 15 pg of immunoreactive LTC4 in 0.1 ml sam-
ple.

Immunoreactive LTB4 in the supernatants from peritoneal
washings (centrifuged at 1,200 g for 15 min at 4°C) was
determined by enzyme-linked-immunosorbent assay (Labora-
toire des Stallergenes, Fresnes, France) according to Pradelles
et al. (1985). The monoclonal antibody anti-LTB4 was <
0.1% crossreactive with LTC4, LTD4 and LTE4. The sen-
sitivity of the assay was 2 pg of LTB4/0. 1 sample.

For the histamine assay, 0.5 ml of the supernatant from
peritoneal washings (centrifuged for 2 min at 12,000 g and at
4'C) were mixed with 0.5 ml of 0.8 N perchloric acid. After
centrifugation for 10 min at 1,200 g and at 4°C, the super-
natants were stored at 4°C. An automatic spectrofluorometric
assay for histamine was performed, according to a previously
published method (Lebel, 1983).

Protein assay

The fluids recovered from the peritoneal cavities were centri-
fuged for 2 min at 12,000 g at room temperature and the
protein contents were measured in the supernatants by a
standard dye-binding technique, as described by Bradford
(1976).

Materials

Ovalbumin (5x crystallized) was from Immunobiological
(Costa Mesa; U.S.A.); zymosan type A, cycloheximide, dex-
amethasone phosphate and indomethacin were purchased
from Sigma Chemical Co. (St. Louis, MO. U.S.A.). Alumin-
ium hydroxide (Andersson & Brattsand, 1982) was from
Merck (Darmstadt, Germany). Heparin was from Choay
(Paris, France) and the dye reagent for the protein assay
(Bio-Rad Protein assay) was from Gmbh Laboratory (Ivry-
Sur-Seine, France). Tween-80 was from Fluka Chemika
(Buchs, Switzerland). Radiolabelled LTC4 was from Amer-
sham (Buckinghamshire); LTC4 was from PRIMED-CNRS
(Paris, France) and LTB4 was from Cascade, Euromedex
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(Strasbourg, France). BWA4C (N-(3-benzylcinnamyl)aceto-
hydroxamic acid) was a gift from Dr S. Moncada (Wellcome
Research Laboratories, Beckenham UK). SR 27417 [N-(2-
dimethylaminoethyl)-N-(3-pyridinyl methyl) [4-(2,4,6-tri-
isopropylphenyl)tetrahydrofuran] was kindly provided by Dr
J.M. Herbert (Sanofi; France). Terfenadine was a gift from
Dr M. Bloom (Merrell Dow; Paris, France). Cetirizine was
kindly supplied by Dr J.P. Rihoux (UCB; Braine L'Alleud,
Belgium). FK-506 (1 7-allyl-1,14-dihydroxy-12-(2-(4-hydroxy-
3-methoxy-cyclohexyl)1 -methylvinyl)-23,25-dimethoxy-13,19,
21,27-tetramethyl-1 1,28-dioxa-4-azatricyclo(22,3,10)4,9)octa-
cos-18-ene-2,3,10,16-tetraone) was a gift from Dr K. Murato
(Fujisawa Pharmaceutical; Osaka, Japan).

Statistical analysis

Data were analysed by standard statistical packages for one
way analysis of variance (ANOVA) followed by Student's t
test for unpaired values. P values of 0.05 or less were con-
sidered significant. Results are expressed as means ± standard
error of the mean (s.e.mean).

Results

Kinetics of cellular distribution in peritoneal lavagefrom
ovalbumin-challenged mice

The i.p. injection of 1 or 10 Lg ovalbumin to sensitized mice
did not modify the number of total cells in the peritoneal
washing at 6 h, as compared to sensitized saline-challenged
animals. In contrast, a significant increase in the number of
total cells was noted at 24 and 48 h, but only for the higher
dose of antigen (10 pg) (Figure 1). Ovalbumin induced a
marked and dose-dependent increase in the number of neu-
trophils, which peaked at 6 h and returned to basal values
thereafter (Figure 1). Challenge with either 1 or 10 fig oval-
bumin also induced a dose-dependent eosinophil infiltration,
starting at 24 h, and reaching a maximum at 48 h. At 164 h,
the eosinophil counts returned to basal levels (Figure 1). No
significant changes in the numbers of mononuclear cells were
observed at any time-point considered (Figure 1). When non-
immunized mice were injected with 10 iLg ovalbumin, no
changes in cellular distribution were detected at 24 h (data
not shown).

Effect of antigen challenge and ofAZ on protein
extravasation in mouse peritoneal cavity

The i.p. administration of ovalbumin to sensitized mice failed
to trigger protein extravasation above values measured in
saline-challenged animals at any time considered (Table 1).
In contrast, AZ (1 mg/cavity) was highly effective in pro-
moting protein extravasation in the peritoneal cavity of non-
immunized mice 1 h after stimulation. Indeed, 45.1 ± 9.2 tLg
ml1I and 417.6 ± 41 yg ml-' proteins were detected in the
peritoneal washing from saline- and AZ-injected mice, re-
spectively (n = 6; P <0.001). Four hours after AZ adminis-
tration, the levels of proteins were markedly decreased, but
values were still significantly different, as compared to those
measured in saline-injected animals (28.5 ± 9.8 jg ml-' and
209.7 ± 21.7 gLg ml-' proteins for saline and AZ-injected
mice, respectively, n = 6; P <0.001).

Effect of antigen challenge and ofAZ on histamine,
immunoreactive LTC4-like material and LTB4 release in
mouse peritoneal washing
Histamine release was detected in the peritoneal washing of
sensitized mice 1 min after antigen challenge. The levels of
histamine progressively decreased and returned to basal levels
at 30 min (Table 1). In contrast, the i.p. injection of 1 mg AZ
was not followed by histamine secretion at any time point
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Figure 1 Kinetics of total cell (a), mononuclear cell (b), neutrophil
(c) and eosinophil (d) distribution in the peritoneal cavity of sen-
sitized mice. Cells were counted and differentiated at various time-
intervals (30 min- 164 h) after the injection of either saline ( _ ), or
I (LI ), or 10 fig ( m ) ovalbumin. Results are expressed as
mean ± s.e.mean of 5-11 experiments. *P<0.05, **P<0.01 and
***P< 0.001, as compared to saline-injected animals.

considered (data not shown). A dose-dependent release of
immunoreactive LTC4-like material in the peritoneal washing
was observed 6 h after antigen challenge, but values reached
statistical significance, as compared to saline-injected mice,
only for 1 pg ovalbumin (Table 1). The i.p. administration of
1 mg AZ to non-sensitized mice triggered the release of high
amounts of immunoreactive LTC4-like material, which peak-
ed 1 h after its injection (saline-injected mice = 0.05 ± 0.04 ng
ml-'; AZ-injected mice= 10.1 ±0.8ngml'; n=6; P<
0.00 1) and returned to basal levels at 4 h. Higher concentra-
tions of immunoreactive LTB4 were measured in the peri-
toneal washing from sensitized mice after the i.p. injection of
1 or 10 ig ovalbumin, as compared to saline-challenged
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Table 1 Kinetics of antigen-induced protein extravasation, histamine, immunoreactive leukotriene C4 (LTC4)-like material and LTB4
release in the peritoneal washing from sensitized Balb/C mice

Parameters
Histamine
(ng ml- 1)

9.1 ± 1.9 (6)
26.6 5.7 (6)*
30.3 ± 1.9 (6)***
6.0 1.5 (6)
13.1±2.3 (6)*
17.9 3.9 (6)*
5.0 1.4 (6)
4.5 0.4 (6)
11.3 1.2 (6)***
3.4 0.4 (6)
1.9 0.4 (6)
3.2 0.7 (6)
7.5 0.8 (6)
4.8 0.5 (6)
4.6 0.4 (6)
6.1 0.3 (6)
5.3±0.5 (6)
4.0 0.3 (5)
6.6 0.8 (6)
7.3 0.8 (6)
3.5 0.3 (6)

LTC4
(ng ml ')

0.2± 0.1 (6)
0.4 0.2 (6)
0.2±0.0 (6)
0.2±0.1 (6)
0.2±0.0 (6)
0.2±0.2 (6)
0.2 0.2 (4)
0.2 ± 0.0 (5)
0.3 0.1 (5)
0.8±0.5 (6)
1.4 0.2 (6)
1.1 0.7 (6)
1.9 0.6 (6)
4.4 0.6 (12)**
2.6±0.1 (6)
1.8±0.7 (6)
0.5 0.2 (6)
1.9 0.9 (5)
2.2 ± 0.2 (5)
2.5 0.7 (5)
2.2 0.5 (4)

LTB4
(pg ml-')

ND
ND
ND
ND
ND
ND
ND
ND
ND

54.0 ± 5.0 (5)
63.0± 16.0 (5)
49.0 ± 6.0 (5)
5.0± 1.0 (5)

156.0±40.0 (11)*
162.0 70.0 (6)*
5.0±0.8 (4)
5.0 1.0 (12)

18.0 7.0 (6)
5.0 0.8 (5)
4.0 ± 0.9 (5)
9.0 3.0 (5)

Results are expressed as mean ± s.e.mean of the number of experiments indicated in parentheses.
ND = not done; Ova = ovalbumin.
*P<0.05; **P<0.01 and ***P<0.001, as compared to saline-injected mice.

animals (Table 1). The i.p. injection of AZ induced the
release of increased amounts of immunoreactive LTB4 above
the basal values 1 h after its injection, whereas no difference
was noted after 4 h, as compared to saline-injected prepara-
tions (saline-injected mice = 77 ± 14 pg ml-'; AZ-injected
mice = 349 ± 65 pg ml-', n = 5-6; P<0.01).

Effect of dexamethasone, BWA4C and cycloheximide on
antigen-induced eosinophilia
Eosinophil infiltration triggered by the i.p. injection of 1 ttg
ovalbumin was significantly reduced by 1 mg kg-' s.c. dex-
amethasone (Figure 2). The s.c. administration of BWA4C

10
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Figure 2 Eosinophil distribution in the peritoneal washing from
sensitized mice challenged i.p. 24 h before with either saline ( _ ),
or with 1 yIg ovalbumin and pretreated by a single s.c. injection of
0.1: 1 v/v DMSO-saline (E ), or of dexamethasone (LI ,
1 mg kg-',) or of BWA4C ( , 20mg kg-') 1 h before the
challenge; ( [1) represents the number of eosinophils measured in
the peritoneal washing from ovalbumin-challenged mice which had
received an i.p. injection of 0.06 ng cycloheximide- 5 min before
antigen provocation. Data are presented as mean ± s.e.mean of 6
experiments. *P <0.05 and **P <0.01, as compared to antigen-
challenged vehicle-injected animals.

(20 mg kg-') significantly inhibited eosinophil accumulation
in the mice peritoneal cavity at 24 h (Figure 2). The dose of
BWA4C selected suppressed ovalbumin (1 jig)-induced LTC4-
like material generation, as measured at 6 h in the peritoneal
fluid. Indeed, 4.5 ± 0.6 and 1.3 ± 0.4 ng ml-' LTC4 were
measured in the peritoneal washings from antigen-challenged
vehicle- or BWA4C-treated mice, respectively (n = 6, P<
0.01).

Antigen-induced eosinophilia was also suppressed by the in
situ administration of 0.06 ng cycloheximide 5 min before
ovalbumin injection (Figure 2). A significant reduction in the
number of eosinophils was also observed when cycloheximide
was administered by the s.c. route at 5 mg kg-', 5 h before
antigen challenge. Indeed, 9.6 ± 1.9 and 4.1 ± 0.4 x 105 ml-'
eosinophils were found in the peritoneal washing from saline-
and cycloheximide-treated mice, respectively (n = 6, P<
0.001).

Effect of indomethacin and SR 27417 on antigen-induced
eosinophilia

Pretreatment of sensitized mice with indomethacin (2 mg
kg-', s.c.) 1 h before ovalbumin administration, was
ineffective against eosinophilia (Figure 3). The s.c. treatment
with the PAF-antagonist SR 27417 (1Omg kg-') 1 h before
and 6 h after antigen challenge led to a slight, but not
statistically significant, reduction of eosinophil accumulation
in the peritoneal washing (Figure 3).

Effect of terfenadine and cetirizine on antigen-induced
eosinophilia

The s.c. treatment with cetirizine (5-30 mg kg, 1 h and
6h after the challenge) dose-dependently reduced the eos-
inophilia induced by 1 jig ovalbumin (Figure 4). The ad-
ministration of 10 or 30 mg kg' terfenadine under the same
conditions was ineffective. Indeed, 5.6 ± 0.1 x I05ml-',
3.6±0.1 x 105ml-' and 6.2±0.1 x 105ml' eosinophils
were counted in the peritoneal lavage from ovalbumin un-
treated or terfenadine (10 or 30 mg kg-')-treated mice, re-
spectively (n = 5-6, difference not statistically significant). In
separate experiments, non-immunized mice were treated s.c.

Stimulus
Time

(min-h)

Saline
Ova 1 ttg
Ova 10fg

Saline
Ova 1 tg
Ova 10 lg

Saline
Ova 1 pg
Ova 10 fig

Saline
Ova 1 jtg
Ova 10 jig

Saline
Ova 1 fig
Ova 10 jig

Saline
Ova 1 ugg
Ova 10 Ag

Saline
Ova I jAg
Ova 10lfg

I min

5 min

15 min

30 min

6h

24 h

48 h

Proteins
(Jg ml-')

7.8 0.9 (5)
9.5±0.7 (7)
7.6 0.6 (6)
8.5±0.9 (6)
10.0 0.8 (6)
8.9 0.7 (7)
6.7 0.5 (5)
7.2 ± 0.4 (5)
7.7 0.6 (5)

21.0 1.0 (6)
26.1 4.2 (6)
21.9 2.6 (6)
15.1 ± 1.9 (6)
18.0 1.5 (6)
14.5±2.1 (6)
19.4±4.0 (6)
18.5 1.5 (6)
23.1±2.5 (4)
31.7 8.5 (5)
32.6 ± 3.6 (6)
37.0 4.1 (6)
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Figure 3 Effect of indomethacin and of the PAF antagonist, SR
24417, on antigen-induced eosinophil accumulation in the peritoneal
cavity of sensitized mice. Animals were challenged with i.p. saline
( M ), or with 1 jig ovalbumin and pretreated either with a s.c.
injection of 0.1 N HCI-saline (0.3: 1; v/v) 1 h before and 6 h after the
challenge ( E), or with 2 mg kg- lindomethacin 1 h before the
challenge ( ii), or with SR 27417, injected s.c. twice, I h before
and 6 h after the challenge ( M ). Each point represents the mean +
s.e.mean of 6 experiments.
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Figure 4 Eosinophil counts in the peritoneal washing from sen-
sitized mice challenged i.p. 24 h before either saline ( _ ), or with
1 iLg ovalbumin ( M ). Ovalbumin-challenged animals were treated
by two s.c. injections of saline ( z ), or of cetirizine ( 1 , LI,

E1, 7.5, 15 or 30 mg kg-', respectively) 1 h before and 6 h after the
challenge. Results are expressed as mean ± s.e.mean of 5-6 experi-
ments. *P<0.05 and **P<0.01, as compared to ovalbumin-
challenged vehicle-injected animals.

10-

CL

0
C

Figure 5 Effect of FK-506 on antigen-induced eosinophil accumula-
tion in the peritoneal washing from sensitized mice killed 24 h after
the challenge. Animals were injected i.p. either with saline ( M ), or
with 1 iLg ovalbumin ( ) and they were treated s.c. with the
vehicle (ethanol, Tween 80 and saline, 1:0.2:8.8; v/v/v; =l), or
with 0.5 mg kg- ( l ), I mg kg- ( M ) or 2 mg kg-' ( O) FK-
506, injected twice, 6 h and 5 min before the challenge. Results are

expressed as mean±+s.e.mean of 5- 11 experiments. *P <0.05,
**P< 0.01 and ***P<0.001, as compared to antigen-challenged
untreated mice.

with 30 mg kg-' of cetirizine or terfenadine and challenged
with 1 mg/cavity histamine 18 or 24 h later. Protein extra-
vasation, as measured by Evans blue dye technique 30 min
after the stimulation, was inhibited to a similar extent in
cetirizine or terfenadine-treated animals (data not shown).

Effect of FK-506 on antigen-induced eosinophilia

Eosinophilia induced by the i.p. injection of 1 ttg ovalbumin
was inhibited by the s.c. administration of 0.5-2.0mg kg-'
FK-506 6 h and 5 min before the challenge (Figure 5).
Indeed, a significant reduction (50%) in the number of
eosinophils was observed even with the lower dose of FK-506
(0.5 mg kg-'). Pretreatment with 1 or 2 mg kg-' FK-506
decreased by 54% and 60%, respectively the numbers of
eosinophils measured in the peritoneal washing 24h after
antigen challenge.

Discussion

The i.p. injection of ovalbumin to sensitized Balb/C mice
induced a transient neutrophil infiltration in the peritoneal
cavity, which peaked at 6 h and was not accompanied by an
increase in the total number of cells. At 24 h, when the
number of neutrophils had returned to basal levels, a dra-
matic eosinophil augmentation, which peaked at 48 h and
resolved at 164 h, was observed. The mechanism explaining
the early recruitment of neutrophils to the site of
inflammatory reaction secondary to antigen challenge is not
fully elucidated. However, similar kinetics for cell infiltration
induced by antigen challenge have been described in other
species. Hutson et al. (1988) and Tarayre et al. (1992)
reported that antigen provocation of sensitized guinea-pigs
and rats respectively, is followed by an early rise in the
number of neutrophils in the bronchoalveolar lavage fluid,
followed by late eosinophil infiltration.

Eosinophil numbers are augmented in several diseases,
such as pollen-sensitive rhinitis (Bentley et al., 1992), asthma
(Azzawi et al., 1992), parasite infection (Secor et al., 1990)
and rheumatoid arthritis (Venge, 1990). One of the intriguing
aspects of eosinophilia is its biological specificity, since an
increase in the number of eosinophils may occur in the
absence of a rise in other leucocyte populations (Strath &
Sanderson, 1986; Maxwel et al., 1987). In confirmation, no
changes in the other cell types accompanied antigen-induced
eosinophil accumulation in our experiments. In fact, eosino-
phil increment triggered by 10 Ag ovalbumin reflected an
augmentation in the number of total cells, as evaluated at 24
and 48 h. Our present findings are partly in conflict with
those of Spicer et al. (1986), who showed that the injection of
ragweed pollen extract into the peritoneal cavity of actively
sensitized mice induced eosinophil accumulation, which was
accompanied by mononuclear cell increase.
The mechanisms underlying hypersensitivity reactions in-

volve the immune activation of antibody-bound cells, fol-
lowed by the release of vasoactive amines, such as histamine
and 5-hydroxytryptamine, and of newly generated mediators,
such as PAF and leukotrienes (Drews, 1990). In the present
study, we demonstrated a very early histamine secretion in
the peritoneal cavity following antigen challenge, resulting
most likely from mast cell degranulation (Prouvost-Danon et
al., 1972). In contrast, antigen challenge was followed by a
late release of immunoreactive LTC4 and LTB4 in the peri-
toneal washing, which peaked at 6 h. Even though the ability
of sensitized mast cells to generate peptido - leukotrienes
following antigen stimulation is well-established (Mencia-
Huerta et al., 1983), the different kinetics for histamine and
for immunoreactive LTC4 and LTB4 release presently repor-
ted suggests that a cell type other than the mast cell accounts
for leukotriene production. Indeed, it has been reported that
mononuclear cells and eosinophils are capable of generating
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peptido-leukotrienes following antigen challenge (Rankin et
al., 1982; Shaw et al., 1985).

Although the injection of ovalbumin triggered cell accumu-
lation in the mouse peritoneal cavity, no protein extravasation
was detected at any time point considered. This phenomenon
is not due to a low immune response induced by immuniza-
tion, since the intraplantar injection of ovalbumin to mice
sensitized by the same procedure as used in this study elicited
a marked paw oedema (unpublished results). Furthermore,
the ability of AZ to increase the protein content in the
peritoneal cavity suggests that the model described here, as
others reported recently (Perretti et al., 1992), allows the
evaluation of protein extravasation and mediator release
induced by pro-inflammatory stimuli. Taken together, these
results suggest that antigen-induced cell migration into the
peritoneal cavity of sensitized mice is unrelated to an increase
in the vascular permeability. This concept has already been
proposed by Griswold et al. (1991), who demonstrated that
the i.p. injection of LTC4 to the mouse induced protein
leakage but not polymorphonuclear leucocyte infiltration,
whereas the i.p. administration of LTB4 led to polymor-
phonuclear infiltration without protein extravasation.

In order to investigate the mechanisms responsible for
antigen-induced late eosinophil accumulation in the mouse
peritoneum, different pharmacological tools were used in the
present study. Our results showing that ovalbumin-induced
eosinophilia observed at 24 h was suppressed by the steroidal
anti-inflammatory agent, dexamethasone, are in agreement
with those of Spicer et al. (1986). Since dexamethasone is a
drug with a large spectrum of effects, it is difficult to deter-
mine which of its activities is involved with inhibition. In
fact, inhibition by dexamethasone of eosinophil recruitment
during late allergic reactions may result from decreased cir-
culating numbers, from the inhibition of the local production
of chemo-attractant factors and from an interference with
their chemotaxis and diapedesis (Zweiman et al., 1976; Duns-
ky et al., 1977). In addition, glucocorticoids are very effective
in inhibiting cytokine production by activated T-lymphocytes
(Schleimer, 1990). In our experimental conditions, it can be
speculated that, at least in part, dexamethasone may act via
the inhibition of phospholipase A2 (Flower et al., 1988) and,
consequently, of the arachidonic acid metabolism, since pre-
treatment with the selective 5-lipoxygenase inhibitor, BWA4C,
reduced antigen-induced eosinophil infiltration in the perito-
neal cavity. Our findings differ from those of Spicer et al.
(1986), who claimed that the effect of dexamethasone did not
involve the inhibition of the arachidonic acid metabolism. In
this model, the participation of lipoxygenase derivatives is
also suggested by our findings of increased amounts of LTB4
in the peritoneal washing 6h after antigen challenge. Since
LTB4 is chemotactic for guinea-pig (Coeffier et al., 1991) and
human (Bruijnzeel et al., 1990) eosinophils, it can be hypo-
thesized that eosinophil accumulation induced by antigen
provocation is in part related to in situ LTB4 production.
Conversely, neither indomethacin nor the PAF antagonist,
SR 27417, significantly modified the eosinophil accumulation
in the peritoneal cavity following antigen challenge, indica-
ting that neither cyclo-oxygenase derivatives nor PAF med-
iate antigen-induced eosinophil infiltration in the mouse
peritoneum.
The histamine Hi-receptor antagonist, cetirizine, markedly

reduced eosinophil accumulation under conditions where
terfenadine was ineffective. Since both drugs were equally
effective in inhibiting histamine-induced vascular leakage, the
effects of cetirizine on eosinophil infiltration secondary to
antigen challenge are probably not related to the antagonism

of the H, receptor for histamine. Similar findings were des-
cribed by Leprevost et al. (1988), who demonstrated that
cetirizine, but not polaramine, another histamine HI receptor
antagonist, inhibited the in vitro guinea-pig eosinophil migra-
tion triggered by PAF. More recently, Kyan-Aung et al.
(1992) demonstrated that cetirizine impairs N-formyl-meth-
ionyl-leucyl-phenylalanine (fMLP)- or IL-1-induced adhesion
of eosinophils, but not neutrophils, to endothelial cells. These
results suggest that inhibition by cetirizine of antigen-induced
eosinophil recruitment may result from its ability to act on
the expression of adhesion molecules on endothelial cells.
The systemic administration of cycloheximide suppressed

the late eosinophil accumulation induced by antigen chal-
lenge, suggesting that newly-generated material(s) may be
responsible for eosinophil infiltration observed in the present
study. Interestingly, when cycloheximide was injected i.p. at a
very low dose, a similar degree of inhibition was observed.
These results suggest that cycloheximide may act via the
inhibition of the local expression of adhesion molecules and/
or by suppressing the production of chemotactic factor(s) for
eosinophils.

Recent studies indicate that some cytokines promote eos-
inophil chemotaxis in various species, including mice. These
cytokines are IL-3 and GM-CSF, which are involved in
monocyte-macrophage and eosinophil proliferation (Lopez et
al., 1986; 1987; 1988) and IL-5, which acts specifically on the
eosinophil lineage (Lopez et al., 1988). IL-5 is primarily
produced by activated Th2 lymphocytes, even though mast
cells (Plaut et al., 1989) and eosinophils (Desreumaux et al.,
1992) are also a source for this cytokine. The immunosupp-
ressive agent FK-506 was also effective in decreasing eosin-
ophil accumulation triggered by antigen challenge, a marked
inhibition being achieved with the dose of 2mgkg-'. The
ability of FK-506 to inhibit selectively the in vitro T cell
cytokine production has been widely described (Kino et al.,
1987; Sawada et al., 1987; Harding et al., 1989; Sierkierka et
al., 1989). More recently, Hatfield & Roehm (1992) demon-
strated that FK-506 also blocked in vitro production of mast
cell-derived cytokines, such as IL-2, IL-3, IL-4 and GM-CSF,
at concentrations comparable to those effective on T cells.
Our results suggest that the inhibitory effect of FK-506 may
result from its ability to prevent the formation of eosin-
ophilotactic cytokines responsible for eosinophil accumula-
tion triggered by antigen challenge. The concept that IL-5
may be involved in in vivo eosinophil recruitment has been
already supported by Kaneto et al. (1991), who showed that
pretreatment of sensitized mice with a specific antibody
against IL-5 decreased the antigen-induced eosinophil influx
in the peritoneal cavity. In addition, the same authors dem-
onstrated that peritoneal cells from immunized mice were
able to produce IL-5, when cultured in the presence of the
specific antigen. In conclusion, the present study demon-
strates that the i.p. administration of ovalbumin to actively
sensitized mice induces late eosinophil accumulation in the
peritoneal cavity. This phenomenon, which may be in part
mediated by the release of lipoxygenase metabolites and/or
by newly generated factors, such as T-lymphocyte-derived
eosinophilotactic cytokines, offers an interesting tool to in-
vestigate the mechanism of action of anti-allergic and anti-
inflammatory drugs.
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