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Introduction

Tamoxifen (ICI 46,474 Nolvadex) is a non-steroidal antioest-
rogen (Harper & Walpole, 1966) with antifertility properties
in rats and mice (Harpér & 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 labaratory 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 preventive agent in women at risk of breast
cancer (Powles er al, 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 tamoxifen is administered daily after
the carcinogenic insult js delivered to rats, the induction of
tumours is prevented as long as the drug is administered
(Jordan, 1978; Jordan “er 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 tumpricidal 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 complex 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 the cyrrent 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 ¢larify toxicological issues.

Basic molecular mechanism of action

Oestrogen action is mediated through the nuclear oestrogen
receptor in oestrogen target tissues (uterus, vagina and some
breast cancers) (Jensen & Jacabson, 1962; Gorski et al., 1968;
Welshon er 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 in tumours to predict which will respond
to endocrine ablatiqn (Jensen et al., 1971; McGuire et al.,
1975) revolutionized breast cancer therapy and provided a
target for therapeutic imtervention. Tamoxifen is a com-

petitive inhibitor of oestrogen binding at the oestrogen recepe
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-enhanger
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 preseat
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 oestrogen
receptor protein (Pham ez al., 1992) and not simply from 3ag
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 cliniggl
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 tumour
growth through an autocrine loop using the epidermal growth
factor receptor (Figure 1). It is also possible that TGF «
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 TGF ¢
(Noguchi et al., 1993b) which might be partly responsible for
stopping tumour growth. However, regulation of TGF «
might also have an important impact on tumour cell syrvival.
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) adjyvant
tamoxifen therapy (Early Breast Cancer Trials Collaborative
Group, 1992).

Another aspect of tumour growth control by tamoxifep 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 (IGF})
(Pollak et al., 1992), a growth factor that is known o
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stimulate the growth of breast tumour cells in vitro. Indeed
tamoxifen reduces the production of IGF-1 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
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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 B, 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 B (Figure 1).
The peptide is made in oestrogen receptor positive breast
cancer cells in response to tamoxifen (Knabbe ez al., 1987)
but in the laboratory, TGF B will inhibit the growth of
oestrogen receptor negative cells (Arteaga et al., 1988). These
observations lead to the view that TGF B 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 B in the laboratory (Colletta et al., 1990) and in res-
ponse to tamoxifen therapy (Butta er 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
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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.



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 10 mg 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 ez 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.
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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). 1t 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 (< 10 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 er 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 Bl4 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



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 1800 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
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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 ez 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 er 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 cancers during
adjuvant tamoxifen therapy

Tamoxifen-treated Control cancers

Trial cancers (n) (n)

Copenhagen 2 (164) 0 (153)
ECOG 1 91 1 (90)
NATO 0 (564) 0 (567)
NSABP 2 (1419) 0 (1428)
Scottish 4 (661) 2 (651)
Stockholm 13 (931) 2 (915)
Toronto-Edmonton 0 (198) 1 (202)
Total 0.5% 0.1%

Adapted from Nayfield er 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 (MMTYV) 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

Rate for tamoxifen-
treated women

Rate for control-

Clinical trial treated women

Copenhagen 1.8% 2.6%
ECOG 1178 1.1% 3.3%
Stockholm 1.9% 3.5%
Toronto-Edmonton 1.5% 1.5%
Scottish 1.4% 1.8%
CRC 0.7% 1.9%
NATO 2.7% 3.0%
NSABP-14 1.6% 2.2%
Average 1.6% 2.4%

Adapted from Nayfield er al. (1991).

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 5000 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.

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 1.5-3.0
Mother plus sister 4.6
Nulliparous woman 1.4
First pregnancy > 30 2-5
Atypical hyperplasia 44
Lobular carcinoma in situ (LCIS) 6.9-12

Adapted from Morrow (1992).



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 16 000 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 ez al., 1981; Fisher et al., 1989;
Pritchard er 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 er 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
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Table 4 Percentage of patients with acute adverse side
effects from tamoxifen

Fatigue* 5-70%
Vasomotor instability (hot flushes) 17-67%
Insomnia 0-54%
Headache 9-37%
Depression 1-33%
Altered menses — 1-31%
(amenorrhoea, oligomenorrhoea, menstrual disorders,
vaginal discharge, vaginal bleeding)

Pain (bone or musculoskeletal) 2-30%
Fluid retention (oedema) 2-25%
Nausea 3-21%
Anorexia 1-16%
Leukopaenia 1-15%
Skin rash 4-13%
Vomiting 1-12%
Diarrhoea 8-10%
Ovarian cysts 3-5%
Constipation 2-4%
Weight gain 4%
Hypercalcaemia 3-4%
Abdominal cramps 1-3%
Thrombocytopaenia 1-2%
Phlebitis <1%
Dizziness, light-headedness <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 e 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 20 mg/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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Premenopausal

Decrease in
midcycle prolactin

No change LH, FSH
Increase in LH, FSH

Inhibits
oestradiol binding

SHBG?

Increase in oestradiol

Hypothalamus
pituitary axis

Postmenopausal

Prolactin?
No change decrease

LH decrease
FSH decrease

Inhibits
oestradiol binding

SHBG increase

Oestradiol no change

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
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PAF activation of a voltage-gated R-type Ca?* channel in
human and canine aortic endothelial cells
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By the use of fura-2 and digital imaging techniques, [K], depolarization or PAF (10~° M) were shown to
induce a sustained increase of [Ca]; in human or canine single aortic vascular endothelial cells (VEC)
that was insensitive to nifedipine but sensitive to (—)-PN200-110 or to lowering of [Ca],. The PAF-
induced effect on [Ca]; was blocked by the PAF receptor antagonist, WEB2170. Our results suggest that
[K], depolarization and PAF increase [Ca]; via the activation of R-type Ca’* channels.

Keywords: Endothelial cells; Ca?* channel; PAF; calcium blockers; calcium

Introduction A sustained increase of intracellular free cal-
cium ([Ca}],) in vascular endothelial cells (VEC) after stimula-
tion by diverse vasoactive agents is dependent on Ca?* influx
(Sturek ez al., 1991). However, the ionic channels responsible
for this sustained increase of [Ca}; are not known (Takeda &
Klepper, 1990). The difficulty in identifying the Ca* channel
type that is responsible for the sustained increase of [Ca]; 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 Ca’*
channel (R-type), in several cell types, that is responsible for
the sustained increase of [Ca}; (Bkaily, 1991; Bkaily et al.,
1991; 1992).

The present study was undertaken in order to verify if the
voltage-dependent steady-state R-type Ca?* channel exists in
VEC and if platelet-activating. factor (1-O-alkyl-2-acetyl-sn-
glycero-3-phosphocholine; PAF)-induced stimulation of [Ca];
(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 ez 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 Ca?* 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 mlmin~!) with
Tyrode solution containing (in mM) either: NaCl 130, KCI 5,
CaCl, 2, HEPES 10 and glucose 10 or NaCl 105, KCl 30,
CaCl, 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 310 mOsm (Advanced DigiMatic
Osmometer 3DII, Massachusetts, U.S.A.). The dual L-
(Striessnig et al., 1986) and R-type (Bkaily et al., 1992) Ca®*
channel blocker (—)-isradipine (PN200-110) was obtained
from Sandoz Canada Inc. PAF was obtained from Bachem
(US.A)) and WEB2170 (3-[4-(2-chlorophenyl)-9-methyl-6H-
thieno[3,2-f][1,2,4]triazolo-[4,3-a][1,4]-diazepin-2-yl}-1-(4-mor-

! Author for correspondence.

pholimyl)-1-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 T s.e.mean of n different observations. Statistical com-
parisons between controls and each experimental interaction
were made by paired Student’s 7 test. P values of <0.05 were
considered to be statistically significant. All experiments were
carried out at 28°C.

a b c
Control Control KCI £
1 min 5 min & 1210
674
404
e f & 248
KCI PN ¥ 150
5 min 1 min
& 93.0
i j 33.4
PN PN
4 min 5 min 8 min | 19.0
8.86
E 3.73
3.40
Conc.
102

Figure 1 Blockade of the sustained increase of [Ca]; induced with
high [K], by PN200-110 in human aortic vascular endothelial cells.
(a-b) control (5 mM [K],) digital colour image maps of basal steady
state free [Ca]; at 1 min (170 nM) and 5 min (170 nM) recording. (c)
Increase in [Ca]; taken at 1 min (280 nM) in presence of high [K],
(30 mM). (d—e) Sustained increase in [Ca); taken at 2 min (d, 560 nM)
and Smin (e, 560 nM) in presence of high [K],. (f-k) Superfusion
with high [K], containing 10-"M PN200-110 rapidly (f, at 1 min,
262 nM) and progressively blocked the sustained increase of [Ca);
induced with high [K],. Addition of 30 mM EGTA did not further
decrease the [Ca]; (156 nM).
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Results The basal level of [Ca]; of human and canine VEC
in normal K* (5mM) solution was 135+24nM (n=12)
154 £ 27 oM (n = 12) respectively. Sustained depolarization
with 30 mM KCI induced (within 1 min) a steady-state in-
crease of [Ca}; in both human (from 132121 to 506
63nM, n=15) and canine (from 156 % 21 to 281 % 33 nM,
n=15) VEC that was, as in vascular smooth muscle cells
(VSMC) (Bkaily et al., 1992), insensitive to the L-type Ca?*
blocker nifedipine (Figure 2) but sensitive to the dual Ca?*
L- and R-type blocker PN200-110 (Figure 1, an example out
of 8 experiments and Figure 2) and to the Ca’* chelator
EGTA (Figure 2). As for high [K],, superfusion with a
Tyrode solution containing 10-°M PAF induced (within
1 min) a sustained increase of [Ca]; of both human and
canine VEC (Figure 2) that was insensitive to nifedipine
(10~° M) but significantly decreased by PN200-110 (10~ m).
The remaining increase of [Ca]; was completely blocked by
30mM EGTA (Figure 2). The PAF-receptor antagonist,
WEB2170 (10~° M) significantly decreased the PAF-induced
sustained increase of [Ca]; (Figure 2).

Discussion Our study demonstrates that the mean basal
resting [Ca]; 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
Ca?* channel does exist in VEC and that this channel is
similar to the nifedipine-insensitive and PN200-110-sensitive
R-type Ca?* 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 Ca?* channel is
mediated via a receptor-dependent mechanism which remains
to be determined. Our results also show that high [K], or
PAF induced a 4 fold increase of steady-state [Ca];, 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); on mechanisms that are responsible for Ca?* seques-
tration and/or efflux.
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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 uM) and NCS-nitro-L-arginine (L-NOARG, 10 uM).

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 pM) and had no direct smooth muscle effects per se.

6 Acetylcholine (1 nM—10puM) 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 651 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; N°-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-

! Author for correspondence at: Department of Clinical Phar-
macology, Lund University Hospital, 221 85 Lund, Sweden.

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 ez al., 1993).

The aim of the present study was to establish the distribu-
tion of NOS containing nerves, as studied by immunohis-
tochemistry 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
- 70°C.

NADPH diaphorase histochemistry

Tissue demonstration of NADPH diaphorase activity was
performed by incubating tissue sections with 1mMm B-
NADPH and 0.5mM nitro blue tetrazolium dissolved in
50mM Tris/HC] 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 B-NADPH was excluded, or exchanged for 1 mM
a-NADPH or 1 mM B-NADP. Various other methods were
also used to study the specificity of the B-NADPH
diaphorase reaction. The heat-stability was checked by pre-
incubating some sections at 77°C for 5 min. Other pretreat-
ments included incubation with 0.1 mM NC-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 um, were air-dried for
15min and then incubated in PBS containing 0.2% Triton
X-100 for 2h. 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 5ml organ baths containing Krebs
solution maintained at 37°C by a thermoregulated water
circuit. The Krebs solution was bubbled with a mixture of
95% O, and 5% CO,, 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 5s and the stimulation interval
120s.

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 5mm), 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—6 mN. 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-1 (0.1 mMm).
(3) Responses of L-arginine (1 mM) and SIN-1 (0.1 mM) in
precontracted (carbachol 10 puM) muscle strips.



Urethra and trigone: Smooth muscle strips (1 X2 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 uM). 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 uM) and TTX (1 uM).
SIN-1 (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 Ca’* free solution.

Vesical arteries: Extramural arteries (inner diameter =
250-400 pum) 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 (0.5-6 uM) 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 uM), 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
2-3min. Loss of relaxant response to acetylcholine (1 puMm)
was considered to indicate endothelium removal. (4) The
effects of L-NOARG (0.1 mM-0.3 mM) and indomethacin
(1 uM) 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
15min before concentration-response curves for acetyl-
choline were constructed. (5) In some experiments the vessels
were pretreated with phentolamine (1 pM) and indomethacin
(1 uMm) 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 NaNO, (pH 2), as
described by Furchgott ef al., 1988) and SIN-1 were recorded
in vessels without endothelium. Separate experiments showed
that the vehicle (H,O, 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,
NC-nitro-L-arginine (L-NOARG), L-arginine hydrochloride,
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D-arginine hydrochloride, B-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 (B-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% NaCl, and when appropriate, 1 uM 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, KCl 4.6, CaCl, 1.5, MgCl, 1.2, NaHCO,
15, NaH,PO, 1.2, glucose 11. K*-Krebs solutions (60 and
124 mM) were prepared by replacing NaCl with equimolar
amounts of KCl. Ca’*-free medium was prepared by omit-
ting Ca’* 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 Ca®*-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
ICsy 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 ¢ 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 (¢). 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 um).



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
B-NADPH was excluded or substituted with a-NADPH.
When B-NADP was used instead of B-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 B-
NADPH was substituted with «-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).

NITRIC OXIDE IN PIG LOWER URINARY TRACT 525

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 pM—0.1 mM),
added cumulatively to the bath, and the contractile response
to EFS at 10, 20 and 40 Hz studied. L-NOARG (10 um)
increased the contractions by a maximum of 12+ 2% at
10Hz, 12 5% at 20 Hz, 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 uM) 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 uM), 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-1 (1 pM—-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-10puM) caused concentration-dependent inhibi-
tion of the EFS-induced detrusor contractions (20 Hz), that
amounted to 52+ 11% (n=15) at 10 uM.

Concentration-response curves to carbachol (10 nM-0.1
mM) were unaffected by pretreatment with L-arginine (1 mM,
n=135), L-NOARG (0.1 mM; n=4) or SIN-1 (0.1 mM; n=15).
L-Arginine (1 mM) had no influence on tension when applied
to preparations precontracted by carbachol (10 uM; 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 uM), verifying that they were
nerve-mediated (Figure 4a). The relaxations amounted to
472 5% (n=7, N=4) and 49+ 6% (n=8, N=35), for
urethral and trigonal preparations, respectively. Addition of
L-NOARG (10 uM) 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 (1 mM) and cross-hatched columns the response to L-
arginine after pretreatment with NC@-nitro-L-arginine (L-NOARG,
0.1 mmM). Results are expressed as a percentage of the contractions
before drug treatment and given as meant 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 (1 mM) and in (b) the lack of effect in the presence of scopolamine (1 um). Bars
indicate time of stimulation (supramaximum voltage, 0.8 ms pulses, 5s 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; 1pmM) and NS-nitro-L-arginine (L-NOARG, 10 pM) 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, Ss train duration).

stimulated by EFS resulted in a marked decrease in the
relaxant response with time. Maximal inhibition was reached
within 10-15min and in some preparations the response
changed into a contraction (Figure 4b). Scopolamine (1 pM)
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=28, N=15) (Figure 4).

Vesical arteries Acetylcholine (1 nM—10 uM) 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 uM, and
the — log ICs, value was 7.1 £ 0.1. The maximum relaxation
(93 £ 3%, n=6) and the — log ICs, value (7.1 £0.1) were
not affected by preincubation with indomethacin (1 pM)
(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 ICs, values were not calculated since no defined max-
ima were obtained. The maximal relaxations obtained
amounted to 88+ 6% (n=6) and 65X 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=35, of the initial K* 124 mM
response), acetylcholine induced concentration-dependent
relaxations (Figure 6). The relaxation obtained at 10 puM
amounted to 65+9% in K* (60 mM)-contracted vessels
(compared to 97 1% in noradrenaline-contracted vessels).
When the vessels were incubated with 0.3 mM 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* 60 mM
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 uM) 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 X 4%,
n=12). No increase in tension was seen when L-NOARG
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Figure 5 Relaxation of pig isolated vesical arteries induced by
acetylcholine in controls (O) or in the presence of 1um
indomethacin (@), 0.1 mM NC-nitro-L-arginine (L-NOARG, A),
0.3mM L-NOARG (A) or in vessels without endothelium (H).
Results are expressed as percentage relaxation of the noradren-
aline-induced tension and given as mean * s.e.mean (n=6-16).
*P<0.05; **P<<0.01; ***P<0.001.
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Figure 6 Relaxation of pig isolated vesical arteries induced by
acetylcholine in K* (60 mMm)-contracted preparations in the absence
(O) or presence of NC-nitro-L-arginine (L-NOARG, 0.3 mm) (@).
The vessels were pretreated with phentolamine (1 uM) and indo-
methacin (1 pMm) for 30 min. Results are expressed as percentage
relaxation of the K* (60 mM)-induced tension and given as
mean * s.e.mean (n=15).

(0.1 mM) was administered to vessels without endothelium
(n=17).

Noradrenaline-contracted pig vesical arteries without endo-
thelium responded to increasing concentrations of SIN-1 and
NO (present in acidified solution of NaNO,) with concen-
tration-dependent relaxations. SIN-1 (10 uM) relaxed the
vessels by 96+ 3% (n=6) and NO (1mM) by 97+ 2%
(n=6; data not shown).

Discussion
The present study demonstrates that NOS-IR and NADPH

diaphorase activity are expressed in nerve trunks and fine
nerve fibres throughout the pig lower urinary tract. NOS-IR
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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 e al.,
1991; Dokita et al., 1991; Andersson er 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
tract, by monitoring the conversion of [*H]-arginine to [*H]-
citrulline, revealed a high catalytic activity in the bladder
neck and urethra (Burnett et al., 1992). By localization of the
enzyme involved in the synthesis of NO, morphological
evidence for the assumption that NO may act as a neuro-
transmitter in the lower urinary tract now exists, strengthen-
ing the hypothesis of a role for NO in this tissue. The
morphological findings in the present study, demonstrating
that the detrusor region expresses a low density of thin
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
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
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 ez
al., 1992). Conflicting results have been reported concerning
the NADPH diaphorase staining of the detrusor of different
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,
respectively.

In this and a previous study (Larsson et al., 1992), the
specificity of the NADPH diaphorase staining in the pig
lower urinary tract was examined. L-NOARG, in a concen-
tration sufficient to inhibit the enzyme functionally, caused
no reduction in NADPH diaphorase staining. This suggests
that the portion of the NOS enzyme that yields the NADPH
diaphorase staining is not identical to, and does not interact
with, the site of NO production. The marked increase in
staining using B-NADP most probably reflects non-specific
staining by other enzymes with diaphorase activity (Hope &
Vincent, 1989). Dicoumarol, reported to inhibit some non-
specific diaphorase staining (Ernster et al, 1962), and L-
canavanine, known to inhibit the inducible form of NOS
(Iyengar et al., 1987), were without effect on the NADPH
diaphorase reaction found in this study. However, DTNB
and a-NADPH abolished the NADPH diaphorase activity in
nerves and in the endothelium, but not in the urothelium.
Thus, the neuronal and endothelial NADPH diaphorase
activity, suggested to indicate NOS (Dawson et al., 1991;
Hope et al., 1991), exhibited characteristics different from the
activity found in the urothelium.

Immunohistochemistry and NADPH-diaphorase histo-
chemistry performed on the same preparations in the pig
lower urinary tract, revealed an extensive colocalization of
the two markers in all regions. However, the urothelium of
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 er 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 al., 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 ez al., 1992).
Numerous NADPH diaphorase positive nerves were present
in the major pelvic ganglia and the (T,;—L,, Ls and S;) 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, 5-15s 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



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-NOARGe-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.
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demonstrated, but its functional importance is unclear. NO,
as well as other endothelium-derived factors seems to be
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relaxation of pig vesical arteries.
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Differential Class III and glibenclamide effects on action
potential duration in guinea-pig papillary muscle during
normoxia and hypoxia/ischaemia
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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 (APDy,) 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 EC;s 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 APDy,
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 15mV.

4 (+)-Sotalol and UK-66,914 did not reverse the shortening of APD induced by perfusion with
hypoxic Krebs solution. High concentrations of glibenclamide (10 pM) and UK-68,798 (30 and 60 uM)
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 (10 uM, n = 7) produced small, but
significant, increases in the APDy, (11 X3 ms after 20 min) which were not clearly time-dependent
(14 £ 4 ms after 30 min). UK-68,798 (10 uM) also produced a small, but insignificant, increase in APDy,
(12t 6 ms at 20 min, n =4). Higher concentrations of UK-68,798 (30 and 60 uM, n =4) did not
produce a consistently significant increase in APDy, during ischaemia: significance was only attained
after 20 min in the presence of 60 uM UK-68,798 (24 £ 12 ms). However, in marked contrast to the
effects of the Class III compounds, glibenclamide (10 uM) produced large time-dependent increases in
ischaemic APDy, (34 £ 11 ms at 7 min, » = 9) which were significant 15 min or more after drug addition
(52t 12ms at 20 min, n =7; 74 5ms 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.

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

muscle

Introduction

© Macmillan Press Ltd, 1993

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 er al., 1989; 1991b) and, additionally, exhibit anti-
arrhythmic effects in other in vivo models of prior myocardial
infarction (Katoh ez 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 &
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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 (Ziinkler er 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)-1-piper = azinyl] ethyl] phenyl] methanesulphon-
amide), UK-68,798 (N-[4-[2-[N-methyl-[2-[4-(methylsulphon-
amido) = phenoxy]ethyl]amino]ethyl] phenyljmethanesulphon-
amide) and E-4031 (N-[4-[1-[2-(6-Methyl-2-pyridyl)ethyl]-4-
piperidinyl = carbonyl]phenylJmethanesulphonamide 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 er al., 1990; Saville et al., 1991).

Methods

Electrophysiological recording

Guinea-pigs (300—550 g) 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 1Hz (2ms pulse width,
threshold voltage plus 50%) by bipolar platinum electrodes
placed against the preparation. After an initial stabilization
period (1-1.5h), 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 (APDy) from maximal
amplitude (APA) was aken as an indirect measure of potas-
sium channel activity. Drugs which prolonged the APDy,
without effects on the action potential upstroke velocity
(Vaax) Were considered to be potassium channel blocking
agents. Action potential duration at 30 and 50% repolariza-
tion (APDy, and APDy,, respectively) was also routinely
measured. The effects of Class III compounds on the APDy,
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
APD,, 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, EC,s values were determined (i.e. the concentration of
compound which prolonged the APDg, by 15%) and used to
establish the relative potencies of the Class III compounds.
An EC;s 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 ¢ 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* 54, Mgt 1.2, Ca’* 2.0, Cl- 144.2,
HCO;~ 15.5, H,PO,~ 1.2 and glucose 11. This ‘normoxic’
Krebs had a pH of 7.3 and was gassed by 95% 0,/5% CO..
The ‘hypoxic’ Krebs solution was of the same composition as
that above, except that it was glucose-free and gassed by
95% N,/5% O, to reduce substantially the oxygen tension in
the solution (PO, 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, Mg?* 1.2, Ca’* 2.0, Cl~ 143.7,
HCO, 8.0, H,PO,” 1.2 and glucose 0. The ischaemic
bathing solution was gassed with 55% 0,/40% N,/5% CO,
to produce a less severe change in oxygen tension (PO, 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 (4 )-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
APDy, 130.5 £ 3.2 ms, n = 68). The average action potential
upstroke velocity (V) was 215 % 14 mVs~' (n = 18) with
an average APD;, and APDs, of 74.6 * 6.3 ms and 99.3
7.2ms (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 EC,s; values (see Methods)
obtained from concentration-response relationships (Figure
1), was UK-68,798 > E-4031 > UK-66,914 >(+)-sotalol.
The mean EC,s values together with their 95% confidence
limits were calculated as 0.92 (0.18-4.68) um (n = 3) for
UK-68,798, 2.25 (1.48-3.41)uM (n =7) for E-4031, 3.37
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Figure 1 Concentration-dependent effects of UK-68,798 (@), E-
4031 (A), UK-66,914 (H) and (+)-sotalol (#) on action potential
duration recorded from guinea-pig papillary muscles under normoxic
conditions and measured at 90% repolarization (APDg). See text for
details.

(2.08-5.45)um (n =4) for UK-66,914 and 29.8 (1.28-
691) uM (n = 3) for (+)-sotalol. The mean maximal increase
in APDy, obtained with a 10 uM concentration of each com-
pound was 20.6*3.1% for UK-68,798 (n =3, control
APDyg, = 159.5+ 2.0), 33.0+4.7% for E-4031 (n =7, con-
trol APDgy =95.0 £11.9), 18.5 + 4.7% for UK-66,914 (n=5,
control APDy, = 136.5 £ 8.7) and 5.9 £ 3.0% for (+)-sotalol
(n = 6, control APDg, = 132.8 % 6.8). These agents prolonged
the APD at 30, 50 and 90% repolarization. The percentage
increase in APDy, for a Class III compound was larger than
corresponding increases in either APDs, or APDs, (for exam-
ple 10 um UK-68,798 prolonged the APDy, by 20.6 £ 3.1%,
the APDy, by 17.7£3.5% and the APD;, by 8.6 + 2.5%,
n =3). These drugs prolonged repolarization without any
significant reduction in the V,,,. 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 uM for up to 30 min) did not significantly prolong APDy,
under normoxic conditions. The values for APDy,, in the
presence of 10 uM 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
1526+ 58ms and 30min 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 APDg,. These changes attained a
near steady-state after 20—25min. 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 uM) had no effect on the APDy, 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 uM) had no effect under hypoxic conditions (Figure 2b).
However, UK-68,798 (30 uM) had some effect on the hy-
poxia-shortened APD (Figure 3). There was a small increase
in the mean APDy, produced by 30 puM UK-68,798 which was
significant only after 15 min (the hypoxic APDg, was in-
creased by 22t 5.5ms, n =3) and this increase did not
become larger with time (23 * 11 ms, n = 3, after 20 min). At
a higher concentration (60 uM UK-68,798, n = 3) there was
no significant increase in APDy,.

a
120 mV 111 mV 112 mV
153 ms 74 ms 73 ms
—_1 __l —
Control Hypoxia Hypoxia
(20 min) + 30 um (+)-sotalol
(20 min)
b
118 mV 118 mV 119 mV
187 ms 52 ms 48 ms
Control Hypoxia Hypoxia
(25 min)  +30pum UK-66,914
(15 min)

Figure 2 Lack of effect of (a) (+)-sotalol (30 uM) and (b) UK-
66,914 (30 um) 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 APDy, 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 APDy, 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 APDy,.
The threshold concentration for this effect was about 10 uM.
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
7min, n =7, with that of 28 *7.3ms at 15min, n =6,
significant at P <<0.01). Thereafter, the effect of gliben-
clamide at a fixed concentration (generally 10 uM 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 APDy, of 50 £ 9.6 ms (n = 4) was observed
after 20 min exposure to 10 uM 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 APDy, both of
which reached a steady-state after about 20 min (Figures 5



534

I. MACKENZIE et al.
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130 ms
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Control Hypoxia (7 min) (15 min) (20 min)
20 min

Hypoxia + 30 um UK-68,798

Figure 3 The effect of UK-68,798 on the APDy, recorded from a guinea-pig papillary muscle following exposure to the hypoxic
bathing solution. There was a significant reduction in the APDy, after 20 min experimental hypoxia. UK-68,798 (30 uM) elicited a
small increase in APDy, (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 115mV 120 mV 122mV
134 ms 45 ms 98 ms 116 ms
Control Hypoxia ’ (15 min) (30 min)
20 min

Hypoxia + 10 um glibenclamide

Figure 4 The effect of glibenclamide (10 uM) on hypoxia-induced shortening of APDy, in guinea-pig papillary muscle. There was a
Ia?ency of 10-15min following the infusion of glibenclamide before an increase in the APDyg, was observed. Thereafter,
glibenclamide progressively increased the duration of the hypoxic APDg 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 APDy. The control APD, was 137.8 £ 8.5ms, after
20 min ischaemia it was reduced to 63.8 + 18.8 ms and in the
presence of 0.1% DMSO the APDy, values obtained over
time were 66.0+ 17.7ms (7 min), 65.8+18.2ms (15 min),
66.7 £ 15.3 ms (20 min), 66.7 £ 15.1 ms (25 min) and 67.6
158 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 APDy, 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 APDg, 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 (10 uM, Figure 5a) nor
UK-68,798 (10, 30 and 60 pM, Figure 5b) produced substan-
tial reversal of the ischaemia-induced shortening of the action
potential. E-4031 (10 uM, n = 7) produced a net mean in-
crease of 73 ms (at 7min), 11 X3 ms (at 20 min) and
14+ 4ms (at 30 min); these small increases in the APDy,
after 20 and 30 min were significant (Figures 5a and 6a).
UK-68,798 (10 uM, n =4) produced net increases in the
APDy, (Figure 5b) similar to those observed with the same
concentration of E-4031 (see above data) with increases of
7+t 4ms (at 7min) and 12+ 6 ms (at 20 min). Even with
higher concentrations of UK-68,798 (30 and 60 uM, n = 4), a
significant net increase in APDgy, was only attained after
20 min in the presence of 60 uM 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-
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Figure 5§ Comparison of the effects of (a) E-4031 (10pum), (b)
UK-68,798 (10, 30 and 60 pum) and (c) glibenclamide (10 uM) on
APDy, recorded from guinea-pig papillary muscles under conditions
of experimental ischaemia (see Methods). The APDy, 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 APDy, 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 (10 uM [left hand group of shaded columns], 30 um
[central group of shaded columns] and 60 uM [right hand group of
shaded columns]) and changes in APDy, were measured after 7, 15
and 20 min. There were small increases in APDgy which were only
significant at the highest concentration used (60 uM for 20 min). (c)
Glibenclamide induced larger increases in APDy, 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-4031 and UK-68,798. Asterisks represent
significant increases in the ischaemic APDgy, (measured after 20 min
ischaemia) by drug treatment: *P <0.05; **P <0.01; ***P <0.001.

tion. The threshold concentration for glibenclamide was
about 6 uM and it exhibited a pronounced and progressive
time-dependent action (Figure Sc and see Figure 4, in
hypoxia). Glibenclamide (10 uM) produced net increases in
the ischaemic APDy of 34X 11ms (at 7min, n =9),
52+ 12ms (at 20min, n =7) and 74 5ms (at 30 min,
n = 6). These increases in the APDy, were significant 15 min
or more after drug addition (Figures 5c 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 (10 uM), there was
851+ 8% (n = 6) restoration of the APDy,.

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 uM) concentration of glibenclamide produced larger in-
creases in the APDy, 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-4031 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 APDg, without any changes in the ¥V,
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 >5nM and = 0.1 uM,
respectively (Gwilt ez al., 1991a,b). In addition, Tande ez 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 uMm) followed by glibenclamide (10 uMm) and (b) UK-68,798 (10, 30 and 60uM) on
ischaemia-induced shortening of APDy, 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-4031,
this drug was removed from the ischaemic bathing solution and replaced with glibenclamide (10 uM for 30 min). During this period,
glibenclamide induced a prominent and characteristic time-dependent prolongation of APDy,. There was a latency of 10—15 min
following the infusion of glibenclamide before an increase in the APDy, 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 um); further increases in concentration (30 and 60 uMm)
produced comparatively small increases in APDg, (see Figure 5b 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—15min after
impalement. Although Tande ez 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 EC,s 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 APDy, 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-4031 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 I). Secondly, how was the slight prolongation of
the APDy, 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 pM) than
under hypoxic conditions (about 10 uM) but the effects of the
drug were qualitatively similar. The incomplete restoration of
ischaemic APD to control values by glibenclamide (approxi-
mately 85% at 10uM) 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
10puM glibenclamide partially prevented the subsequent
shortening effects of experimental hypoxia or metabolic
inhibition on APD; this effect of glibenclamide was maximal
at 20 uM. 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—10 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 K, 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 (20-50 nM) on both APD and single ATP-
dependent potassium channels (Fosset ez al., 1988). However,
other groups have found that much higher concentrations of
glibenclamide are required to modify either hypoxic/
ischaemic APD (Nakaya er 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 ez 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 er al., 1991) and pancreas
(Belles et al., 1987) and a slower time-course in whole-cell
experiments (Belles ez 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 B-cells (Ziinkler 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 [?’H]-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, [*H]-GR32191 with human
intact platelets and platelet membranes has been investigated in vitro.

2 On intact platelets, association of specific [P’H]-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 ¢ values of 8.1 and 65.6 minutes. K 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 [PH]-GR32191 and GR32191 on intact platelets gave an ICs of 2.3 nM.
Scatchard analysis indicated a single class of binding site with a K, 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 K; value for [PH]-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 37°C, specific [’ H]-GR32191 binding was complete within 5 min with a
calculated association rate constant of 3.2 X 10 M~! min~'. Dissociation of ’H]-GR32191 was relatively
slow, with measurable specific binding persisting for > 40 min. Analysis of these data yielded a # of
17.7 min and a dissociation rate constant of 0.04 min~! and indicated dissociation from a single site. The
1, for dissociation appeared to be related to the contact time of platelet membranes with [*H}-GR32191.
Derivation of a K, from the kinetic rate constants gave a value of 0.13 nM.

5§ Competition binding of PH]-GR32191 and GR32191 to platelet membranes gave an ICs, value of
3.5 nM. Scatchard analysis of these data indicated a single binding site with a Ky of 2.1 nM. Saturation
binding experiments with [*’H]-GR32191 yielded similar ICs, and K; values to those from competition
experiments.

6 In further competition binding experiments, the TP-receptor agonists U-46619, STA,, EP171 and
9,11-azo PGH, and antagonists SQ29,548, BM 13.177 and EP092 all competed with specific [*H}-
GR32191 binding on intact platelets and, where determined, on platelet membranes. All compounds
fully displaced specific [’H}-GR32191 binding. However, where tested, the ICs, values for a particular
compound were always greater when PH}]-GR32191 was the radioligand than when [*H}-SQ29,548 was
used. At the concentrations used in these studies (2 and 5 nM respectively), platelets appeared to bind
approximately twice as much [*H]-GR32191 as [’H]-SQ29,548.

7 In conclusion, the interaction of PH]-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 K; of the drug
differed depending on the method of determination. Because of the slow dissociation of [*H]-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 A, receptor blocking drug; radioligand binding; thromboxane A, receptor

Introduction

Thromboxane (Tx) A, is a potent platelet aggregatory and
vasoconstrictor agent which has been implicated in the
pathophysiology of occlusive vascular disease (FitzGerald et
al., 1987). To exert its effects, TxA, appears to act at a
specific receptor which has been termed a TP-receptor (Cole-
man et al., 1984). GR32191 is a potent and specific TP-recep-
tor blocking drug which prevents human platelet aggregation
and contraction of vascular smooth muscle induced by TxA,

! Author for correspondence.

2 Present address: Glaxo Inst. Applied Pharmacology, Dept. Phar-
macology, University of Cambridge, Tennis Court Road, Cambridge
CB2 1QJ.

and its mimetics (Lumley et al., 1989; Hornby et al., 1989).
The interaction of GR32191 with the human platelet TP-
receptor has been supported by its ability to compete for
binding with the TP-receptor radioligand ['*I]-PTAOH, the
K, for inhibition of binding being in close agreement with the
K, value obtained from functional studies (Lawrence et al.,
1988). However, in these functional studies, GR32191 ap-
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
addition, the attainment of the peak aggregatory response to
U-46619 was slowed in the presence of GR32191. At concen-
trations approximately 10—30 times greater than the estimated
pA, 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 e al., 1989).

The aim of the present study was therefore to investigate
the binding of GR32191 to the human platelet. To achieve
this, [’H}-GR32191 was prepared and binding investigated
both in intact platelets and in a platelet membrane prepara-
tion. For comparison with results observed with [*H]-GR
32191, binding studies were also performed with [’H]-SQ
29,548 (Hedberg et al., 1988). This TP-receptor blocking drug
potently antagonizes U-46619-induced human platelet agg-
regation (Lumley er 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
[PH]-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 of human 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 pl buffer, [*H]-GR32191 (final
concentration of 2nM added in 10 pl), 50 ul buffer or test
compound and 80 pul of intact platelets or platelet membrane
suspension.

Association experiments To determine the association rate
of [PH]-GR32191, platelets or platelet membranes were incu-
bated with 2nM of the radioligand at 37°C for various
periods of time. Incubation was terminated by the addition
of 3ml 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
3ml of ice-cold buffer, placed in counting vials containing
3ml of scintillant and counted in a scintillation counter.

Dissociation experiments Association of 2 nM [*H]-GR32191
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 5puM 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
[PH]-SQ29,548 (5 nM) was determined in the same way.

Competition experiments Drugs tested for competition with
[PH]-GR32191 binding were added either to platelet mem-
branes or intact platelets in concentrations ranging from
0.1 nM to 10 uM simultaneously with 2 nM [*H}-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 [*H]-
S$Q29,548 were carried out as for GR32191, except that the
concentration of radioligand used was 5 nM.

Saturation experiments Increasing concentrations of [*HJ-
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 uM GR32191 with samples contain-
ing 2nM [*H]-GR32191. In some experiments on intact
platelets, EP092 (5 uM) 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 [PH]-GR32191 with
both intact platelets and platelet membranes was analysed by
linear regression of log,, bound [*H}-GR32191 at equilibrium
(B.g; c.p.m.) divided by B., minus the amount bound at any
given time (B,) against time, using a computerised least-
squares fit to a straight line (‘Linefit’). K, was determined
from the slope of the regression X 2.303 and the association
rate constant (k,,) determined as

Kobs"k -1
kiyy=—7

+1 [L]
where k_, and [L] are the dissociation rate constant and the
radioligand concentration respectively.

The dissociation rate constant (k_,) was determined using
the data from each individual dissociation curve by a least-
squares fit of bound [PH}]-GR32191 (B) to time (‘Expofit’)
according to the equation B= B.e~X where B, is the c.p.m.
prior to addition of excess GR32191 (‘time zero’) and
k=k_,. The time to half dissociation (z;) was calculated
from the k_, value as:

0.693

h=—7—

-1

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 = B,e "' + e ~*?] using the programme ‘Doublexp’
which yielded two rate constants.

Competition studies 1Cs, values were determined from com-
petition studies by analysing specifically bound [*H}-GR
32191 (c.p.m.) versus concentration of competing agent using
‘Polyfit’ (Barlow, 1991).

Saturation binding K, values were determined from satura-
tion binding data using a direct fit to a hyperbola using
‘Hypmic’.

Scatchard analysis K, 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) [*H}-GR32191 versus bound [*H}-
GR32191 (fmol/assay tube) was analysed by linear regression
(‘Linefit’). The negative reciprocal of the slope of the line was
equivalent to K;. Competition data were also analysed using
a Hill plot of the data according to the equation, log B/
B..x — B vs log [L] (‘Inhibition’) with a B,,, 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.



Drugs used

The assay buffer (pH 7.4) had the following composition
(mM); NaCl 100, glucose 5, Tris HCl 50 and contained
indomethacin (1 pM). Acid citrate-dextrose solution was pre-
pared by dissolving disodium hydrogen citrate (2g) and
glucose (3 g) in 120 ml of distilled water. All reagents were
Analar grade and obtained from BDH. Prostacyclin (PGI,)
sodium salt (Schering A.G.) was prepared as a 50 pg ml~!
stock solution in 50 mM Tris-HCl, pH 9.0; dilutions were
prepared in saline. Cicaprost (ZK96480, Schering) was dis-
solved in saline to give a stock solution of 50 pugml-!.
Indomethacin (Sigma) was prepared as a 10 mM solution in
absolute ethanol; dilutions were prepared in saline. [*HJ-
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 uM
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)-28-
(N-piperidino)-3a-hydroxy- Sa-(4"’-biphenylylmethoxy)-cyclo-
pentane; hydrochloride salt, Glaxo Group Research) was
prepared as an 2.0 mg ml~! solution in saline. U-46619 (11a,
9a-epoxymethano PGH,, Upjohn Diagnostics) was prepared
as its sodium salt by dissolving in approximately 1% w/v
NaHCO; in saline. Dilutions of these drugs were prepared
using the assay buffer. [’H]-SQ29,548 (2x-(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,1la-epoxy-10a-
homo-16-p-fluorophenoxy-w-tetranor-15S-hydroxy-prosta-SZ,
13E-dienoic acid) and EP092 ((rac) 9a,lla-ethano-1-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 PGH, (Upjohn), STA, (11a-
carba-9,11-thia TXA,, Ono), BM 13.177 (4-[2-[[(4-chloro-
phenyl) sulphonyl]amino] ethyl] benzeneacetic acid, Glaxo),
$Q29,548 Squibb. Stock solutions of the prostanoids
(5-10mgml~') 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. PGI,, cicaprost, U-46619 and
GR32191 stock solutions were stored at — 20°C between
experiments. All drugs were stored on ice during an experi-
ment.

3H 3H

\\\\>__._</\
O COOH

““ll o
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Figure 1 The chemical structure of [PH]-GR32191.
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Results

Intact platelets

The rate of association of [’H]-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 [*H}-GR32191 (2nMm) 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 B,
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 5um
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 ¢ test).
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Table 1 Association and dissociation rate constants and affinity constants for the interaction of [*H]-GR32191 with human platelets

and platelet membranes in vitro

Measured variables Platelet membranes n
Association rate constant 32+038 4)
(ki) (X 10°M~"'min~")
Kobs 0.69 £0.16 4
Dissociation rate constant 0.044 £ 0.004 ®8)
(k_y) (min~")
t; (min) 17.7+£2.8 ®)
Ky (nm) ¢ 2102 ®8)
d 1.8%0.1 4)

*For calculation of kg, B, value taken at 10 min.

Intact platelets

Fast component n Slow component n
1.9+0.3 4) 0.19 £ 0.0004° 13)
0.46 + 0.05* 4 0.05 + 0.01° 13)
0.093 + 0.015 4) 0.011 £ 0.001 4)
8.1%15 4) 65.6 + 8.8 (©)
22%0.1° (O))

28003 (6)

YFor calculation of kg, B value taken between 30-60 min (mean, 53 + 3 mm)
K, was derived from ¢ competmon experiments between 2 nM [PH]-GR32191 and increasing concentration of GR32191 and ¢ saturation
binding experiments using [*H}-GR32191. °K; 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—10min) 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 kg, and k., for the two components are shown in
Table 1.

Initial experiments to examine the dissociation of [*H]-
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 # and k_,
values for the fast and slow offset components separately
(Table 1).

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

Scatchard analysis of [PH]-GR32191 binding in intact
platelets was determined by two methods. Firstly, intact
platelets were incubated with 2 nM [*H]-GR32191 at 37°C for
30 min simultaneously with increasing concentrations of
unlabelled GR32191. The mean competition curve is shown
in Figure 4a and the mean ICs, 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 Ky 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 PH]-GR32191. The individ-
ual saturation curves (data not shown) gave a mean K; 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 K; of
2.8£0.3nM. The K; values obtained by division of the
measured kinetic rate constants (k_,/k,,) obtained with
intact platelets for the fast onset/offset and slow onset/offset
components were 0.5nM and 0.4 nM respectively. This was
some 5 fold lower than the K, 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 ez al., 1989).

Platelet membranes

Figure 5a shows the association binding of 2nM [*H]-
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 B./B.; — B, versus time (Figure
5b) for individual experiments gave a mean (% s.e.mean,
n=4) kg, of 0.69+0.16 and k,, of 3.2+ 0.8 x 10 M~!

in~!. After incubation of 2 nM [PH]-GR32191 with platelet
membranes for 30 min at 37°C, addition of 5 uM unlabelled
GR32191 reversed specific binding, but this dissociation was
very slow (Figure S5c). Even 40 min after the addition of
unlabelled GR32191, binding of [PH]-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) ¢, 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 [*H]-GR32191
for 5-10 and 15-20 min. The mean (n=5-6) 1, values
obtained at these times were 8.5+ 0.2 and 12.3 % 1.7 min,
respectively.

Scatchard analysis of binding of PH]-GR32191 to platelet
membranes was determined, as for intact platelets, by two
different methods. The mean ICs, for competition between
unlabelled GR32191 and 2 nM [PH]-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 K, of 2.1 0.2 nM. Increasing concentra-
tions of PHJ-GR32191 gave saturation binding curves (data
not shown) with a mean Ky value of 1.6 £0.2nM (n=4).
Again the Scatchard plots were straight lines (mean r=
0.93 £ 0.02) indicating one class of binding site with a K, of
1.8 0.1 nM. These values again correlate well with the K;
value from functional studies. However, the K; value ob-
tained by division of the measured mean kinetic rate con-
stants (k_,/k +,) was 0.14 nM and is therefore lower than the
K, value obtained from either Scatchard analysis or func-
tional studies.

Competition experiments

The ICs, values for competition between either 2 nM [*H)-
GR32191 or 5 nM [*H}-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 K; of 5nM (Hedberg et al., 1988). The drug dis-
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Figure 3 The dissociation of specific [’H]-GR32191 binding from
human intact platelets at 37°C. Platelets were pre-incubated with
2 nM [*H}-GR32191 for 30 min at which time dissociation was insti-
gated by the addition of 5 uM 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= Bje "1+ e~*] (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 5262t 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 # and k_, values for a fast and
slow component were determined from individual experiments by
computer analysis (see text and Table 1).
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Figure 4 (a) Competition binding between 2 nM [PH]-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) ¢ 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
PH]-GR32191 to intact platelets was approximately twice
that of [*H]}-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 K; of 1.7nM and an x
intercept of 97.3 fmol for PH]-GR32191 and values of 4.6 nM
and 56.9 fmol for [PH]-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 £ 10760 c.p.m. for 2nM [*H}-GR32191 and 78116
5956 c.p.m. for 5nM [*H]-SQ29,548, supported this view.
Competition curves for U46619, EP171, STA, and SQ29,548
are shown in Figure 7. For all TP-receptor agonists and
antagonists tested, the radioligand binding curves obtained
with [’H]-GR32191 for the TP agonists lie to the right of
those found using [*H]-SQ29,548 (Table 2 and Figure 7).
However, all compounds tested were able to displace fully all
specific PH}-GR32191 and [*H]-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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the plot gives the dissociation rate constant k_ .

(Lumley er 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 [’H]-GR32191
was synthesized, the resultant radioligand possessing high
specific activity. The specific ’H]-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 [*H]-
GR32191 with both intact platelets and platelet membranes
was investigated.

In intact platelets a complex picture emerged, with both
association and dissociation of [*H]-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
30 min incubation, dissociation # values of approximately 8
and 66 min were observed for the two phases. These data
could be taken as evidence for [PH]-GR32191 interacting at
two sites. However, calculation of K 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 PH]-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 [*H]-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 PH]-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 [*H]-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 [*H}-
$Q29,548 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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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 B-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 [’H}-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 ¢ value of
17.7min. This dissociation #, was directly related to the
contact time of the drug, being 8.5 min with incubations of
5-10min and 12.3 min with incubations of 15-20 min. An-
alysis of both association and dissociation data for [*H]-
GR32191 indicated interaction of the drug with a single site.
From competition binding and saturation binding experi-
ments with membranes, mean K, values of approximately
2nM were obtained. Scatchard analysis of these data also
indicated interaction at a single binding site. In addition, the
K, values obtained agree closely with the corresponding value
(1.7 nM) determined from functional studies on human plate-
lets (Lumley ez al., 1989).

A feature of the present study on both membranes and
intact platelets was that the K; value determined from the
kinetic rate constants, k,, and k_,, was lower than that
determined from Scatchard analysis of both competition and
saturation data and from functional experiments. Clearly, K4
values determined by all of these methods should theoreti-
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Table 2 ICj, values for competition between [*H]-GR32191
or [’H]-SQ29,548 and a range of TP-receptor agonists and
antagonists for binding to human intact platelets

ICsy (nM)
[’H]-GR32191 [’H]-SQ29,548

TP-agonists

U-46619 947 + 134 220 £ 21
1220 £ 150*

STA, 205+ 39 8719
420 + 80*

EP171 233120 54108

9,11-azo PGH, 3149t 15.6 NT

TP antagonists

GR32191 2310.12 1.2+0.12

SQ29,548 175+ 2.1 57%0.2

BM13.177 13,400 + 1,200 NT

EP092 226.5+22.5 NT

Values are the mean ( £ s.e.mean) from 4 experiments. For
each drug, individual ICs, values for the two radioligands
were obtained from paired experiments using blood from
the same individual. NT = not tested.

2Value, 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 K, 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 [PH]-GR32191 with a single site on human platelets.
As mentioned, from competition experiments with a range of
TP-receptor agonists and antagonists, specific ’H}-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 [*H}-SQ29,548 for binding was also
studied. In general the ICy, values obtained with this range of
compounds using [’H]-SQ29,548, agree with those reported
by others for it and other TP-receptor radioligands such as
[PH]-U-46619 and ['*I}-PTA-OH with values (range) for U-
46619 of 9-125nM, STA, 27-220 nM, EP171 2.9 nM and
$Q29,548 825 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, ICs,
values obtained with [P H]-GR32191 for any given ligand were
always greater than those obtained with [*H]-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 [PH]-GR32191 as they did [’H]-SQ
29,548. Nevertheless, SQ29,548 was able to displace fully all
the PH]-GR32191 specific binding.

The radioligands were used at concentrations (2 and 5 nM
respectively), close to their K; 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’ K; value for GR
32191 may be closer to the value of 0.5nM derived kinet-
ically. Thus in terms of receptor occupancy, 2 nM [*H}-GR
32191 would produce a disproportionately greater amount of
binding than 5nM [*H}-SQ29,548 and would therefore re-
quire correspondingly greater concentrations of competing
ligand to displace it. The K; values for U-46619, STA,, EP171
and GR32191, determined from the experiments using [*H]-
$Q29,548, were 117, 46.3, 2.9 and 0.64 nM respectively.
Normally in the Cheng-Prusoff equation, the K; of the
radioligand is known whereas the K; of the competing ligand
is unknown. However, by utilising the above [*H]-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 K; of [PH]-GR32191 can be
calculated as the unknown. From this exercise, K; values for
PH]-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 [PH]-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 ez 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 er 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 Ca?*
induced by the agonist were not. However, in these studies,
only a single, high concentration of U-46619 was used
(1 uM). 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 er al.,
1985). The slow dissociation of [PH]-GR32191 from human
platelet TP-receptors would not appear to be simply a func-
tion of its high potency since [PH]-SQ29,548, which is of



similar potency (K; = S nM), dissociates rapidly from human
platelet membranes with a # 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 # of [PH]-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
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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 K, 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.
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Reduction in the number of thromboxane receptors on human

platelets after exposure to GR32191

'Roma A. Armstrong, >*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 0DP

1 Exposure of human resuspended platelets in vitro for 30 min to the potent thromboxane A,
(TP)-receptor blocking drug GR32191, followed by its removal by dilution-dissociation, reduced the
degree of subsequent binding to 2nM [*H]-GR32191 by almost 50%. Exposure for longer periods
(60 min) led to a further reduction. However, no change in the K; 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, [*H}-SQ29,548, to monitor receptor number, a reduc-
tion in B, was observed after GR32191 pre-treatment; the K; 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 BM13.177 or SQ29,548 did not produce a fall in subsequent B, to [*’H]-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
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of detectable drug in the plasma.

Keywords: Human platelet; thromboxane A, receptor blocking drug; radioligand binding; receptor down-regulation; thrombox-

ane A, receptor

Introduction

GR32191 is a high affinity thromboxane A, (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)A,-
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 [*H}-GR32191 to intact human platelets in vitro
is characterized by a slow dissociation from the platelet
TP-receptor (Armstrong ez 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.

! Author for correspondence.

2 Present address: Glaxo Inst. Applied Pharmacology, Dept. Phar-
macology, University of Cambridge, Tennis Court Road, Cambridge
CB2 1QJ.

Methods

Preparation of human 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
30nM 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 pl of saline or 1, 10 or 100 nM [’H}-
GR32191 (final concentration) at 37°C for 30 min. The same
concentrations of [*H]-GR32191 were also added to 1ml
aliquots of buffer and duplicate 100 ul samples withdrawn
and added to 10 ml scintillant for scintillation counting (‘con-
trol’ count). Preincubation of platelets with saline or [*H]-
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 ul 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 pl
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 5uM SQ29,548, 500 um 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 37°C to ensure complete
dissociation of the drug from the TP-receptor. Samples were
centrifuged at 450g for 20 min and the platelet pellets
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resuspended in assay buffer (2.5 ml) for the radioligand bind-
ing assay described below. «

Determination of competition curve for [°H]-GR32191

In platelets exposed to GR32191 (or SQ29,548 or BM
13.177), competition curves between [*H]-GR32191 (2 nM)
and increasing concentrations of GR32191 were determined.
For these experiments, each assay tube contained 360 ul
buffer, 10 ul PH}-GR32191 (final concentration 2 nM), 50 pl
buffer or unlabelled GR32191 (0.1 nM—1 pM), and finally
80 ul of the platelet suspension to initiate binding. Incubation
at 37°C 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 [’H]-SQ29,548 and maximal, TP-receptor binding (Byax)
determined from Scatchard analysis of the data. Each assay
tube contained 360 pl buffer, 10 pl PH]-SQ29,548 (1-30 nM),
50 ul buffer or 50 pl unlabelled GR32191 (50 uM, for de-
termination of non-specific binding) and 80 ul 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 ICs, 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). B... and K; 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 ez 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 (f) chosen for the dilution-dissociation procedure
was determined from the formula for drug elimination,
M,=M, 2-/4 (Bowman & Rand, 1980) where M, is the
concentration of drug bound at time t, M, is the starting
concentration and # is the half-time of dissociation of the
drug. For GR32191, dissociation from intact platelets ap-
pears to occur in two phases with mean ¢, values at 37°C of
8.1 and 65.6 min (Armstrong et al., 1993). To obtain at least
92.5% dissociation of [*H]-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 [*H}-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 [PH]-GR32191 respectively. Fol-

lowing dilution-dissociation, the remaining mean back-
ground-subtracted counts in 100 pl 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 [*H]-GR32191 was bound to platelet
TP-receptors then this would represent only 1.8% receptor
occupancy (assuming 2.4 X 10® platelets in a 100 pul sample
and 2000 TP-receptors per platelet (Armstrong et al., 1983b;
Mais et al., 1985; Kattelman et al., 1986)).

Exposure of platelets 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 [*H]-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 ICs, 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 [’H]-GR32191 binding was seen only with GR32191;
pre-incubation of platelets with other TP-receptor blocking
drugs such as BM 13.177 (500 uM) or SQ29548 (5pum) for
30 min did not significantly reduce subsequent [*H}-GR32191

a
120 -
100 4
80 -
60 -
40 -

20

b
120 4

100 <4

% control [3H]-GR32191 bound

80 A

60 4

40

20 A

0 L] T Ll T Ll
-1 -10 -9 -8 -7 -6
GR32191 (log m)

Figure 1 The inhibition of total PH}-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 (@), 10 nm (1) or
100 nm (O) 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 B,,, and Ky for ’H]-SQ29,548 on human platelets pre-exposed in
vitro to various TP-receptor blocking drugs (individual data are shown)

Concentration
Pre-incubation (nM)

Saline -
GR32191 0.1
SQ29,548 .
BM13.177 500

120
1
100
80
60 A
40 A

20

% control [3H]-GR32191 bound

0 T L] L] T L]
-1 -10 -9 -8 -7 -6

GR32191 (log m)

Figure 2 The inhibition of total [*H]-GR32191 (2 nM) binding by
increasing concentrations of GR32191 in vitro in human platelets
pre-exposed for 30 min to BM 13.177 (500 pmM, 0), SQ29,548 (5 uM,
M), GR32191 (100 nM, O) or saline (@) 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 [*H]-GR32191 binding by 35% (n =
2) (Figure 2).

To test whether the reduction in binding was in some way
a result of using [*H]-GR32191 as the radioligand, B,,, was
determined by Scatchard analysis using another TP-receptor
radioligand, [°’H]-SQ29,548 (Hedberg et al., 1988) (1-30 nM).
With this radioligand, platelets pre-exposed for 30 min to
GR32191 (100 nM) showed a mean reduction in B,, of 58%
(n=3; Table 1). However, platelets exposed to SQ29,548
(5 pm) or BM13.177 (500 uM) exhibited no reduction in [*HJ-
$Q29,548 binding (Table 1). In addition, none of the pre-
treatments affected the estimated K; for [PH]-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 [PH]-GR32191 or as a B,,, value by Scatchard
analysis of saturation binding experiments using [PH}-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 K; value of approximately 2 nM
derived from functional experiments in resuspended platelets
(antagonism of U-46619-induced aggregation) (Lumley et al.,
1989) and a K; value of 0.5-2 nM determined from radioli-
gand binding studies utilizing ’H]-GR32191, [*H]-SQ29,548
or ['*I]-PTA-OH (Lawrence, 1989; Armstrong et al., 1993).
The antagonism produced by GR32191 on human platelets

Kd Bmax

(nM) (% saline-treated)
19, 2.1, 1.9 100, 100, 100
2.0, 3.2, 2.8 49, 19, 59
2.7, 5.6, 3.2 108, 113, 92
1.6, 5.3, 1.7 107, 125, 109

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 ez al.,
1989). In previous studies, [’H]-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 (K, approximately 5nM; this
study; Hedberg et al., 1988). Using intact human platelets
incubated with [*H]-GR32191 for 30 min at 37°C, an appar-
ent dissociation from two sites was detected, one with a mean
1, of 8 min and the other with a ¢ 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,
S$Q29,548 dissociates from the human platelet TP-receptor
with a # 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 uM GR32191 followed by washing, a 26%
reduction in subsequent [*H]-SQ29,548 binding occurred.
These authors found persistent binding of [*H]-GR32191. For
example, in platelets exposed to 10nM [PH]-GR32191 for
30 min followed by exposure to excess (10 uM) unlabelled
drug, a residual 40—50% binding was present at 4 h. Further,
in platelets exposed to 100nM [*H}-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 B,,, 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 [PH]-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 B, 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 Bg,, 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 [*H}]-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 [*HJ-
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GR32191 binding whereas 1nM 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 PH]-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 [*H]-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
PHJ-GR32191, a 30 min incubation period with 2 nM [*H]-
GR32191 was followed by exposure of platelets to Spum
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 [*H]-
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 ¢ 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 B,., 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 B, 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 B,,, also correlated with
antagonism of U-46619-induced platelet aggregation (unpub-
lished observation). However, the reduction in B,,, 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 B, 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 TxA, has been suggested from studies with
aspirin. Thus in the monkey, a single dose of aspirin of
10 mg kg~!, an effective inhibitory dose, was found to pro-
duce a 100% increase in the number of ['*I]-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 10 uM, GR32191 failed to induce any TP-receptor
stimulated effects in vitro either on human platelets (induc-
tion of shape change; Lumley er 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 B-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
B-adrenoceptor down-regulating effect of tertalolol is also
shared by bopindolol and timolol but not by other -
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 er 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
S$Q29,548 and BM 13.177. Significant reductions in B,
occurred after a 3h 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 B, in vitro
reported by Gresele and colleagues.

In summary GR32191 appears to reduce the number (B,,)
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
[*H]-GR32191.
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Production by R-a-methylhistamine of a histamine H; receptor-
mediated decrease in basal vascular resistance in guinea-pigs

Robbie L. McLeod, Sheldon B. Gertner & '*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 H; receptor agonist, R-a-methylhistamine given intravenously
(10-100 pg kg~') was examined on baseline total peripheral resistance (TPR), and cardiovascular
haemodynamics in bilaterally vagotomized, anaesthetized guinea-pigs.

2 R-a-methylhistamine produced a dose-dependent hypotension and fall in TPR at 30 and 100 pg kg~".
A decrease in heart rate (HR) was observed at a dose of 100 pg kg~!. R-a-methylhistamine (10—
100 pg 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 H, blockade in animals pretreated with a combination of chlorpheniramine
(0.3 mgkg™") and cimetidine (3.0 mgkg~') did not alter the haemodynamic actions of R-a-methyl-
histamine (100 pg kg~', i.v.). Pretreatment with the selective H; antagonist, thioperamide (1 mgkg™"),
completely blocked the action of R-a-methylhistamine on haemodynamic parameters.

4 To study the mechanism of action of R-«-methylhistamine, the vasodilator hydralazine (1 mgkg~!,
i.v.) was used. Hydralazine lowered BP, TRP and RPP in guinea-pigs pretreated with ipratropium
(50 pg kg™, i.v.). Hydralazine had no effect on HR, SV or CO.

5 R-a-methylhistamine (100 pgkg~!) did not affect the vasopressor action and increases in TPR
produced by adrenaline (1 and 3 pgkg~'). On the other hand, the vasodilator hydralazine (1 mgkg~!,
i.v.) inhibited the effects of adrenaline (3pugkg™') 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-a-methylhistamine (100 pg kg~') produced a drop in BP and HR.
There was no difference between the effects of R-a-methylhistamine on blood pressure and heart rate in
adrenalectomized and non-adrenalectomized guinea-pigs.

7 These results show that activation of peripheral H; 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 H; receptors; R-a-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
(H,) receptor stimulation (Klein & Gertner, 1981; Satoh &
Inuli, 1984; Toda, 1986; Tsuru et al., 1987, Poulakos &
Gertner, 1989). A third histamine receptor (H;) 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 H,
receptors. Activation of Hj; receptors inhibits histamine
release and synthesis from histaminergic neurones (Arrang et
al., 1988; Timmerman et al., 1990). Furthermore, stimulation
of central H; 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 H,
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 H; chiral agonist,

! 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 H; antagonist, has made it
possible to explore the physiological role of H; receptors in
central and peripheral cardiovascular regulation. Recent
studies have shown that H; receptor activation in the CNS
elicits responses that are different from those resulting from
activation of peripheral H; 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-a-methylhistamine were revers-
ed by the H; antagonist, thioperamide, but not by the H,
antagonist, cimetidine or by the H, antagonist, chlorphenir-
amine. Further confirmation of these findings has been
provided by in vitro studies showing that H; activation by
R-a-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 H; 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 H; receptors in the regulation of basal
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cardiovascular function and characterize the haemodynamic
consequences of H; activation in the anaesthetized guinea-

p1g.

Methods

Animal preparation

Male Hartley guinea-pigs (425-600 g, Charles River, Bloom-
ington, MA, U.S.A.) were anaesthetized with a-chloralose
(125 mgkg~!, 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,
US.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-a-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-a-methylhistamine (10-100 pg kg™,
i.v.) on these haemodynamic parameters were determined
(n=28-10 animals per group) for a period from 10 min
before the drug until 30 min 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
(3.0mgkg~!, i.v.) and chlorpheniramine (0.3 mgkg~', i.v.).
In each experiment R-a-methylhistamine (100 pgkg=', i.v.)
was administered 10 min after the pretreatment drug (n=
4-9 animals per group).

The haemodynamic effects of R-a-methylhistamine (100 pg
kg~!, i.v.) were compared to the effects of the direct vaso-
dilator, hydralazine (1 mgkg~!, i.v.) in intact guinea-pigs.
Animals were pretreated with ipratropium (50 pgkg~', 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-a-methylhistamine (100 pug
kg™h.

To determine whether a direct vascular smooth muscle

action contributes to the effects of R-a-methylhistamine
(100 pg kg~!, i.v.), the vasopressor and haemodynamic effects
of adrenaline (1 and 3 pgkg~!, i.v.) were evaluated before
and 5 min after treatment with the direct vasodilator, hydra-
lazine (1 mgkg~', i.v.) or R-a-methylhistamine (100 ug kg~!,
iLv.).

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
t test. Statistical significance was set at P <<0.05.

Results

Figure 1 illustrates the hypotensive actions of R-a-methyl-
histamine (10-100 pg kg~!, i.v.) in anaesthetized guinea-pigs.
The maximum hypotensive effect of R-a-methylhistamine was
observed at 5min. Only the highest dose of R-a-methyl-
histamine (100 pg kg™!) produced a significant bradycardia.
Baseline haemodynamic values for the R-a-methylhistamine-
treated (10-100 pug kg~') 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-u-methylhistamine (10, 30 and 100 pgkg™', iv.)
respectively. Baseline (HR) values were 245+ 8, 242t 6,
245+t8 and 231 £ 10 beatsmin! for vehicle and R-a-
methylhistamine groups (10, 30 and 100 pug kg~!) respectively.
Total peripheral resistance (TPR) was decreased at 30 and
100 pg kg~! of R-a-methylhistamine (Figure 1). TPR baseline
values for the control group were 0.88  0.06 mmHg min~!
ml~'. R-a-methylhistamine (10-100 pg kg~') 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-a-methylhistamine however, did not
alter cardiac output (CO) or stroke volume (SV) in these
animals (Table 1).

The histamine H; antagonist, thioperamide (1 mgkg-!,
i.v.), antagonized the actions of R-a-methylhistamine (100 pg
kg~!) on BP, HR, TPR and RPP (Figure 2). These values
were not different from animals given saline vehicle. The
combination of histamine H, and H, 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 pg kg~'). The BP, HR, TPR and RPP effects of
R-a-methylhistamine in the presence of H, and H, blockade
and in animals given R-a-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 10,
(100 ug kg™") and hydralazine (1 mgkg~', i.v.) on BP, HR,
TPR and RPP in intact guinea-pigs pretreated with the mus-
carinic antagonist, ipratropium (50 pgkg~!, 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 —204
R-a-methylhistamine and hydralazine produced similar falls 0 5
in BP, TPR and RPP. Only R-a-methylhistamine lowered
HR. Neither drug altered CO or SV. Table 2 shows that
R-a-methylhistamine (100 pgkg~') had no effect on the

A blood pressure (mmHg)

A TPR (mmHg mI~' min~")

haemodynamic actions of exogenous adrenaline (1 and 3 pg 'T: é S
kg~!, i.v.). Hydralazine (1 mg kg~!, i.v.)-attenuated the effects E oI
of adrenaline on BP, TPR and RPP. @ > E
In the adrenalectomized guinea-pig, R-a-methylhistamine 3 5
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‘15—_(')—1'0_-;0_167 06— o iv;, B, n=4) or in animals pretreated with a combination of
chlorpheniramine (0.3 mg kg~', i.v.) and cimetidine (3.0 mg kg~'; O,
n = 6). R-a-methylhistamine alone and in animals pretreated with a
combination of cimetidine and chlorpheniramine lowered BP, TPR,
54 2000+ HR and RPP compared to saline vehicle and the thioperamide
= S pretreated group. Haemodynamic values of animals pretreated with
'c 04 35 thioperamide were not different from the saline control group. Each
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2 a 4). There was no difference in tllle haemodynamic effects of
25 T 30 100 8000 5 10 30 100 R-a-methylhistamine (100 pg 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 &

Dose (ng kg~") Dose (ng kg™ ")

Figure 1 Figure illustrating dose-dependent inhibitory effect of R-a-

methylhistamine on cardiovascular haemodynamic parameters. The
effects (ABP, ATPR AHR and ARPP) of R-a-methylhistamine (10—
100 ugkg', i.v.) are shown at 5min. 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 ¢ test. *P<<0.05
compared to saline vehicle.

2 mmHg for adrenalectomized guinea-pigs and 43 + 2 mmHg
for non-adrenalectomized animals given R-a-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-a-methylhistamine (100 pg kg~!, i.v.) on cardiac output and stroke volume

A Cardiac output (mlmin~")

Baseline 3 min S min 15 min
Vehicle 440t 1.8 -0.5%+04 -19%0.7 -27%08
R-a-methylhistamine 408+ 4.6 -38%13 -27%1.1 -441%18
A Stroke volume (ml beat™")
Baseline 3 min S min 15 min
Vehicle 0.19 £ 0.01 —0.01 £0.004 -0.01+0.004 -0.02%0.01
R-a-methylhistamine 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-a-
methylhistamine and hydralazine. Figure displays the ABP, ATPR,
AHR and ARPP responses of saline vehicle (O), R-a-methylhista-
mine (100 pg kg~', i.v., @) and hydralazine (1.0 mgkg~!, i.v.; O) in
intact guinea-pigs pretreated with the muscarinic antagonist, ipra-
tropium (50 pgkg-', i.v.). Both R-a-methylhistamine and hydral-
azine lowered BP, TPR and RPP compared to the saline group. Note
that only R-a-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 ¢ test; statistical
significance was set at P<<0.05.
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Figure 4 Haemodynamic effects of R-a-methylhistamine in the
adrenalectomized guinea-pig. Figure displays the ABP, ATPR, AHR
and ARPP responses of i.v. saline vehicle (O), R-a-methylhistamine
(100 pgkg™!, i.v.; @) in adrenalectomized guinea-pigs and R-a-
methylhistamine (100 pgkg~!, iv; 0O) 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-a-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 ¢ test; statistical
significance was set at P <<0.05.

Table 2 Effect of adrenaline before and after treatment with R-a-methylhistamine (100 ug kg~', i.v.) and hydralazine (1 mgkg~!, i.v.)

Saline
R-a-methylhistamine
Hydralazine

Saline
R-a-methylhistamine
Hydralazine

Saline
R-a-methylhistamine
Hydralazine

Saline
R-a-methylhistamine
Hydralazine

Adrenaline 1 pg kg
A mean blood pressure (mmHg)

Before After
285 303
33+6 28+2
25+ 4 13+ 3+
A TPR (mmHgml~!'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 1619
2+6 204
157 125
A RPP (beats min~! mmHg™')
Before After
10134 + 1687 8813 + 1614
10605 £ 1520 9040 £ 1082
6233 + 1228 3433 £ 1029

TPR: total peripheral resistance. RPP: rate pressure product.

*P<0.05.

Adrenaline 3 pg kg
A mean blood pressure (mmHg)

Before After
4616 45
475 544
42 24+ 4*

A TPR (mmHgml~'min-')
Before After
091 £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

237 18t 5

A RPP (beats min~! mmHg"")

Before After

18890 + 3563 13521 £ 2021
16660 + 2649 16435 + 1684
12425 + 1286 6054 £ 1311*



Discussion

The present study indicates that prejunctional Hj 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-a-methylhistamine does not reverse the
cardiopressor effects of a direct agonist, adrenaline (Hey et
al., 1992a). We have presented findings that R-a-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 H;
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-a-
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-a-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 H; 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-a-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 H; 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 H; receptors.

R-a-methylhistamine also has H, agonist properties at
doses greater than 0.3 mgkg~!, i.v. (Hey et al., 1992b). The
dose of R-a-methylhistamine used in this study is below the
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threshold dose that has been demonstrated to produce H,
effects in the anaesthetized guinea-pig. Additional proof that
the inhibitory actions of R-a-methylhistamine are solely
mediated through Hj receptors is provided by the observa-
tion that only thioperamide, a selective H; antagonist with
neglible effect on H, and H, receptors, blocked the haemo-
dynamic actions of R-a-methylhistamine. Blockade of H, and
H, receptors did not alter the haemodynamic actions of R-a-
methylhistamine indicating a lack of H, or H, involvement.
Furthermore, it is not likely that histamine H, receptors play
a role in the inhibitory actions of R-a-methylhistamine
because it has been shown that H, 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 H; 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-«-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-a-methylhistamine inhibits neurogenically induced hyper-
tensive responses in the pithed rat (Malinowska & Schlicher,
1991). The differences in the pharmacological responses to Hj
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 H; 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 H; 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.
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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 Ca?*-activated K* channels, charybdotoxin, potently enhanced the
NANC relaxations induced by low frequency stimulation. The blocker of small conductance Ca’*-
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
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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 ez al., 1990; Boeckxstaens et al.,
1991b). Recently, we also illustrated Ca?*-dependency (De
Man et al.,, 1992) and a,-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 Ca?* channels which are responsible for the
Ca®* 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 Ca?*-
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 5Scm 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, KCl 4.7, MgSO, 1.2,
KH,PO, 1.2, CaCl, 2.5, NaHCO; 25, CaEDTA 0.026 and
glucose 11.1). The solution was maintained at 37°C and
continuously aerated with a mixture of 95% O, and 5% CO,.
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, 9V, 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,
30 uM)-induced contraction and in the presence of atropine
(1 uM). 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, 3-30uM) and tetraethylammonium (TEA, 0.1-1 mM)
and of charybdotoxin (ChTx, 0.1-0.2 pugml~!) and apamin
(1-2 pM), were studied on the concentration-response curves
to NO (0.3-30 pM) and on the NANC relaxations induced
by electrical stimulation (ES, 2-16Hz, 1-2ms), ATP
(100 uM), acetylcholine (30 uM) and GABA (30 uM) and on
the relaxations induced by nitroglycerine (1 uM).

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 ICIJ.
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 ¢ 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 — 20°C. The solutions of NO
were prepared as described by Kelm et al. (1988).

Results

Effect of K* 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 uM), was affected by the K* channel
blockers 4-AP (3-30 uM), TEA (0.1-1 pM), charybdotoxin
(0.1-0.2 ug ml~!) or apamin (1-2uM) (results not shown).

However, raising the concentrations of TEA above 3 mM or
of charybdotoxin above 0.4 ug 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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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, 1-2ms),
adenosine 5'-triphosphate (ATP, 100 puM), acetylcholine (ACh,
30 pM), y-aminobutyric acid (GABA, 30 um), NO (1 uM) and nitro-
glycerin (GTN, 1 uM) in control experiments (a) and in the presence
of (b) 4-aminopyridine (30 um), (c) tetraethylammonium (1 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; O, 10 pm; O, 30 pm), (b) tetraethylam-
monium (A, 0.1 mm; O, 0.3 mm; O, 1 mM), (c) charybdotoxin (A, 0.1 ugml~'; O, 0.2 pg mi~') and (d) apamin (A, 2 pum) 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 ¢ test for paired observations.

by 4-AP (3-30puMm), TEA (0.3—-1 mM) and charybdotoxin
(0.2 pg ml~'), but not by apamin (1-2 pm) (Figures 1 and 2).
The potentiating effect of 4-AP, TEA and charybdotoxin was
most pronounced on relaxations induced by lower frequency
stimulation: for 2Hz, 1 ms the NANC relaxations were
enhanced from 20 + 3% to 64 8% by 4-AP (30 uM), from
27 £ 4% to 60 £ 10% by TEA (1 mM) and from 22 £ 6% to
41 * 6% by charybdotoxin (0.2 pug 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 uM) and charybdotoxin (0.2 pg ml~') both
significantly enhanced the NANC relaxations induced by
ATP (100 pm), ACh (30 uM) and GABA (30 uMm). 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 (1-2 pM)
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 uM) and NO (0.3-30 uM) 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 uM) (Figure 1) or NO (0.3-30 uM) (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 pM, hatched columns),
(b) tetraethylammonium (1 mMm, hatched columns), (c) charybdotoxin
(0.2 pugml~!, hatched columns) and (d) apamin (2 pM, hatched col-
umns) on the NANC relaxations induced by ATP (100 pm), acetyl-
choline (ACh, 30 uMm) and y-aminobutyric acid (GABA, 30 um) and
on the relaxations to nitroglycerin (GTN, 1 uM) (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 ¢ test for paired observations.

The non-selective K* channel blockers, 4-AP and TEA
and the blocker of large and intermediate conductance Ca?*-
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
Ca’* influx into the nerve terminals leads to enhanced
neurotransmitter release.

Although it has been reported that apamin, which selec-
tively blocks small conductance Ca’*-activated K+ channels,
reduces the amplitude of the fast hyperpolarization phase of
the inhibitory junction potentials (i.j.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 i.j.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 a,-
adrenoceptors is accompanied by an enhanced K* conduc-
tance (Rezvani et al., 1983; Bauer, 1985). Furthermore,
Morita & North (1981) suggested the involvement of Ca?*-
sensitive K* channels in the a,-adrenoceptor activation of
neurones in the myenteric plexus of the guinea-pig ileum.
Recently, we demonstrated that activation of presynaptic
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a,-adrenoceptors in the canine ICJ inhibits the nitrergic relax-
ations induced by ES, suggesting prejunctional regulation of
NO release via a,-adrenoceptors (Boeckxstaens et al., 1993).
Whether there is a relationship between this a,-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
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Cyclopiazonic acid, an inhibitor of Ca2*-ATPase in sarcoplasmic

reticulum, increases excitability in ileal smooth muscle
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1 Effects of cyclopiazonic acid (CPA), a specific inhibitor of Ca?*-ATPase in endo- and sarcoplasmic
reticulum (ER/SR), on contractile responses, cytosolic Ca?* concentration and spontaneous electrical
activity were examined in ileal longitudinal smooth muscle strips.

2 After intracellular stored Ca’* in intact ileal strips was depleted by application of 25 mM caffeine in
Ca?*-free solution, Ca?*-loading was performed in the absence or presence of 10 uM CPA in a standard
solution containing 2.2 mM Ca?*. Subsequent application of caffeine in Ca?*-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 uM atropine were markedly
enhanced by 1-30 uM CPA, whereas that induced by 80 mM K* was not. The magnitude of repetitive
transient elevation of cytosolic Ca?* concentration ([Ca2*]) and concomitant phasic contractions were
markedly enhanced by CPA. The effects were abolished by 10 uM verapamil and restored by 10 uM Bay
K 8644.

4 Application of 10 uM 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 [Ca*]; and tension after the bathing solution was changed from one containing
140mM K* and 2.2 mM Ca?* to one containing 5.9 mM K* and 0 mM Ca?* was significantly slowed
when 10 uM CPA was added to the latter solution.

6 These results indicate that CPA enhances ileal smooth muscle excitability and increases Ca?*-influx
through voltage-dependent Ca?* channels. The effect may be consistent with the hypothesis that
CPA-induced decrease in stored Ca due to Ca-pump inhibition reduces the Ca?*-dependent K* current
and indirectly enhances Ca?*-influx through membrane activity resulting from the increased excitability.
Direct evidence for the regulation of Ca?* channel activity by intracellular Ca storage sites was not

obtained in the present study.

Keywords:
Ca current; guinea-pig ileum; skinned fibre
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Introduction

Cyclopiazonic acid (CPA), a mycotoxin from Aspergillus and
Penicillium, has been described as a highly selective inhibitor
of Ca?*-ATPase in skeletal, cardiac and smooth muscle
sarcoplasmic reticulum (SR) (Goeger & Riley, 1989; Seidler
et al., 1989) and inhibits Ca’*-uptake of SR in skeletal
muscle (Goeger er al., 1988; Kurebayasi & Ogawa, 1991).
Recently, we showed that CPA is a selective and reversible
inhibitor of ATP-dependent Ca’*-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 Ca?*-
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 Ca?*-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 Ca?*-dependent K*-current (Ix.c,) in
single smooth muscle cells of guinea-pig ileum and urinary
bladder (Suzuki et al., 1992). Activity of single large conduc-
tance Ca’*-dependent K* channels (BK channels) are not
affected by 10puM CPA. The inhibition of Iy, may be
attributable to the suppression of SR/ER Ca?*-ATPase,
which presumably results in a marked decrease in releasable
Ca in storage sites. The large transient I¢.c, upon depolariza-
tion in these cells is induced by Ca-release from ryanodine-
sensitive Ca storage sites (Sakai er al, 1988), which is
triggered by Ca’*-influx through voltage-dependent Ca?*
channels (Ohya er al., 1987; Kitamura et al., 1989) via Ca?*-
induced Ca?* release mechanisms (Suzuki er al., 1992; Ganit-
kevich & Isenberg, 1992), which it has been suggested do not
have a functional role in skinned fibres (Ilino, 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, Ix.c, 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 Ix.c,,
therefore, may depolarize the cell membrane, increase AP



566 Y. UYAMA et al.

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 Ix.c, 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, [Ca’*); 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 10 mm 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% 0,:5%
CO, or 100% O,, 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 uM B-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
2mM EGTA (R2G). Contractile responses to caffeine were
tested in a relaxing solution containing 0.1 mM EGTA
(RO.1G). Experiments were performed at room temperature
(22 £ 1°C). 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
10 ml 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, VC10) and recorded on a pen recorder and a video
tape via a PCM recorder (Sony PCM-501ES; 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 ez al., 1990).

Simultaneous measurement of cytosolic Ca’* concentration
([Ca?*];) and contraction

Longitudinal strips of guinea-pig ileum were isolated and
were treated with 5 uM 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~! with a HEPES buffered solution oxygenated by 100%
O,. The temperature of the solution was maintained at
35+ 1°C. Fura-2-Ca?* 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 [Ca®*], 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,
KCl 4.7, CaCl, 2.2, MgCl, 1.2, NaHCO; 25.0, KH,PO, 1.2
and glucose 14.0. The composition of the physiological salt
HEPES-buffer solution was (in mMm): NaCl 137.0, KClI 5.9,
CaCl, 2.2, MgCl, 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 KCl. A Ca?*-
free solution was prepared by removing CaCl, and added
0.1 mM EGTA to the HEPES buffered solution. The com-
position of R2G was (in mM): K-propionate 130, MgCl, 4.0,
adenosine triphosphate (ATP)-2Na 4.0, creatine phosphate
10, NaN; 10, Tris 20.0 and EGTA 2.0. Solutions containing
0.1 or 0.5mM EGTA (R0.1G and R0.5G) were prepared by
reducing the EGTA concentration in R2G from 2.0 to 0.1 or
0.5 mM, respectively. The approximate pCa of R0.1G was
calculated to be 7.2, assuming the contamination of Ca?* to
be 15puM. The pH was adjusted to 6.8 with maleic acid.
Solutions of pCa 6.3 and 6.0 were prepared by using a
Ca?*-EGTA buffer of 3 mM EGTA and corresponding Ca?*.

Drugs

Cyclopiazonic acid (CPA) and B-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 t 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 Ca’* in a
HEPES buffered solution containing 2.2mM Ca?* (Ca?*-
loading or Ca’*-uptake, see Methods, not shown in Figure
la), 25 mM caffeine was applied twice in a Ca?*-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 Ca*-load and



SMOOTH MUSCLE EXCITABILITY AND CYCLOPIAZONIC ACID 567

10 min
|0.1 mN

N N

- Caffeine 25 mm

0ca = 22Ca 0Ca 22Ca 0Ca
b
[) CPA 10 um (i) (iii)
R X
— - = Caffeine 25 mm
0Ca = 22Ca  0Ca  22Ca  0Ca
© ) CPAMM . (iii)

- Caffeine 25 mm

v LA L8 L
0Ca 2.2Ca 0Ca 2.2Ca 0Ca
d

100y @

c I
N
O o
€ 50 / l
]
o
k]
°\° .**

oi—t } t

1st 2nd 3rd

Figure 1 Effects of cyclopiazonic acid (CPA) on 25mMm caffeine-
induced contraction in intact ileal smooth muscle strips. Experiments
were performed at 21 £ 1°C to depress spontaneous contractions.
After Ca’*-loading in a HEPES buffered solution containing 2.2 mm
Ca?* (not shown), 25 mM caffeine was applied twice in a Ca?*-free
solution (i). Note that the second application of caffeine induced no
response. Thereafter, Ca?*-loading was performed in the absence (a)
or the presence of 10 uM CPA (b,c) in a solution containing 2.2 mm
Ca?*. The subsequent response to caffeine was inhibited, when the
Ca?*-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 10 um CPA
to the solution containing 2.2 mm Ca’?* 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 10uM CPA significantly reduced caffeine-
induced contraction in a reversible manner: (O) control response;
(@) 2nd response measured after treatment with 10 um CPA. n = 6.

subsequent Ca’* release by caffeine was repeated three times
(Figure 1(i), (ii) and (iii)) in each preparation. In the second
trial, Ca*-loading was performed in the absence or presence
of 10uM CPA. Addition of 10 uM CPA in a Ca?*-free solu-
tion did not change the muscle tone. The change in solution
from Ca’*-free solution to Ca?*-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 Ca’*-loading was
not observed in the control. In strips where Ca?*-loading was
performed in the presence of 10 uM CPA, the subsequent
contraction induced by caffeine was significantly smaller
(Figure 1b, 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 Ca?*-loading
(Figure I1c (ii)), spontaneous phasic contractions were often
observed during Ca?* loading in the third trial (c).
Summarized data in Figure 1d show that the caffeine-
induced contraction was significantly reduced when the pre-
ceding Ca’*-loading was performed in the presence of 10 uM

CPA. It is clear that 10 uM CPA reversibly reduced Ca®*-
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
Ca’*-loading in the presence of CPA were not included in
Figure 1d. When the temperature was kept at 36 % 1°C,
spontaneous contraction was observed during Ca’*-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 Ca’*-uptake was also
significantly decreased by 10 uM CPA at 36°C (P <0.05; not
shown). Caffeine-induced contractions in a Ca?*-free solution
were, however, much smaller than the spontaneous contrac-
tions in Ca’* 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 (IPs)-induced Ca’* release in skinned
fibres were not affected by the presence of 1 uM CPA. Since
higher concentrations of CPA were used in the present study,
the effects of 10uM CPA on Ca?* 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 Ca*-
loading. Subsequent application of 25 mM caffeine in a relax-
ing solution (R0.1G) induced a transient contraction. A
second application of 25 mM caffeine in RO.1G 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 pM CPA was applied about 2 min
after the change in solution to R0.1G. The application of
10 uM CPA elicited a small phasic contraction in all prepara-
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Figure 2 Effects of 10 um cyclopiazonic acid (CPA) on 25mMm
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 Ca?* loading period. Caffeine (25 mm)
was added twice as indicated by bars in R0.1G solution (a(i) and
b(i)). Note that the second response to caffeine was very small. Ca?*
loading and subsequent Ca?* 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 um CPA was added to RO.1G solution after
Ca?* 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 Ca?* release was slightly but signi-
ficantly reduced in the presence of 10 pm CPA: (O) control response;
(@) 2nd response measured after treatment with 10 um CPA. n =4,
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tions examined (n = 4). When the relaxing solution contain-
ing higher concentrations of EGTA (R2G or R0.5G), CPA
did not induce the small phasic contraction. The subsequent
application of caffeine in R0.1G induced a response which
was slightly smaller than that in the control. The effect of
10puM 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 10uM CPA. The
decrease was, however, too small to explain the large
decrease in caffeine-induced Ca?*-release by CPA in intact
strips shown in Figure 1, implying that it was mainly due to
inhibition of Ca?*-uptake.

The effects of CPA on spontaneous and 20 mM K *-induc-
ed contractions were examined at 36°C in the presence of
1 uM atropine. Figure 3 shows that CPA at concentrations
higher than 1puM enhanced the amplitude of spontaneous
contraction at 36°C. High concentrations of CPA (>3 um)
also increased the muscle tone. The frequency of spontaneous
contraction varied widely from preparation to preparation
(0.2-5.0 contractions min~!). CPA (1-30 uM) increased the
frequency in all preparations examined (n=26). Initial
phasic and following sustained contractions were induced by
20mM K* in the presence of 1uM atropine (Figure 3a).
Repetitive small phasic contractions were superimposed on
the tonic contraction. A potassium concentration of 20 mM
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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 30um CPA. All
experiments were performed in the presence of 1 uM 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 (©O) and
(@) 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 1 um 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 pM.

was chosen, since all the contractile responses to 20 mm K*
were almost abolished by 1 uM nicardipine, suggesting that
the responses were evoked by Ca’* influx through voltage-
dependent Ca’* channels. The initial phasic contractions
induced by 20 mM K* were enhanced by CPA in a concen-
tration range of 1-10 uM. The enhancement was rather less
at higher concentrations (>10uM) (Figure 3b). The CPA
concentration giving a half maximum effect (ECs) was
approximately 3 puM. 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 10uM CPA, the
enhancement was not statistically significant (Figure 4b,
P>0.05). The steady phase was not affected by 10 uMm 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 35°C in the
presence of 1 puM atropine (Figure 5a). Application of 10 um
CPA slightly depolarized the cell membrane from —48.6 &
1.2mV (n=34) to —44.71 1.3 mV (n =22, P<0.05 vs. the
control). The depolarization started after a short delay of
about 20-80s, 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 APsmin~'. A burst of several APs often
occurred. After application of 10 uM 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 10puM CPA (Figure 5a(ii) and (iii)).
Spontaneous APs and the effects of CPA were not affected
by 1 uM TTX, 0.3 uM phentolamine and 0.3 uM propranolol.

These CPA-induced effects on membrane potential were
mimicked by application of 30-100nM charybdotoxin
(ChTX). The cells were depolarized by about 5 mV (—43.2 =
1.3mV, n=28, P<0.05) within 20s of the application of
100 nM charybdotoxin (ChTX). Concomitantly, the AP fre-
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Figure 4 Effects of 10 uM 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 uM 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 15min from the application of 80 mmM 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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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 1 uM atropine at 35°C. (a) and (b)
show recordings from a smooth muscle cell before and about 5 min
after the application of 10 uM 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
10uM CPA (b) or 100nM 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 (¢). 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 10um CPA or 100 nM ChTX.

quency and AHP amplitude markedly increased and decreas-
ed, respectively, as shown in Figure 5d. 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-

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

Although these effects of CPA on spontaneous electrical
and mechanical activities may be consistent with inhibition of
SR/ER Ca?*-ATPase by CPA, a line of direct evidence was
required to conclude that 10 um CPA substantially reduced
Ca”*-uptake at 36°C. Figure 7 shows the effect of CPA on
the decay time course of [Ca’*]; and contraction after [K*],
was decreased from 80 to 5.9 mM. The [Ca’*], was changed
from 2.2 mM to nominally Ca-free (with 0.1 mM EGTA) at
the same time. The rate of decay of [Ca?*]; was markedly
slowed when the Ca-free solution contained 10 uM CPA.
After 5 min from the decrease in [K*],, 100 uM acetylcholine
(ACh) was applied to estimate the amount of stored Ca?*.

Summarized data are shown in Figure 8. During the decay
for 5min, the relative [Ca?*]; and force were significantly
larger in the presence of 10 uM CPA. Since 30 uM CPA had
similar potency (not shown), 10 uM CPA appeared to be
almost maximally effective. It is worth noting that the in-
crease in relative [Ca?*]; and force by ACh was smaller in the
presence of CPA and that the final levels of [Ca?*]; in the
presence of ACh were similar in the control and CPA-treated
preparations.

Discussion

The present study was focused on the possibility that electri-
cal and mechanical activities are enhanced in ileal smooth
muscle, when Ca?*-uptake by intracellular storage sites is
significantly reduced by CPA. The results clearly show that
spontaneous APs, repetitive phasic increase in [Ca’*];, and
concomitant phasic contractions were markedly enhanced by
1-10 uM 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 Ca?*-
influx through voltage-dependent Ca?* channels is enhanced
by CPA, and may be consistent with the observation that
thapsigargin, another inhibitor of SR/ER Ca’*-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 Ca?*-influx
by CPA is attributable to the inhibition of Ca**-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 Ix.c, by inhibition of Ca?*-
uptake of storage sites and consequently increases Ca?*-
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



570 Y. UYAMAetal.

—100

MW ' i .

(%)

iy 2 min
(ii) me\”w\ R
Force “ﬂ { l l / 1 5mN
'J\ l‘}( ‘)F .W'MN._//
CPA 3 um
Verapamil 10 um
Bay K 8644 10 pm
b |-100
(i) 3
F340/F380
-0
*
2 rn_in
5 mN
(ii)
Force

ChTX 30 nm
Verapamil 10 pm
Bay K 8644 10 pum

Figure 6 Effects of cyclopiazonic acid (CPA, a) and charybdotoxin
(ChTX, b) on changes in [Ca®*]; in a strip loaded with Fura-2/AM.
[Ca?*], signals are shown as the ratio of amplitude of 500 nm
fluorescence elicited by 340 and 380 nm excitation. (a) Application of
3uM CPA induced a slow phasic increase in [Ca?*]; and enhanced
repetitive fast transients of [Ca®*];, 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 [Ca’*]; changes and contractions. These
changes were abolished by addition of 10 uM verapamil and recover-
ed on further addition of 10 uM 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
Ix.c. activated by depolarization in single cells was very
selectively blocked by 10 uM CPA (Suzuki et al., 1992) or
100nM 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 Ix.c,
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 Ix ¢,
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 er al., 1992).

Second, 10 uM CPA inhibited Ca?*-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 Ca’*-loading of the storage sites but not due to the
direct change in Ca’* release. Although 10 um CPA slightly
reduced caffeine-induced Ca?* release in skinned prepara-
tions, it is probably due to the preceding small Ca®* release
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Figure 7 Effects of cyclopiazonic acid (CPA) on the decay time-
course of elevated [Ca®*]; and evoked contraction during washout of
80 mM K* solution in Fura-2 loaded ileal smooth muscle at 35°C.
upper and lower traces show changes in [Ca?*]; and tension, respec-
tively. After treatment with 80 mM K* solution containing 2.2 mMm
Ca?* for 4 min, the solution was changed to a Ca?*-free solution
containing 0.1 mM EGTA and 5.9 mM K* as shown at the bottom.
In (b) the Ca?*-free solution contained 10 uM CPA. Five min after
the change to the Ca®*-free solution, 100 puM actylcholine (ACh) was
added. Note that the decay of both [Ca?*};, and contraction were
markedly slowed in the presence of 10 um CPA. Subsequent applica-
tion of ACh induced a smaller response in the CPA-treated strip
than in the control.

a
1oop§8
*
[+
8 »} O e
g 50 \ \.**
[] * %
5§ 25 é e -
E 0 \
£ -254 é
& -50 '
-75 ; 14 ; ; 1
0 1 2 3 a 5
b
1oor
754
[+}]
e
S 50
(]
2
S 259
&
04
-25
0

Time (min)

Figure 8 Summarized data of effects of 10 uM cyclopiazonic acid
(CPA) on the decay time-courses of 80 mM K*-induced high [Ca?*);
and contraction. These results were obtained from experiments such
as that shown in Figure 7. The time of the solution change to the
Ca?*-free solution was taken as O min. 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 ([Ca?*};). (b)
The time-course of relative force: mean values in the absence (O)
(n=6) or presence (@) of 10uM CPA (n=3), are shown. In the
presence of 10 uM CPA, the decay of both signals (between 2 to
5 min) was significantly slowed by CPA. Note that the peak levels of
[Ca?*); and contraction induced by 100pum acetylcholine (ACh,
applied after Smin in Ca?*-free solution) in the presence of CPA
were not significantly different from those in the control.
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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 Ca?* and result in a
small contraction.

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

Fourth, the ECs, of CPA for the enhancement of 20 mM
K *-induced contraction was approximately 3 uM and close to
the ICs, for the inhibition of Ix.c, (~3 uM, Suzuki et al.,
1992). Although the ECy, is about 5 times higher than the
ICs, for the inhibition of Ca?*-uptake in skinned fibres
(0.6 uM; Uyama et al., 1992), the difference is rather small
considering the diffusion barrier of the plasma membrane.

The mechanisms of CPA-induced increase in Ca*-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 uM CPA may activate not only
Ix.c. but also other Ca?* dependent currents: Cl~ current or
non-selective cationic current, as has been reported for
caffeine or agonists (Amédée et al., 1990; Janssen & Sims,
1992). The subsequent depolarization was small but sustained
and may result from suppression of spontaneous transient
outward currents (Suzuki ez 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 ez
al., 1989; Brayden & Nelson, 1992). The CPA-induced de-
crease in AHP is due to the selective inhibition of Ix.c,
(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
Ca’*-influx and the inhibition of Ca®*-uptake by CPA raised
[Ca**}; and may partly compensate the decreased Iy.c,. 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 [Ca’*]; 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
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K channel activation by nucleotide diphosphates and its
inhibition by glibenclamide in vascular smooth muscle cells

'D.J. Beech, H. Zhang, K. Nakao & *T.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 10 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 (Ixgpp) in the whole-cell. The Ky was 25 nM and the inhibition was fully reversible
on wash-out.

5 Ikcpr) 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 Ixpp).

6 Inclusion of 1 mM ATP in the recording pipette solution reduced Ixgpp) 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 (Knpp) 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 K rp. 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 K,p to varying
degrees in different cells (reviewed by Ashcroft & Ashcroft,
1990; Davies et al., 1991). The antidiabetic sulphonylureas
(e.g. tolbutamide and glibenclamide) inhibit K,rp and the K
channel opener (KCO) drugs (e.g. diazoxide, pinacidil and
cromakalim) activate K,rp in some cells (reviewed by Ash-
croft & Ashcroft, 1990; 1992; Nichols & Lederer, 1991; Laz-
dunski et al., 1992).

Although K, 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

! Present address: Department of Pharmacology, The University of
Leeds, Leeds, LS2 9JT.
2 Author for correspondence.

of KCOs, an emerging class of drugs (reviewed by Robertson
& Steinberg, 1990; Weston & Edwards, 1992), were inhibited
by glibenclamide (Quast & Cook, 1989) suggested that Karp
might after all exist in smooth muscle. On the basis that Ksp
characteristically open simply in the absence of ATP several
attempts were made to identify Kap in smooth muscle by
depleting [ATP]; 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];,, suggesting the presence of
Kate (Clapp & Gurney, 1992; Silberberg & van Breemen,
1992; Noack et al., 1992). Single K channel activity has been
observed in the absence of [ATP), in patches and in some
studies clear inhibition by [ATP]; 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 K,p 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 ez al. (1991) which suggested
that K channels which did not open simply in the absence of
[ATP]; 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 K,p
of other cell types but in the absence of a KCO drug (Dunne
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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 Karp-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]; does not exclude them from the K,pp class but we
refer to the channels as Kypp 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 mgml~!; 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 ez 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-1D (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 ¢ 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 MQ in all experiments. Junction poten-
tials between path and pipette solutions were measured using
a 3M KCIl reference electrode and were <3 mV; correction
for these potentials was not made. The volume of the bath
was 150 ul and the flow rate through it about 2 mlmin~'.
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

Table 1 Composition of solutions

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 (2.5mM Na for 1 mM GDP) and the
solution was titrated to pH 7.4, filtered (pore size 0.2 pm;
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 5mgml~! stock in
methanol and used at final concentration of 100 pgml~'.
Glibenclamide was prepared as 10 mM stock solution in
dimethylsulphoxide (DMSO). The final concentration of
DMSO was 0.2% for 20 uM 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-(B-aminoethyl)-N,N,N’,N’-tetraacetic
acid), EDTA (ethylenediaminetetraacetic acid), BAPTA (K,
bis-(0o-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 SmM 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 (Eg), 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
Karp in smooth muscle behave as they do in cardiac muscle
and open simply when [ATP); decreases (reviewed by Nichols
& Lederer, 1991), which is to be expected as endogenous
[ATP]; and substrates for metabolism diffused into the pipette
solution (see Discussion). However, also on the basis of
results on the cardiac Krp, it might be that [ATP]; in the
cells was already so low that the channels were dephos-

Solution NaCl  KCI CaCl,
A (bath) 130 5 1.7
B (bath) 126 6 1.7
X (pipette) 0 130 0
Y (pipette) 0 110 0
Z (pipette) 0 134 0
E (bath or pipette) 80 60 1.7
I (bath or pipette) 9 117 0

MgCl, HEPES Glucose EGTA BAPTA pH
1.2 10 10 0 0 7.4
1.2 10.5 14 0 0 7.2

2 20 0 5 0 7.4
2 20 0 0 10 74
1.2 10.5 14 3 0 7.2
1.2 10 10 0 0 7.4
3 18 0 9 0 7.4
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No nucleotide 0.1 mm ATP 1 mm ATP
—— i e ———h i Lyt
o o o
0.1 mm ADP 1 mm ADP 1 mm AMP
o ° o
|25 pPA
3 min
0.1 mm GDP 1 mm GDP 1 mm GMP
o ° )
1 mm GTP 0.1 mm CDP 1 mm UDP

o

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
formed, — 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 Ka1p 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+ 0.7pA (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+ 2.8pA (IDP, n=4); 8.0+22pA (CDP,
n=4); 16.0x58pA (TDP, n=3); 6.2+28pA (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 (Ex — 88 mV) to 60 mM (Ex
— 26 mV) changed the current at a holding potential of
— 37mV from outward to inward. Secondly, ramp voltage
changes from — 37mV and — 107mV in SmM external K
gave a reversal potential for the GDP-induced current of
— 82 mV (Figure 3b), close to the calculated Ex. 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 K rp open readily when patches are excised into
ATP-free solution (Kakei er 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 Krp 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 (Ex — 19.5 mV), suggesting K ions were
the charge carrier (Figure 4b, and Beech et al., 1993). The
mean unitary current was 1.5+ 0.2pA (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 1y pp, by
glibenclamide

Glibenclamide inhibits Krp in pancreatic B-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 Ixgpp) in portal vein smooth
muscle cells at very low concentrations; 50 nM glibenclamide
in the bath solution caused the outward current to decline
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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
—37mV. The outward current was measured 14-15min after
break-through to the whole-cell mode and was defined as that which
was blocked by 5puM 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 —37mV) of GDP (O) or ADP (M) 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 1 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 5puM
reduced the current to about zero (— 3 pA). At 20 uM 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

60 K+
8 5K+ .
100 (i)
(i)
0 { rcscores
Y
1001 (iii)
-200 =-r T T T T T
0 120 240 360 480 600
t(s)
b
(ii)
mV
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)
g -200 {
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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 —37mV to — 107 mV: (i) an
average of 3 current records captured at 10s intervals starting
1.3min 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 Ex was — 88 mV). Record (iii) was in 60 mM [K], 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 Ixpp. The Hill equation was
fitted by eye with a slope of 1 and the ICsy (Ky) was 25 nM.

Dependence on Mg ions

Although the work of Kajioka er al. (1991) suggested that
GDP opened K channels in the absence of Mg ions we
investigated this possibility because the action of NDPs on
Karp 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 2mM EDTA. All solutions contained
10 mM 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 OmV (ii) to test for activity of large Ca-activated
K-channels and confirm the patch was inside-out. GDP (1 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 (3.75ins~') with a 0.5 kHz low-pass filter (—3dB,
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,
— 100 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 Ixgpp, 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
Ixcpr) Figure 7a shows that Ixgpp) 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 Ixpp) Was inward and thus more likely to
be affected by an external cation (Figure 7b).

Effects of intracellular ATP

Although the K channels we observed did not open simply in
the absence of [ATP]; in inside-out patches, which contrasts
with the observations made on K,1p for example in the heart
(Kakei et al., 1985), we looked for an effect of [ATP]; 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) 2mM Mg and 1 mM GDP; (YB) 3 mM Mg and
1 mM GDP; (YC) 3mM Mg, | mM GDP and 1 mMm ATP.
This experimental design relies on the assumption that 1 mMm
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Figure 5 Inhibition of Ixpp) by glibenclamide. (a) Plot of mem-
brane current sampled every 10s at — 37 mV. GDP (10 mM) was in
the pipette solution X. Application of glibenclamide (50 nM, then 5
and 20 pMm) inhibited Ixgpp) 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 Ex. (b) Plot of the mean (% s.e.mean;
n = 3-16) percentage of Ixpp) 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];
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 K 7p channels are
roughly equally susceptible to inhibition by free ATP and
Mg-ATP but in pancreatic B-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 (5mM external K) and
inward (60 mM external K) Ixgppy wWere measured in the
absence and presence of 5 uM glibenclamide. Ixpp) measured
about 10 min after starting the whole-cell recording was less
when ATP was in the pipette and the averages suggested
Ixpp) 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 Ixgpp) (100 18 pA to 94+ 9pA; n=4 and 5
respectively) or inward Ixgpp (122 8 pA to 127+ 12 pA;
n=4 and 5 respectively). It was noted that Ixgpp declined
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Figure 6 Dependence of Ixpp) on intracellular Mg ions. Whole-
cell current was sampled every 10s at a holding potential of
— 37mV. The bath solution was A and the pipette solution Y with:
(Ya) 1 mmM GDP plus 1 mm extra MgCl, (total Mg = 3 mm); (Yb)
2mM extra MgCl, and 2mM EDTA; (Yc) 2mM EDTA and with
MgCl, omitted. (a), An experiment with pipette solution Yb com-
pared with one using solution Yc. Glibenclamide (5um) 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 Ixpp), although smaller, was better maintained
(Figure 8a and b). Measured 25 min into the whole-cell
recording Ixppy 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], 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
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Figure 7 Dependence of Ixgpp) 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 10min MgCl,
(1.2 mm) was added as indicated. (b) Holding current sampled every
10s at — 37 mV. Pipette solution Y contained 1 mM GDP plus 1 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 NaCl 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
SmM 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 GQ (n=9)
and under condition (b) it was 3.21£0.23 GQ (n=15). In
some cells under condition (a) 10mM caged-ATP was
included in the pipette solution (see Methods in the following
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Figure 8 Effects of [ATP]; on Ixgpp). Whole-cell current was sam-
pled every 10s at — 37mV with 1 mM GDP in pipette solution Y.
(a) The pipette solution had added a total of 3mm MgCl,. The
external K concentration was raised from 5SmM (solution A) to
60 mMm (solution E) and 5 pm glibenclamide was applied in the bath
as -indicated. (b) The same experimental procotol was used as in (a)
but the pipette solution included 1 mm Na-ATP in addition to the
1 mM GDP and 3 mM MgCl,. (c) Averages (mean * s.e.mean; n=5)
for a series of experiments on cells held at — 37 mV for 10 min with
I mM GDP in the pipette plus: (YA) 2mM Mg; (YB) 3mM Mg;
(YC) 3mM Mg and 1 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 IxGop)
(60 mM external K) was also inhibited by ATP: with pipette solution
(YB) the current was — 1223+ 78 pA (n=4) and with pipette
solution (YC) it was —47.5+t3.9pA (n=4).

paper for details). A standard pulse of u.v.-light from a
xenon flash lamp was estimated to release about 1 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
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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 5mM 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 mMm 2-deoxy-D-glucose were included. An undulating
outward current developed that was inhibited by 10um 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
10 uM 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 uM 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 Ixgpp
recorded in the conventional whole-cell (Figure 5b), suggest-
ing that Kypp carried both currents.

Discussion

We have observed a class of small conductance K channels
(Knpp) that opened when NDPs were present with Mg ions
at the intracellular surface of the plasma membrane of
smooth muscle cells. K-current through Kypp 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 Kypp did not open simply in the absence of [ATP);
in other regards they showed several similarities to the ATP-
sensitive K channels (Karp) 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]; 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]; might
have been. We know that smooth muscle cells in the intact
tissue have an [ATP] in the region of 3 to 5mM (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), may decline from 1 mM as ATP and some
substrates for metabolism diffuse into the pipette. That
[ATP]; was <1 mM 10 min into a whole-cell recording was
suggested by the observation that 1 mM ATP in the pipette
solution inhibited Ixpp at this time (Figure 8). Therefore,
we estimate that [ATP] may have been between 1 and
100 um after 10 min of whole-cell recording. Metabolic
poisoning would cause [ATP]; to decline further and initially
[NDP]; to increase relative to [ATP}. The maximum rise of
[NDP]; relative to [ATP]; on metabolic poisoning is uncertain
but [NDPJ]; could rise to 15% of [ATP), (Ishida & Paul,
1990). On this basis, in our whole-cell recordings [NDP];
would not become more than 15uM and Ixnppy Would be
small or insignificant (Figure 2a). In perforated-patch whole-
cell recordings [ATP], would not decline as a result of
diffusion into the pipette and metabolic poisoning might
cause NDPs to rise to 150 uM or more and so induce xnpp).
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
Knpp is uncertain. The slope of the concentration-inhibition
curve for Mg-ATP against Kypp seems likely to be in the
millimolar range (Figure 8) and so it might be that slight
changes in the normal ATP concentration (3—5mM) will
have important effects on Kypp channel activity if it has
already been induced by a NDP. However, because [ATPJ;
tends to be quite resistant to change (van Breemen et al.,
1975) it might be that [ATP]; is relatively unimportant for
regulation and instead it is changes in [NDP] in the
threshold region for channel activation that are of most
significance. The latter interpretation also seems to be
favoured by Pfriinder er al. (1993) after a recent study on
guinea-pig portal vein smooth muscle cells.

The Kagp 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]; 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 Knpp
became dephosphorylated particularly quickly when [ATP};
was low. (Dephosphorylation is the proposed mechanism for
‘run-down’ of K,rp 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 uM ATP did not reveal

channel activity (not shown); (b) whole-cell experiments with
100uM 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 Ixgpp strongly (Figure 8) and is
known to be sufficient for phosphorylation of Krp (Ashcroft
& Ashcroft, 1990) so Karp channels should open.

Clapp & Gurney (1991) and Noack et al. (1992) have
attempted to deplete [ATP]; 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 Kypp. 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 1puM glibenclamide depolarized them on
average by 15 mV. We calculate that 3 pA of glibenclamide-
sensitive K-current would have occurred at —40mV 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 Ixgpp) Working on
rat portal vein smooth muscle Noack ez al. (1992) found a
transient outward current () in some whole-cells held at
— 50 mV in the absence of ATP and metabolic substrates. A
small transient outward current resembling I 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
(Pfriinder ez al., 1993). I, in rat portal vein smooth muscle
was inhibited by 1 uM but not 100 nM glibenclamide (Noack
et al., 1992). An explanation for I, could be that [NDP};
was high before break-through to the whole-cell because the
cells were already metabolically compromised and the tran-
sient time-course of I, might have reflected complex changes
in intracellular K, ATP, ADP and other NDPs. Dephos-
phorylation of the K channels underlying I, seems unlikely,
however, because the decline in I,, was unaffected by
18.7uM 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 er 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 ICs of 50-300 uM
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 1puM glibenclamide. (ii) Kajioka et al.
(1990) observed 10 pS 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}; if
1 uM Ca; was present and this activity could then be inhibited
by 5mM Na-ATP; but not by Mg-ATP;. These channels
appear similar to those observed by Wakatsuki er al. (1992)
in patches from cultured coronary artery smooth muscle cells
([Ca), 0.1 mM), which were inhibited by 30 uM glibenclamide.



(iii) Kajioka et al. (1991) and Kamouchi et al. (1993)
observed a Ca- and voltage-insensitive 15pS 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 uM pinacidil (or LP-805) was
present and was inhibited completely by 100 uM 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-ATP,. However, the channels were
clearly activated in inside-out patches (pinacidil present) if
1 mM GDP; was applied. Subsequent application of Na-ATP;
inhibited the channels potently (ICs, 29 pM), 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 ez al. (1993) support the conclusion
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Single channel and whole-cell K-currents evoked by
levecromakalim in smooth muscle cells from the rabbit portal

vein

'D.J. Beech, H. Zhang, K. Nakao & *T.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 uM levcromakalim ((—)-Ckm) to single cells held with pipettes containing 1 mM
GDP induced a K-current (Ixcym) Which occurred in addition to the current caused by GDP alone
(Ixcpp) 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 Ixcym)
averaged only 10 pA, suggesting that the action of (—)-Ckm was Mg-dependent.

4 Intracellular ATP was not observed to have much effect on Ix.cym. Loading of cells with 10 mMm
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 I cim)

5 Bath-applied glibenclamide inhibited Ix.cym) With an ICsy of 200 nM, a value 8 times higher than that
found for inhibition of Igpp. The delayed rectifier K-current (/xpgr)) Was also inhibited by gliben-
clamide but at higher concentrations (ICs, 100 uM). Bath-applied tetraethylammonium ions (TEA)
inhibited Iy ckm) and Ixcpp) to the same extent (ICs, about 7 mMm).

6 In inside-out patch recordings (—)-Ckm (10 uM) applied to the intracellular surface of the membrane
potentiated the opening of K channels already stimulated by 1 mM GDP and all of the channel activity
was abolished by 10um glibenclamide. The unitary conductance of the channels was 24 pS in a
60 mM:130 mM K-gradient.

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

© Macmillan Press Ltd, 1993
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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 (Karp) 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
(BKc,) (Klockner et al., 1989; Carl et al., 1992) and delayed
rectifier K channels (Kpgr) (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 BKc, in pat-

! Present address: Department of Pharmacology, The University of
Leeds, Leeds, LS29JT.
2 Author for correspondence.

ches and yet its action on the whole tissue is not blocked by
tetracthylammonium (<1mM) or charybdotoxin but is
inhibited by 4-aminopyridine, a pharmacology that is incon-
sistent with a role for BKc, (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 er 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 BKc. 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 Kpg 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 Karp seen in other
tissues. We refer to these channels as Kypp to indicate the
importance of NDPs in their activation and the failure of a
reduction in [ATP]; alone to open them. In the light of this
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finding we have reinvestigated the action of Ckm, to see if
Knpp 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-11 filter. The
efficiency of flash-induced hydrolysis was estimated by plac-
ing a 20pul 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, P*-1-(2-
nitrophenyl)-ethyl-ester) and NPE-caged IP; (D-myo-inositol
1,4,5-trisphosphate, P**-1-(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 20 uM (—)-Ckm
or glibenclamide and less for other concentrations. These
dilutions of DMSO had no effect on Ixnpp) OF ITxeckm)- Lev-
cromakalim ((—)-Ckm, BRL 38227) was a gift from Dr T.
Hamilton (SKB).

Results

Whole-cell K-currents induced by intracellular GDP
(IKIGDP)) and bath-applled (-)'Ckm (IK(-Ckm))

Whole-cell recordings were made from rabbit portal vein
smooth muscle cells. Figure 1a shows a recording where an
outward current of 88 pA developed at a holding potential of
—37mV when GDP was included in the pipette solution.
Once the response to GDP had reached a maximum, (-)-
Ckm (10 pM) 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 1351+ 16 pA (n=22) at its peak. The currents
induced by GDP and by (—)-Ckm reversed close to the
calculated Eg, suggesting they were both carried mostly by K
ions (Figure 1b; the total K concentration in the pipette was
171 mM, making Ex — 88 mV). Figure lc shows a recording
of membrane current at — 77 mV when the external [K] was
60mM (Ex — 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

Table 1 Composition of solutions
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Figure 1 Levcromakalim ((—)-Ckm) and GDP; activate a similar
K-current in single smooth muscle cells isolated from the rabbit
portal vein. (a) Whole-cell current sampled every 10s at a holding
potential of — 37 mV. Pipette solution Y was used with 1 mM GDP,
2mM EDTA and 2 mm MgCl, added. The extracellular solution was
A. (-)-Ckm (10 uM) was bath-applied 10 min 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 Ixpp)
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 (10 uM) and glibenclamide (Glib, 10 uM) 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 Kypp 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 Ixgpe and Ix.ckm declined over long
periods.

Effects of (— )-Ckm on single Kypp 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 (10 pM) was applied to 10

Solution NaCl  KCl CaCl, MgCl,
A (bath) 130 5 1.7 1.2
B (bath) 126 6 1.7 1.2
X (pipette) 0 130 0 2
Y (pipette) 0 110 0 2
Z (pipette) 0 134 0 1.2
E (bath or pipette) 80 60 1.7 1.2
I (bath or pipette) 9 117 0 3

HEPES  Glucose EGTA  BAPTA pH
10 10 0 0 7.4
10.5 14 0 0 7.2
20 0 5 0 7.4
20 0 0 10 7.4
10.5 14 3 0 7.2
10 10 0 0 7.4
18 0 9 0 7.4



(—)-Ckm

2 pA'GT;// - \\ / \
W WMWTM

Figure 2 Stimulation of GDP-dependent K channels (Knpp) 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 mYV, 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 (10 uM) 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 ins~') with a 0.5 kHz low-pass filter
(- 3dB, 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.

patches held at — 80 mV in which Kypp 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 uM (—)-
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 1.5pA were observed at the holding
potential of — 80 mV when Kypp 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 Kypp.

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
10 uM 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 1c).
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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 (O) and in a different patch in the presence of 1 mMm
GDP and 10pum (—)-Ckm (H). 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 1mM GDP and 10uM (—)-Ckm in the bath.
Glibenclamide (10 um) 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 uM
(—)-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 Iy cym) and Ixpr) by glibenclamide. (a) Current in a conventional whole-cell recording at — 40 mV with
pipette solution Z and bath solution B. Cromakalim (Ckm, 20 uM) and then 300 nM and 1 pM 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 uM) 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 Jxpg)) and to — 100 mV (to assess leak current). Currents are shown for the control, in 50 and
500 uM 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 Ixpg)) 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 of glibenclamide and tetraethylammonium
(TEA)

The data presented in Figures 1 to 3 suggest that (—)-Ckm
acted on Kypp to produce K-current in the whole-cell. To
test this hypothesis further we investigated the actions of
glibenclamide, a potent inhibitor of Knpp (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 ICs, 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 1puM caused a decline to the
pre-Ckm level. The whole-cell experiments were, however,
often complicated by a decline of Icym 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 uM glibenclamide caused complete inhibi-
tion of Iy cim): 50 nM glibenclamide reduced Ix.ckm) by 18%
in one cell and 150 nM glibenclamide reduced Iy cym) by 33%

in another. Wash-out of glibenclamide allowed full recovery
(sometimes with post-wash potentiation) of Jx(.cxm). 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 (Ixpry) under these conditions
(Beech & Bolton, 1989b). Figure 4d shows an experiment
where glibenclamide (50 pM) caused a 29% reduction of
Ixory and 500 pM 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 IC, of 200 nM was indicated for glibenclamide-
induced inhibition of Ix.cim) similar to that found for
glibenclamide-induced inhibition of Ckm-induced 3**Rb-efflux
from a segment of rat portal vein (Quast & Cook, 1989). The
ICs, for inhibition of Ixpg, was relatively high at 100 uM.
Delayed rectifier type K-current was also inhibited by gliben-
clamide in the neuroblastoma cell line SH-SYSY (Reeve et
al., 1992) and in hippocampal neurones (Crépel et al., 1992).

At 7mM, 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 ICsy of 7mM previously
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Figure 5§ Comparison of concentration-inhibition curves for gliben-
clamide effects on: K-current induced by 10 pum levcromakalim ((—)-
Ckm) in perforated-patch whole-cells (/x.cim), ®); delayed rectifier
K-current in conventional whole-cells (/kpg), O); 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 K; values are: 200 nM, Ixcymy
100 pM, Ixpr) 250M, Ixgpp. The ordinate scale is the % of the
control current remaining in the presence of glibenclamide.
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Figure 6 Dependence of Iy cimy On Mg ions. (a) Whole-cell current
sampled every 10s at — 37 mV with pipette solution Y plus 2 mM
EDTA, 1 mM GDP and Mg ions omitted (GDP-Mg). Levcroma-
kalim ((—)-Ckm) 10 pM and 10 pM glibenclamide (Glib) were bath-
applied as marked. (b) Whole-cell current sampled every 10s at
— 37mV with pipette solution Y plus 2mM EDTA, 2mm MgCl,
(total Mg=4mM) and 1 mM GDP (GDP + Mg). (—)-Ckm 10 pMm
and 10 uM glibenclamide were bath-applied as marked. (c) Averages
(mean * s.e.mean) for the whole-cell current induced by bath-applied
10uM (-=)-Ckm at — 37mV with the two pipette solutions: GDP-
+ Mg (n=4) and GDP-Mg (n=7).
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found for TEA against current induced by ( * )-Ckm (BRL
34915) in these cells (Beech & Bolton, 1989a).

Dependence of 1k, .cim) 0n Mg ions

We have found that the action of GDP to induce K-current
requires intracellular Mg ions (Beech ez 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 uM (—)-Ckm had much less effect;
(—)-Ckm produced a slowly developing outward current of
10+ 7pA at —37mV 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 [ATP]; on I, cim

It is commonly suggested that (—)-Ckm and other KCOs act
on K,pp in smooth muscle but evidence is lacking that KCO
effects can be inhibited by [ATP];,, even at very high concen-
trations. Therefore, we have investigated the effects of [ATP);
on Iy ckm

The first experimental design was to compare the effects of
Ckm on cells when [ATP]; 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 14 mM 2-DG and no glucose, or
they were maintained in 14 mM glucose and the recording
pipette containing 14 mM glucose plus 10 mM Na-ATP or
10 mM Mg-ATP. At a holding potential of — 40 mV, bath-
application of 20 uM 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 £ 52 pA (n=14) and 32.71 89pA (n=11)

50 50 75 100V

Ckm
Figure 7 Lack of effect of flash photolysis of intracellular caged-
ATP on Iycym)- 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
outward current had been induced by 20 um levcromakalim single
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 um NPE-caged-IP;, 1 mM ATP and 0.05mMm EGTA. A single
flash pulse (50 V) was applied in the absence and presence of 20 um
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 Iycwm Were not significantly different although there
was some indication that Ixcym) Was less when [ATP]; was
high.

Figure 7 shows a different approach to investigating effects
of [ATP). 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 Ixcym) Was observed
(Figure 7a). Figure 7b shows a control experiment where the
pipette solution contained 100 um NPE-caged-IP; instead of
the NPE-caged-ATP. A flash (50 V) caused rapid transient
outward and inward currents at a holding potential of
—40mV 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 IP; 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 Karp 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 Karp,
flash photolysis does increase the free ATP and sensitivity to
released ATP can be detected (see Clapp & Gurney, 1992).
Our results suggested that Iy 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 Kypp is: (i) in inside-out patches (—)-Ckm
stimulated the activity of K channels that had similar proper-
ties to Knpp and the effect of (—)-Ckm on the channels
seemed sufficient to explain the whole-cell current; (ii) in the
whole-cell noise associated with Iy cym Was not greater than
that associated with Ixgpp), 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
Ix(.cxm and Ixgppy With similar ICss; (iv) 1 uM glibenclamide
abolished I cum) and Ixgory; (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
Knpe (see preceding paper). Evidence against the Kypp hypo-
thesis is weaker: (i) the ICs, for glibenclamide inhibition of
Ix(cim) Was 8 times higher than that for inhibition of Ixcpp)
(i) (=)-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); did reduce Ixgpp) but inhibi-
tion of Ix.cum Was difficult to demonstrate. If (—)-Ckm does
open Kypp it remains to be explained why these differences
should exist. It is possible that GDP; enhanced the sensitivity
of Knpp to glibenclamide, perhaps via a mechanism similar to
that suggested for the action of tolbutamide on the B-cell
Kare (Schwanstecher et al., 1992). Pinacidil has been found
to reduce the sensitivity of cardiac Krp to [ATP]; (Fan et al.,
1990). A similar effect might make Jx.cm) particularly resis-
tant to [ATP).. These possibilities will need to be investigated.

Our previous working hypothesis was that Ckm acted to
shift a proportion of delayed rectifier K channels (Kpg) 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 Ixpg,
and Ixcim at similar concentrations; (ii) the noises associated
with Iypgr) and Ixcum) Were both small and suggestive of a
small conductance for the underlying channels; (iii) Ixpr) Was
reduced when I developed (see also Okabe et al., 1990;
Noack et al., 1992a); we suggested this effect occurred as a
result of Kpr 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 Kpg 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 Kypp is compelling, it is difficult to rule out the
Kpr hypothesis. However, we can now say that the ICs, for
glibenclamide inhibition of Ixpgy) Was 500 times higher than
that for Ix.cim and that recovery of Ixpgr) from block by
glibenclamide was fast in comparison to the recovery of
Ix(cimy- In addition, Russell ef al. (1992) found that (—)-Ckm
could induce K-current without reducing Ixpg, in rabbit
portal vein, and Noack et al. (1992a) found no effect of 1 uM
glibenclamide on the inhibition of a Iyxpry-like current (desig-
nated Io) by (—)-Ckm in rat portal vein. Therefore, Kpg
and Kypp 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 Kpg 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 Kaqp, such as Kpg-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 Kypp in smooth muscle cells from
the rat portal vein (Kajioka et al., 1990) and porcine cor-
onary artery (Wakatsuki ez 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 Kypp 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 BK., 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 (BK, 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 15pS 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,



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 10uM 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
10uM (—=)-Ckm at —37mV 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 K,1p has been observed in other cell
types. Allard & Lazdunski (1992) found that pinacidil acti-
vated skeletal muscle K,rp 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
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Effects of phospholipase A, inhibitors on coupling of
ax-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 A, pathway in this response was examined.

2 The non-specific phospholipase A, inhibitors, quinacrine (10 uM) and 4-bromophenacyl bromide
(4-BPB, 10 pM) 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 A, inhibitor, cyclosporin A (10 uM) and the lipoxygenase and
cyclo-oxygenase inhibitor, eicosatetraynoic acid (ETYA, 20 uM) and nordihydroguairetic acid (NDGA,
20 uM) did not alter i.p.s.ps or hyperpolarizations to UK 14304,

4 Exogenously applied arachidonic acid (1-300 pM) 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 A,
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 A,; electrophysiology; G-protein coupled receptors

Introduction

Arachidonic acid can be released following the activation of
phospholipase A, 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 C, (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 ay-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

! Author for correspondence at present address: Department of
Physiology & Pharmacology, University of Strathclyde, Glasgow
G1 1XW, Scotland.

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 A, (Kennedy, 1992).
Recently, it has been suggested that «, adrenoceptor activa-
tion may be coupled to the stimulation of phospholipase A,
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 a,-
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,
NaH,PO, 1.2, MgCl, 1.2, CaCl, 2.5, KCI 5, NaHCO; 25 and
glucose 11; gassed with 95% O, and 5% CO,. 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
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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 MQ, 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 (5mV s~') 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 pum) 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, 5-15V, and
noradrenergic inhibitory postsynaptic potentials (i.p.s.ps)
5 pulses 20 Hz, pulse width 0.2ms, 50 V). Lp.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-S5
MQ). 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 ¢ 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 of submucosal neurones

Recordings were made from submucosal neurones that exhi-
bited noradrenergic inhibitory postsynaptic potentials (i.p.s.ps)
and/or were hyperpolarized by the a,-adrenoceptor agonist,
UK 14304 or somatostatin. Resting membrane potentials
ranged from —48mV to —63mV (mean * s.e.mean=
— 541 1.6 mV, n=231). 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 of phospholipase A, inhibitors on i.p.s.ps and
hyperpolarizations to UK 14034 and somatostatin

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

UK 14304 (100 nm)

+quinacrine (10 pum)

Somatostatln (10 nm) +quinacrine (10 pum)

oM

+4-BPB (10 pum)

bbb

UK 14304 (100 nm)

¢ 1//_

UK 14304 (100 nm)

N A

+cyclosporin A (10 um)

UK 14304 (100 nm) +ETYA (20 pum)

e ""\y/J

2 min

30 mV

Figure 1 Effects of phospholipase A, inhibitors, quinacrine, 4-BPB,
and cyclosporin A, and the cyclo-oxygenase and lipoxygenase inhibi-
tor ETYA on somatostatin and a,-adrenoceptor-mediated hyperpol-
arizations. Traces in (a)-(e¢) are recordings obtained before (lefthand
records) and during the application of phospholipase A, inhibitors
(righthand records); each set of recordings were obtained in separate
experiments. (a,b) Quinacrine (10 uM) reduced the hyperpolarization
produced by the a,-adrenoceptor agonist, UK 14304 (UK, a) or
somatostatin (b). (c) 4-BPB (10 pM) 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 um) (d) or ETYA (20 uM) (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 A, may be coupled to the-
G-protein activation of inwardly rectifying potassium cur-
rents in submucosal neurones. Quinacrine (10 uM) reduced
significantly the nerve evoked i.p.s.p. (Figure 2a), and the
hyperpolarizations to UK 14304 (100 nM) and somatostatin
(10nM) by 92+ 4% (n=28), 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 1la) indicating that quinacrine was not acting com-
petitively. 4-BPB (10 uM) 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 1c). An increase in
the frequency of spontaneous e.p.s.ps was often recorded
during the application of 4-BPB (e.g. Figure 1c). 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 uM) 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 uM) had no effect on the i.p.s.p. amplitude
(Figure 2c) or the hyperpolarization to UK 14304 (Figure 1d;
105.5+£2.5% (n=8) and 108.7%£3.3% (n=6) of control

respectively).
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Figure 2 Effects of phospholipase A, inhibitors, quinacrine, 4-BPB,
and cyclosporin A, and the cyclo-oxygenase and lipoxygenase inhi-
bitor ETYA on nerve evoked i.p.s.ps. L.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
(10 M) (a) and 4-BPB (10 um) (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 pM) (c) or ETYA (20 um) (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 uM; Figure le) nor the lipoxy-
genase inhibitor NDGA (20 pM) inhibited the hyperpolariza-
tions to UK 14304; UK 14304-induced hyperpolarizations
were 89+ 5% (n=15) and 115 % 15% (n=2) of control res-
pectively. Similarly, ETYA (20 uM) 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 A, 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 pM) produced no significant change
in membrane potential (n = 4). Higher concentrations (100-
300 uM) also did not alter the membrane potential (n = 2) or
produced a 10—-15mV depolarization (n =3). Arachidonic
acid (100 uM) 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
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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
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 uM) reduced nico-
tinic e;p.s.p.s by >95% (n=4; Figure 3a). Ionophoretic
application of ACh evoked nicotinic depolarizing potentials
or inward currents; these were inhibited by 63+ 9% by
quinacrine (10 uM, n = 8; Figure 3b). Directly evoked action
potentials were recorded in response to depolarizing current

a Control
Wash
A
Nerve
stimulation 20 mV
20 ms
b 30 pm

Quinacrine
10 pm
Control
Wash | 100 pA

100 ms

Control Quinacrine, 10 um

Control Quinacrine, 30 pm

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 (10 pM) 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 (10-30puM). (c) Injection of depolarizing current
pulses (40ms) evoked action potentials. The action potential
threshold and duration was increased, and the peak amplitude and
undershoot decreased by the application of quinacrine (10—30 uM).
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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 Ex (Figure 4a; see Surprenant & North, 1988).
Application of UK 14304 produced a hyperpolarization asso-

a 7 400
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-160 -120 -80
A T

- -200
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Wash

Current (pA)

-1 —400
UK 14304 ~ —600

-1 -800
b T 400
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-160 -120 -80
! | i

Quinacrine
- —200

Current (pA)

Control 4 —400
- —-600

- -800
c - 400

Quinacrine
+UK 14304
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! »/,

L ! 1 1
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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 Ex. UK 14304 (100 nM) produced a hyper-
polarization associated with an increase in the membrane conduc-
tance. (b) In control physiological solution, quinacrine (10 um)
reduced the inward rectification at potentials negative of Ex with no
effect on the voltage/current relationship at potentials positive of Eg.
(c) In the presence of quinacrine the UK 14304-induced outward
current recorded at potentials positive to Ex was greatly reduced and
no inward current was recorded at potentials negative to Ey. 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 uM) reduced the inward rectification present in the ab-
sence of agonist; the conductance ratio measured at — 60 and
—115mV 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 Ex (about
— 90 mV; Figure 4c). In the presence of quinacrine, UK
14304 produced a small outward current at potentials posi-
tive to Ex but no inward current was recorded negative to Ex
(Figure 4c). A similar blockade of inward rectification was
recorded in the presence of 4-BPB (30 uM, n = 3). Lower, and
more selective (Okada et al., 1989), concentrations of 4-BPB
(3-10 puM) 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 a,-adrenoceptors in submucosal
neurones was mediated by arachidonic acid or its metabolites
generated by the action of phospholipase A,. 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 A,
pathway in signal transduction following a,-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 1a,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 a,-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 Egx. It has not yet been
established whether a,-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 a,-
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



(Adams & Feltz, 1980). We have not examined possible
mechanisms of action of quinacrine or 4-BPB in inhibiting
the a,-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 A, pathway in a given cellular effect.

In the present study the more specific phospholipase A,
inhibitor, cyclosporin A, or the inhibitors of arachidonic acid
metabolism, ETYA and NDGA, had no effect on the res-
ponse of submucosal neurones to a,-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
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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, [*H]-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 pM). 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
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compound.

Keywords:
sion; response to injury

Monocrotaline; monocrotaline pyrrole; angiotensin-converting enzyme; cultured endothelium; pulmonary hyperten-

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 er 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 ez 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 (AI) to the potent vasocon-
strictor, angiotensin II (AII), 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 pg ml~!)-
fungizone (0.25 pg ml~') (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-0.27 mM 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 2.5ul volume of MCTP
solutions or DMF vehicle (0pM MCTP) per millilitre of
medium was used to achieve the nominal concentrations of
MCTP (0, 1.5, 15 or 150 uM) 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 uM) 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 ’H]-benzoyl-Phe-Ala-Pro by endothelial
ACE to form [*H]-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
(0.05M HEPES, 0.1 M NaCl; pH 7.5, 37°C). At a time 0,
2 ml of buffered substrate ([*H]-benzoyl-Phe-Ala-Pro: specific
activity 20 Ci mmol~!, diluted to 10° c.p.m. 100 ul~' in assay
buffer) were added to each well in a shaking water bath at
37°C. At 10 min intervals, 50 pl 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 30s, then spun in a centrifuge for 3 min at 500 g.
An aliquot (500 pl) of the upper counting phase was transfer-
red to a 2 ml microvial (Ventrex) for measurement of rad-

ioactivity; 50 ul 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~ 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 of MCTP 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 (@), 15 (V) or 150 (V¥)puM mono-
crotaline pyrrole (MCTP) or N,-N-dimethylformamide (DMF) vehi-
cle (O) 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).



made by Tukey’s omega test (P<<0.05) (Steel & Torrie,
1980). '

Cell numbers are presented as means t 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 of MCTP 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 150 uM)
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.
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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 (@), 15 (V) or 150 (V) pM monocrotaline pyrrole (MCTP) or
N,N-dimethylformamide (DMF) vehicle (O) 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).

MCTP EFFECTS ON ENDOTHELIAL ACE ACTIVITY 599

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 um 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
1.5uM 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.c., 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 um
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 3 Angiotensin-converting enzyme (ACE) activity of mature
monolayers of PECs (a) and BECs (b) expressed as a function of cell
number. Cell monolayers were exposed to a single administration of
1.5 (@), 15 (V) or 150 (¥)puM monocrotaline pyrrole (MCTP) or
N,N-dimethylformamide (DMF) vehicle (O) at time 0. Values repre-
sent the means of replicate studies (n = 5 for PECs; n =3 for BECs).
Standard error of difference = 2.44 PECs; 9.58 BECs. *Significantly
different from vehicle control (P<0.05).
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post treatment. Cells treated with 15uM 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 1SumM MCTP. PECs and BECs treated with
1.5uM 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 of a-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 Al to AII 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 ez 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 AII receptor antag-
onists suggests that AIl 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 ez 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
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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 (pA,) value of 5.00  0.08.

2 Receptor binding assay confirmed that procaine (0.01-10 mM) competitively inhibited [N-methyl-
3H]-scopolamine chloride (*H]-NMS) binding to its receptor with binding affinity (pK;) of 4.63 £ 0.10.

3 Procaine transformed CCh-evoked [Ca®*]; dynamics: the initial rise in [Ca?*]; followed by a gradual
decay during continuous stimulation with 3uM CCh was transformed by 0.3 mM procaine to the
oscillatory [Ca?*}; dynamics, which resembled the response to 0.3 uM CCh in the absence of procaine.
The initial phase of [Ca?*}; 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
10mM was ineffective on ['*I]-BH-CCK-8 binding, although procaine (10 mM) caused weak but

significant inhibition of the binding.

Keywords: Exocrine secretion; pancreas; procaine; amylase release; [Ca?*]; 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,
[Ca?*]. Information on [Ca?*}; dynamics in various types of
cells has become available following the development of the
bioluminescent probe, aequorin (Cobbold, 1989 for reference)
and of Ca?*-sensitive fluorescent probes (Grynkiewicz et al.,
1985; Tsien et al., 1985). Spatial and temporal [Ca?*]; 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 [Ca®*};
dynamics in the coupling may be pharmacological analysis
with local anaesthetics, since it was reported that the local
anaesthetic, tetracaine, reduced both acetylcholine-induced
4Ca?* 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 [Ca’*]; 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 of pancreatic 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 (mMm):
NaCl 118, KCl14.7, NaH,PO, 1.0, MgCl, 1.13, CaCl,2.5, D-
glucose 5.5, HEPES 10.0. The solution was supplemented
with soybean trypsin inhibitor (0.1 mgml~'), bovine serum
albumin (2 mgml~'), Eagle’s minimal essential amino acids
medium, and 2.0 mM L-glutamine. The solution was gassed
with 100% O,. Pancreatic acini were prepared by the method
of Hootman et al. (1986) with slight modifications as re-
ported previously (Habara ez 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,
1 ml aliquot was taken from the flask and centrifuged at
12,000 x g for 20s. 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 20 min
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.
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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,
PH]-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 [PH}-NMS in a total volume of 5ml
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 Sml 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 ['*I]-BH-CCK-8 (81.4 TBqmmol-') as
described in a previous paper (Miller ef al., 1981). Acini were
incubated with 13 pM ['*I]-BH-CCK-8 in a total volume of
I 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 [*H]-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 10 uM 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 5s 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 pK; values are negative logarithms of K; values which
were derived from the ICs, value, according to the following
equation (Cheng & Prusoff, 1973), K;=ICs/(1 + [L}/Ky),
where [L] and K, are the concentration of [*H]-NMS (=0.5
nM) and dissociation constant (= 180 pM), respectively. The
K, value of PH)}-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 ¢ 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-*H]-scopolamine chloride
(PH]-NMS), ['*1]-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 5um) was from Nihon
Millipore Kogyo (Yonezawa, Japan).

Results

Effect of procaine 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 I s.e.mean obtained from 6 (CCh) or 5 (CCK-8) experiments.
Each symbol represents the value obtained in following conditions:
CCh without procaine (O); CCh with 0.03 mM procaine (V); CCh
with 0.3 mM procaine (A); CCh with 3 mM procaine (O); CCh with
10mM procaine (©); CCK-8 without procaine (@); CCK-8 with
0.3 mM procaine (A); CCK-8 with 3 mM procaine (M); CCK-8 with
10 mM procaine ().



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 10 mM 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 pA, for procaine was
5.00 £ 0.08 (n=6). The slope of the line in Figure 2 was
0.98 + 0.04 (» = 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 of procaine on [*H]-NMS or ['*I]-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 [*’H}]-NMS binding to isolated incubated acini.
The results presented in Figure 3 show that procaine com-
petitively inhibited [P’H]-NMS binding. The pK; value for
procaine calculated from binding studies was 4.63 £ 0.10
(n=3). This value was not significantly different from the
pA,; 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 ['*I}-BH-CCK-8 binding, although 10 mM procaine caused
weak but significant inhibition of the binding.

Effect of procaine on secretagogue-induced amylase
release and temporal dynamics of [Ca’* ], in acini

The effect of procaine on [Ca?*]; 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 um CCh
induced [Ca®*]; oscillation (Figure 4b) and sustained amylase
release (Figure 4a). Procaine (0.3 mM) inhibited [Ca?*}; dyna-

4.04

3.0

2.0

log (Dose ratio-1)

0.0-

T T T

10°% 1074 10-3 102
Procaine concentration (m)

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.
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Figure 3 Effect of procaine on [N-methyl-*H]-scopolamine ([*HJ-
NMS) binding to acini. Acini were incubated in HR containing
0.5nM [PH]-NMS for 60 min at 37°C in the presence of varying
concentrations of atropine (O), procaine (@), or carbachol (CCh)
(O). 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 uM CCh (Figure 4c and d).

When isolated pancreatic acini were stimulated with 3 uM
CCh, [Ca®*); 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 [Ca’*]; was transformed by
0.3 mM procaine to [Ca?*]; oscillation, which resembled the
response to 0.3 uM CCh in the absence of procaine (Figure
5d). 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
5a). The initial phase of [Ca?*); oscillation corresponded to
the initial phase of amylase release (Figure 5c).

When the preparation was stimulated with 100 um CCh,
[Ca?*); 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 [Ca*]; increase and initial
phase of amylase release.

Procaine (0.3 mM) was ineffective by itself on [Ca?*};
dynamics and secretory response, and did not inhibit the
responses to CCK-8 (10-1000 pM). 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, [Ca’*]; increased with oscillatory spikes and amylase
release was gradually increased followed by a plateau phase.
Addition of 10 mM procaine attenuated the [Ca?*}; 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, [Ca®*]; 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
[Ca?*]; 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 uM carbachol (CCh)-induced amylase release and [Ca?*}; dynamics in isolated perfused
rat pancreatic acini. (a) Time course of amylase release induced by continuous stimulation with 0.3 uM 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 [Ca?*]; measured in four different regions of the same acinus, and is part of a continuous recording of [Ca?*]; dynamics
(indicated by the thin lines) at a high magnification of time scale in order to distinguish the [Ca?*]; dynamics during the perfusion
with CCh. [Ca?*]; 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 uM 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 [Ca?*}]; dynamics induced by perfusion with 0.3 uM 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 pK; value was not significantly different from the pA.,.
The coincidence of two values, pK; and pA,, 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 Ca’* entry step and on the steps between
[Ca?*]) 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 [*H]-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 M, receptor sites in a competitive manner in
smooth muscle of guinea-pig. In addition, the pK; value of
4.63 is similar to the value obtained in heart (pK;=5.5) or
medulla (pK; =4.4) or taenia caecum (pK;=5.03), all of
which have M, 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 ['*I]-BH-CCK-8 binding, whereas the
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Figure 5 Effect of 0.3 mM procaine on 3 pM carbachol (CCh)-induced amylase release and [Ca’*]; 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 Ca’*-induced Ca’* 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, Ca?* channel, various membrane-asso-
ciated proteins including adenylate cyclase, guanylate cyclase,
calmodulin-sensitive proteins, ion-pumping enzymes (Na*/
K*-ATPase and Ca?*/Mg>*-ATPase), phospholipase A,, and
phospholipase C (for reference see Butterworth & Strichartz,
1990; Charlesworth et al., 1992).
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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
Medicine, University of Florence, Florence, Italy and tSandoz Institute for Medical Research, 5 Gower Place, London

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 uM), by superfusion with low pH medium (pH 5) or by KCl (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 KClI, respectively.

3 Prior application of capsaicin (10uM 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 pM, 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 uM capsazepine,
respectively. Low pH-induced release was inhibited by 78, 84, 88 and 93% with 3, 10, 30 and 100 um
capsazepine, respectively. KCl-induced release was significantly inhibited by 55 and 93% with 30 and
100 uM (but not with 10 uM) 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 KCl. 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).
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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 KCl 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 gkg™', 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% O,, 4% CO,, pH 7.4) Krebs
solution of the following composition (mM): NaCl 119,
NaHCO, 25, KH,PO, 1.2, MgSO, 1.5, KCl 4.7, CaCl, 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 (37°C) 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 uM
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% O,.

After a 45 min stabilization period, S 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
(10 pM) 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% NaN; and 0.1% 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 er 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 ¢ test for paired and unpaired
data, or by analysis of variance, when applicable.

Results

Application of capsaicin (1 uM), 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 KClI, respectively.

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

Capsazepine (1-100 uM) 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 uM capsazepine and
abolished at higher concentrations. The CGRP-LI release
evoked by low pH medium was significantly inhibited by
3 puM capsazepine and further depressed and abolished by
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Figure 1 Calcitonin gene-related peptide-like immunoreactivity
(CGRP-LI) release evoked by capsaicin (1 puM, a), superfusion with
low pH medium (pH 5, b) or KCI (80 mM, c) from the rat isolated
soleus muscle, in control (open columns) or capsaicin-pretreated
(10 um for 30, 30 min, before, solid columns) preparation. In each
panel, the horizontal bars indicate the period of application of the
various stimuli. Each value is mean * s.e.mean of 4-16 replicates.
Significantly different from basal values: *P <0.05.
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Figure 2 Effect of capsazepine (1-100puM) on calcitonin gene-
related peptide-like immunoreactivity (CGRP-LI) release induced by
capsaicin (1 uM) (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 KCl-induced release was only
reduced at 30 pM and was abolished at 100 uM 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 ez 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 KCl was totally prevented by in vitro
application of high capsaicin concentrations (capsaicin desen-
sitization). Therefore, peripheral endings of primary afferent
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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 10 uM, the action of
capsazepine is, in some way, selective, because no inhibition
of KCl-induced CGRP-LI release was observed. At higher
concentrations (30—100 pM) capsazepine possesses a non-
specific inhibitory action on the neurosecretory process, as
indicated by inhibition of the response to KCl. Capsazepine
is a competitive antagonist of the vanilloid receptor (Bevan et
al., 1992a) and its failure to antagonize the capsaicin- (1 uM)
induced CGRP-LI release at concentrations below 10 uM 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 uM while the response to KCI, which is
quantitatively comparable to that evoked by low pH, was
only inhibited at 30 uM 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 10 pM 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 ez al. (1992b) showing that neither the ampli-
tude of the proton-activated current, nor the acid-induced
%Rb* 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
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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 KCl-evoked CGRP-LI release from
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Comparison of the anti-inflammatory properties of formoterol,

salbutamol and salmeterol in guinea-pig skin and lung
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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~'° to 1 x 10~% mol/site), salbutamol (1 X 10~% and 1 x 10~7 mol/site)
and salmeterol (1 X 10~% and 1 x 107 mol/site) inhibited bradykinin-induced plasma protein extravasa-
tion (PPE) in guinea-pig skin. A maximally effective dose of formoterol (1 X 10~° mol/site) and sal-
butamol (1 X 10~% mol/site) inhibited PPE in guinea-pig skin for 2—4 h and 1-2 h respectively, whereas
salmeterol (1 X 10~8 mol/site) was effective for >6 h.

3 Inhaled formoterol (nebuliser concentration 0.1 to 100 pg ml~") inhibited histamine-induced plasma
protein extravasation (PPE) in guinea-pig lung, with significant inhibition being observed at 10 and
100 pg ml~'. Formoterol (100 pg 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 ug ml~') and salmeterol (100 pg 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 B,-adrenoceptor agonists may involve an action on

B,-adrenoceptors on a cell type other than the endothelial cell.
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Introduction

We have previously shown that the long-acting B,-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
B,-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 B,-adrenoceptor agonist which pro-
duces prolonged bronchodilatation in man (Faulds er 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; Palmgqvist et al., 1992),
data which are consistent with the concept that long-acting
B,-adrenoceptor agonists may have acute anti-inflammatory
activity in vivo (Johnson et al., 1992). However, in vitro and

! Author for correspondence.

in vivo studies have shown that the duration of action of
formoterol is intermediate between that of salmeterol and
salbutamol (Nials e 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 B,-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 (40mgkg~!, im.) and xylazine
(8 mg kg~', i.m.). Each animal received an intracardiac injec-
tion of iodinated ('*I) human serum albumin (‘*I-HSA;
20 kBq) in heparinised (10 umi~!) saline. The abdomen of
each animal was shaved, and into this shaved area, six
intradermal injections (50 pl) of a B,-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 ul) while the other five sites were
injected with bradykinin (1 X 10~°-1 X 10-° mol/site) in
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50 pl 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 .-
adrenoceptor agonists was determined in guinea-pig skin,
['®I}-HSA and B,-adrenoceptor agonists were administered
under isoflurane anaesthesia as described above. At intervals
after the intradermal injection of B,-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 ['*I]-HSA
(20 kBq), male guinea-pigs (300—400 g) were exposed to an
aerosol of histamine (500 pg ml~') for 1 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 pl plasma mi~' BALF) was calculated.

In experiments where potency was determined, guinea-pigs
were exposed to aerosols of formoterol (nebulizer concentra-
tion 0.1-100 pg ml~') as described by Ball er al. (1991),
30 min before challenge with histamine (500 ug 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 ['*I]-HSA and rein-
jected into male guinea-pigs (300-400 g) under ketamine
(40 mg 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 ul) of a B,-adrenoceptor
agonist or vehicle (1% DMSO) were administered. Thirty
minutes after injection of p,-adrenoceptor agonist, each
animal received an injection of saline (50 pl) 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 pgml-') or
platelet activating factor (PAF, 100 pgmi~') for 10 min.
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 p,-adrenoceptor
agonists or vehicle as described above, 30 min before
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 ¢ test.

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 ¢ test. A
difference was considered to be significant when P <<0.05.
Experimental design was such that in any given experiment,
each B,-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 DMSO
to produce a stock solution of 2 X 10~! mol 1-!. 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.
%l.jodinated human serum albumin (specific activity
92.5kBq 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
1019 to 1 x 10~® mol/site) induced a dose-related PPE such
that the highest dose of bradykinin used (1 x 10~® mol/site)
caused the extravasation of 21.3 £2.68 ul plasma (n=23,
Figure 1).

Formoterol, salmeterol and salbutamol inhibited PPE
induced by bradykinin (1 X 107!° to 1 x 10~ mol/site). When
injected 30 min prior to bradykinin (1 X 10~% mol/site), intra-
dermal formoterol (1 X 10! 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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Figure 1 Inhibition of bradykinin (1 X 10~°mol/site)-induced

plasma protein extravasation (PPE) in guinea-pig skin by intrader-
mal formoterol (1 X 10-''—1 x 10~% mol/site), salmeterol (1 X 10~°~
1 X 10-"mol/site) and salbutamol (1 X 10-°~1 x 10~7 mol/site).
Each column represents the mean and s.e.mean of at least 6 deter-
minations. *Significant reduction relative to vehicle + bradykinin
group (P <0.05).
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lower dose of formoterol (1 X 10~!''mol/site) was also
effective, but this inhibition was not statistically significant
(P>0.05). Similarly, salmeterol (1 X 10~ and 1 X 10~" mol/
site), and salbutamol (1 x 10~% and 1 X 107 mol/site),
significantly (P <<0.05) inhibited bradykinin-induced PPE
(Figure 1). Lower doses (1 X 10~° mol/site) of salbutamol
and salmeterol had no significant inhibitory effect (P> 0.05;
Figure 1). In these experiments, 1 X 10~° mol/site formoterol
was equivalent to 1 X 10~" mol/site salmeterol and both were
more effective than 1 X 10~7 mol/site salbutamol (Figure 1).

In experiments where the duration of action of B,-
adrenoceptor agonists in guinea-pig skin was determined,
formoterol (1 x 10~° mol/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~% mol/site, 64.4% inhibition at 30 min) significantly
inhibited PPE (P <0.05) even when administered up to 6 h
before bradykinin, while, in these experiments, the inhibitory
effects of salbutamol (1 x 10~% 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=% and 1 X 10~" mol/
site) were similar to those obtained with the higher dose of
bradykinin (1 X 10~¢ mol/site, data not shown).

Guinea-pig lung When guinea-pigs were challenged with
aerosols of histamine (500 pug ml~'), the plasma protein con-
tent of BALF increased from 1.19 (95% c.l. 0.82-1.73,
n="7) pl plasma ml~! to 4.71 (3.43-6.48, n=12) pul plasma
ml-! (Figure 3).

Formoterol (nebuliser concentration 0.1-100 pg mi~!),
administered to guinea-pigs by inhalation 30 min 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 ug mi~!, greater
concentrations of formoterol (10 and 100 pgml~') were
required to reduce significantly (P <<0.05) histamine-induced
PPE (Figure 3).
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Figure 2 Bradykinin-induced plasma protein extravasation (PPE) in
guinea-pig skin. Data are time courses for inhibition of PPE by
formoterol (1 X 10~° mol/site; ¥), salbutamol (1 X 10-% mol/site; @)
and salmeterol (1 x 10~% mol/site; A) injected intradermally at the
times indicated prior to injection with bradykinin (1 x 10~ miol/site).
Each point represents the mean * s.e.mean of at least 6 determina-
tions. *Significant inhibition relative to vehicle + bradykinin group
(P<0.05).
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Figure 3 Histamine-induced plasma protein extravasation (PPE) in
guinea-pig lung. Inhibition of PPE by inhaled formoterol
(0.1-100pug ml~"). All doses are nebuliser concentrations given
30 min prior to challenge with histamine (500 pg ml1~'). Data are the
geometric means and 95% confidence limits of at least 6 determina-
tions. *Significant inhibition relative to histamine alone (P <0.05).

Inhibition of histamine-induced PPE by formoterol
(100 pg ml~') was evident 30 min and 1h after administra-
tion. However, no significant (P>>0.05) inhibition of PPE
was observed when formoterol was administered 2h or 4h
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~° and 1 x 10~ mol/site) had no significant (P> 0.05)
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500 histamine (500 g ml~")
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Plasma protein extravasation (ul plasma ml~! BALF)

Figure 4 Histamine-induced plasma protein extravasation (PPE) in
guinea-pig lung. The time course of inhibition of PPE by inhaled
formoterol (100 pg ml~') administered at the time indicated prior to
challenge with histamine (500 pg mi~'). Each column represents the
geometric mean and 95% confidence limits of at least 6 determina-
tions. *Significant inhibition relative to histamine alone (P <<0.05).
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Table 1 Inhibition of granulocyte accumulation and plasma protein extravasation (PPE) in guinea-pig skin by B,-adrenoceptor
agonists administered 30 min before zymosan (0.2 mg/site, i.d.): measurements were made 4 h later

Dose Granulocytes (X 10°)/site PPE (pl plasma site)
Agonist (mol/site) Control Test Control Test n
Formoterol 10-° 983.2+118.8  760.0 £ 79.3 39.40 £ 491 29.77 £ 4.05 6
10-8 342,71+ 538 2474+ 473 13.86 + 1.37 11.43+1.78 6
Salmeterol 10-2 3320+ 218 2227+ 22.1* 8.81+0.70 499+ 1.64* 8
10-7 3320+ 21.8 185.3 £ 59.2* 8.81+0.70 450+ 1.26* 6
Salbutamol 10-7 973.1£2029 769.2%150.8 22.10 £ 5.40 11.48 +2.40 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~® and 1 x 1077
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).

Guinea-pig  lung:  LPS-induced  neutrophil  accumu-
lation Exposure of guinea-pigs to aerosols of LPS (100 pg
ml~!), as described previously (Whelan & Johnson, 1992),
caused a significant (P <<0.05) increase in BALF neutrophil
count to 771.3 = 87.2 cells pl~! (mean * s.e.mean, n=9), 4 h
after challenge. Pretreatment of guinea-pigs with aerosols of
formoterol (nebuliser concentrations up to 100 pgml~!),
30min before challenge with LPS, had no significant
(P>0.05) inhibitory effect on LPS-induced neutrophilia. A
higher concentration of formoterol (1000pugml~') 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 pl~! (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 pugml~') significantly
(P<<0.05) reduced LPS-induced neutrophil accumulation
from 793.0 % 108.5 cells pl=! (n=6) to 319.7%59.1 and
297.2 £ 50.6 cells pl=' (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 pg
ml~!) caused a 2-5 fold increase in BALF eosinophil count
24h after challenge. Pretreatment of guinea-pigs with
aerosols of formoterol (100 ugml~') or salmeterol (100 pug
ml~') resulted in a significant (P <<0.05) decrease in PAF-
induced eosinophilia (Table 2). Lower concentrations of for-
moterol (1 and 10 pg ml~!) or salmeterol (10 pugmi~') had a
smaller inhibitory effect on PAF-induced eosinophil accumu-

lation which was not statistically significant (P> 0.05). Thus,
in terms of the threshold nebuliser concentration (100 pg
ml~') required to produce statistically significant inhibition
(P<0.05), formoterol and salmeterol appear equipotent.

Discussion

In an earlier study, we postulated that a long duration of
action was necessary for B,-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 B,-adrenoceptor
agonist, salmeterol, but not the short-acting compound, sal-
butamol, inhibited granulocyte accumulation in guinea-pig
lung and skin, by an action on B,-adrenoceptors.

The experiments described in the present report confirm
and extend these findings by comparing the anti-inflam-
matory profile of formoterol, another B,-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 B,-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 er 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 ez al., 1990).

Table 2 Inhibition of platelet activating factor (PAF)-induced eosinophil accumulation in guinea-pig lung by inhaled formoterol and

salmeterol

Eosinophils (cells p1=!' BALF)

B,-Agonist
nebuliser
concentration
(rgml-")
Control -
PAF -
PAF + B,-Agonist 1.0
PAF + B,-Agonist 10
PAF + B,-Agonist 100

752+ 18.9 (6)
462+ 13.0* (6)

Formoterol Salmeterol
3401+ 7.5 (6) 59.1£9.1 (9)
1238+ 16.7' (6) 104.3 £ 16.5* (9)
68.0 = 15.7 (6) NT

658+ 174 (9)
43.219.1* (9)

Animals were exposed for 3 min to aerosols of B,-adrenoceptor agonists. Thirty min later, the animals were exposed for 10 min to
aerosols of PAF (100 ugml-') and lungs were lavaged 24 h later. Each value is the mean + s.e.mean of (1) 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 B,-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 p,-adrenoceptors on
venular endothelium (Whelan & Johnson, 1992), since high
concentrations of p,-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 B-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
B,-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 B,-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 B,-adrenoceptor agonists inhibit eosinophil
accumulation through a different mechanism from neutrophil
accumulation. The differential effect of the B,-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 pB,-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 B,-
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). B,-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 er 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 er 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 10h 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 (30 pg) 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 pug), 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
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formoterol and salbutamol, to inhibit both early and late
phase reactions in lung and skin. Indeed, Twentyman e? al.
(1990) and Dahl, (1991) have reported that at therapeutic
doses, salmeterol (50 pg) 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
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Salmeterol, a long-acting B,-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 p,-adrenoceptor agonist and
by isoprenaline, a non-selective B-adrenoceptor agonist have been compared in the B50 neuroblastoma
cell line.

2 Salmeterol produced a concentration-dependent increase in the accumulation of total [*H}-cyclic
AMP in B50 cells yielding an ECs, 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 B,-adrenoceptor antagonist, ICI 118551, inhibited the responses to both salmeterol (apparent Kp
2.2nM) and isoprenaline (apparent K, 1.6 nM). However, the B -adrenoceptor antagonist, atenolol,
produced no significant effect at concentrations up to 100 uM.

4 Salmeterol (1 uM) changed the concentration-response curve of isoprenaline in the manner of a
partial agonist interacting with a full agonist. The K 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
Br-adrenoceptor agonists, in B5S0 monolayers both salmeterol and isoprenaline produced a rapid increase
in cyclic AMP accumulation (#;, 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 B,-selective antagonist.

7 These results confirm that salmeterol has a high affinity, but low efficacy (relative to isoprenaline) for
B,-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; B-adrenoceptor; cyclic AMP accumulation; B50 neuroblastoma cell line

Introduction

B,-Adrenoceptor agonists are currently the most widely used
group of bronchodilator drugs employed to relieve airway
obstruction in asthma (Barnes ef al., 1984). These B,-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 (G;) (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 B,-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 B,-
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.

B,-adrenoceptor whilst the sidechain remains firmly attached
to the receptor protein (Ball ez 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 BS0 neuroblastoma cell line (Schubert et al., 1974),
derived from the rat central nervous system, has recently
been shown to express B,-, but not B;-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% CO, in humidi-
fied air in 75 cm® flasks (Costar). The growth medium was
Dulbecco’s modified Eagles medium (DMEM) supplemented
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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 [°H ]J-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 [*H]-
adenine (2 uCi/well) for 2h 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 10 pul of
buffer and the incubation terminated after the appropriate
length of time by the addition of 50 ul 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 [*H}-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 [*H]-
cyclic AMP content to be determined.

PH]-cyclic AMP was isolated by sequential Dowex-
alumina chromatography (Donaldson et al., 1988). [*H]-cyclic
AMP, in 0.95ml aliquots of the supernatant layers, and
["*C}-cyclic AMP (100 pl), which was used as a tracer, were
applied to Dowex 50 ion exchange resin (0.6 ml) in plastic
Econo columns (Bio-Rad), previously treated with Sml 1 M
HCI and 20 ml 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). PH]-cyclic
AMP was eluted from Dowex onto the alumina columns
with distilled water (4—5ml). The alumina columns were
then placed directly above scintillation vials and [*H]-cyclic
AMP was eluted in Sml 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 pul 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
150 uM 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 1ml 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 [*H]-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 X°
(ECs) + X

where E,, is the maximal response (100%), X is the agonist
concentration, ECs, 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.:

% of maximal response =

100 x A"
(ICs)" + A®

where ICs, is the concentration producing half maximal
inhibition of the response to 1puM agonist and A is the
antagonist concentration.

Apparent antagonist dissociation constants (Kp) 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 uM) of agonist was chosen which gave a response greater
than 50% of the maximum agonist response. The concentra-
tion of antagonist (ICs) 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 Kp was then calculated from the expression:

X _ICy
X Kp

where X!/X° 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 ICs, concentra-
tion of antagonist.

The dissociation constant for the partial agonist (K,)
salmeterol was determined by a method described by
Stephenson (1956). The concentration of isoprenaline (D))
that produced the same cyclic AMP response as that to 1 uM
salmeterol was first determined. Concentration-response
curves for isoprenaline were then constructed in the presence
and absence of a fixed concentration of salmeterol (1 um)
termed P. The concentrations of isoprenaline that produced
equivalent cyclic AMP responses in the absence (Dj;
D,>D,) and presence (D;) of salmeterol were calculated.
The dissociation constant of the partial agonist was deter-
mined from the expression:

_ D, _,, P
(D.—-Dy) K,

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 ¢ tests.

% of maximal response = 100 —

+1

Chemicals

2,8-[*H}-adenine (specific activity 31 Ci mmol~') and 8-[**C]-
cyclic AMP (specific activity 306 mCi mmol~!) were pur-
chased from New England Nuclear (Herts.) and Amersham
International (Bucks.), respectively. Dowex 50W, 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 e 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 B-
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 uM salmeterol
stimulated a rapid increase in [*H]-cyclic AMP accumulation
in B50 cell monolayers reaching a steady-state level within
5 min; this response appeared to be maintained for at least
20 min (Figure 1). The mean ¢, obtained in three separate
experiments was 1.13 £0.09 min. A rapid onset of cyclic
AMP production was also produced by 1 pM isoprenaline
(t1/2 0.44 £ 0.03 min, n= 4).

B50 cells treated with 10 uM salmeterol only produced a
1.7 £ 0.1 fold increase in [PH]-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 [*H}-cyclic AMP in B50 cells in a concentration-dependent
manner (Figure 2a). Concentration-response analysis yielded
an ECs, value of 36.71+ 18.4nM (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 uM 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 ECs, value
and slope parameter for isoprenaline were 294 * 84 nM and
0.89 £ 0.04 respectively (n = 22).

Effect of B-adrenoceptor antagonists on
salmeterol-stimulated cyclic AMP accumulation

Preincubation of B50 cell monolayers with various concentra-
tions of the P,-selective antagonist, ICI 118551, for 30 min
attenuated cyclic AMP accumulation when cells were
stimulated by 1puM salmeterol for a further 10 min period

75001

2500+ %

[3H]-cyclic AMP (d.p.m.)

0 5 10 15 20
Time (min)
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Figure 1 Time course showing the accumulation of total [*H]-cyclic
AMP in response to 1 pM salmeterol in B50 cell monolayers. Data
were obtained in the presence (@) or absence (O) 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.
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Figure 2 (a) Salmeterol-stimulated accumulation of [*H]-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 [*H]-cyclic AMP accumulation by the B,-selective antagonist,
ICI 118551. The response to 1 uM salmeterol is shown by the cross-
hatched column marked S. Cell monolayers were preincubated with
ICI 118551 for 30 min before stimulation with 1 puM 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.c.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 pM). The mean apparent dissociation constants (Kp)
obtained for ICI 118551 were 2.210.7nM (n=3) and
1.6£0.5nM (n=3) in salmeterol- and isoprenaline-stim-
ulated cells respectively.

Inclusion of the B,-selective antagonist, atenolol, in the
assay system did not alter salmeterol- and isoprenaline-stim-
ulated (1 puM) [PH]-cyclic AMP production at concentrations
up to 100 uM atenolol (results not shown; n = 3).

Investigation of full/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 [*H}-
cyclic AMP accumulation stimulated by isoprenaline (@) and
salmeterol (O) for a 10 min period. Responses are expressed as a
percentage (after subtraction of basal values) of the maximum res-
ponse to isoprenaline (10 uM) 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.
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Figure 4 The effect of salmeterol on the [*H]-cyclic AMP response
to various concentrations of isoprenaline. Both drugs were added
simultaneously to the assay system and the incubation continued for
10 min. The concentration-response curve for isoprenaline is shown
in the absence (@) and presence (O) of 1 puM salmeterol. The basal
accumulation of cyclic AMP and the response to 1 uM 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 1uM salmeterol
(Figure 4). In the presence of salmeterol (1 pM), the response
to high concentrations of isoprenaline (>0.1 uM) was
attenuated by salmeterol. Analysis of these data yielded a
value of 55.6 £ 28.2 nM (n = 4) for the dissociation constant
(K,) of the partial agonist, salmeterol.

Efflux of cyclic AMP from 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 [*H}-cyclic AMP content obtained from super-
natant layers and lysed cells respectively.

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 uM) or salmeterol (1 uM). In each case cyclic
AMP accumulated rapidly within the cells, but after a
variable lag period PH]-cyclic AMP levels in the extracellular
fluid began to increase significantly. The basal accumulation
of PH]-cyclic AMP was also monitored in all experiments at
t=0 and ¢=120 min. During each 2h assay period, the
basal accumulation of both intra- and extracellular cyclic
AMP was found to increase (1.3%£0.1 fold (»=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 uM isoprenaline,
the total accumulation of cyclic AMP appeared to rise to a
high steady-state level (Figure Sa). 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 5 Time courses for the appearance of intracellular (@),
extracellular (00) and total (intra- and extracellular) (O) [*H]-cyclic
AMP accumulation after stimulation of BS0 cells with 1pm
isoprenaline (a) or 1 uM salmeterol (b) (drugs were added at ¢ =0).
Extracellular cyclic AMP represents the [*H]-cyclic AMP present in
1 ml of the incubation medium. The intracellular level of [*H]-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 [*H]-
cyclic AMP at =0 and 7= 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 2h
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 [*HJ-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 pM isoprenaline for 30 min. Cell monolayers were then
washed twice with fresh prewarmed buffer before the cells
were rechallenged with isoprenaline (1 uM) at ¢ = 40 min. The
accumulation of intra- and extracellular ’H]-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 uM) 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 B,-adrenoceptor desensitization in B50
cells.

In cell monolayers treated with salmeterol (1 uM), the total
accumulation of cyclic AMP appeared to rise rapidly and
increase in a linear manner during the 2h assay period
(Figure 5b). 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 5b). However, the decline of
intracellular cyclic AMP was less pronounced than that
observed in isoprenaline-stimulated cells over longer periods
of incubation (Figure 5b). 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 5b). 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 2h after the application of
salmeterol to these cells.
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Figure 6 Influence of isoprenaline rechallenge on the time course of
[PH}-cyclic AMP accumulation. B50 cell monolayers were incubated
with 1 pM isoprenaline for 30 min, washed twice with Hanks/HEPES
buffer and re-stimulated with 1puM isoprenaline at =40 min (as
shown by the arrows). Intracellular (@) and extracellular (O) levels
of cyclic AMP were measured throughout the 2 h incubation period.
Basal levels of intra- and extracellular [*H}-cyclic AMP at ¢ =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 1puM
isoprenaline or salmeterol for 5min 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 [°H]-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 [*H]-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 [*H]-cyclic AMP
accumulation. Isoprenaline (Iso, 1 pM) (a) or salmeterol (Sal, 1 um)
(b) was removed from the assay medium after a 5 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 (@) and extracellular (O) levels of [*HJ-
cyclic AMP were measured throughout the appropriate assay period
as described in the Methods section. Basal levels of [*H]-cyclic AMP
measured at 7 =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
[Hl-cyclic AMP accumulation. Salmeterol (Sal, 1 pM)-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
(1 uM) was then applied to each well at (a) = 15min or (b)
t = 60 min (see arrows). Both intra- (@) and extracellular (O) levels
of [*H)-cyclic AMP were measured throughout the appropriate assay
period. The basal accumulation of [*H]-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 2h
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 uM) for 5 min before being washed twice with
fresh prewarmed buffer. The B,-selective antagonist ICI
118551 (1 um) was then added to each well at either
t=15min or ¢=60min (Figure 8). In cells treated with
1M ICI 118551 at ¢=15min, intracellular levels of [H)-
cyclic AMP rapidly returned to basal values and extracellular
levels of [°H]-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 7= 60 min. At this point,
intracellular levels of [PH]-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 B,-adrenoceptor agonist with

a long duration of action in guinea-pig (Ball ez 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 BS0 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 f,-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 (ECs 37 nM) was
found to be 8 fold more potent than isoprenaline (ECs,
294 nMm). The [PH]-cyclic AMP response to salmeterol was
potently antagonized by the PB,-selective antagonist, ICI
118551 (O’Donnell & Wanstall, 1980; Bilski er al., 1983;
Molenaar & Summers, 1987). The apparent Kp value for ICI
118551 (2.2 0.7nM), calculated assuming competitive
antagonism, was similar to the value obtained for
antagonism of the cyclic AMP response elicited by
isoprenaline (Kp 1.6+ 0.5nM) which suggests that both
drugs activate identical receptor populations. This Kp value
agrees well with other B,-adrenoceptor Kp values (0.5 nM in
guinea-pig uterus: Bilski er al., 1983; 0.6nM in bovine
trachea: Hall & Hill, 1988). In the presence of the B,-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 B,-adrenoceptors.

It has previously been shown that salmeterol has a slower
onset of action on airway smooth muscle than other B-
adrenoceptor agonists including isoprenaline, salbutamol,
clenbuterol and formoterol (Ball et al., 1991; Dougall ez al.,
1991) which is thought to be due to the lipophilicity of this
large molecule. In B50 cells, however, maximal accumulation
of [*H]-cyclic AMP was rapid in response to both salmeterol
(tiz 1.13min) and isoprenaline (t;, 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 B,-adrenoceptors in guinea-pig tracheal strips (Ball ez al.,
1991; Dougall er 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 B,-adrenoceptor. In order to deter-
mine the affinity of this partial agonist for the B,-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 (K,) for salmeterol (55.6 nM) was similar to that
estimated by Coleman et al. (1990) and Dougall ez 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 BS0 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
(5-10 min). 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 ez al., 1988). Consequently, this decrease
in intracellular cyclic AMP levels following B,-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 BS0 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 B-agonist (1 uMm). After
cell monolayers were exposed to a second stimulation by
isoprenaline, intracellular [*H)-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.

B,-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 B-agonist might
alter the conformation of the agonist-receptor complex and
thus sterically hinder phosphorylation of particular amino
acid residues on the B,-adrenoceptor by protein kinase A and
B-adrenoceptor kinase or inhibit the putative functioning of
B-arrestin in uncoupling the receptor from Gs (Lefkowitz et
al., 1990).
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The effect of nitric oxide on the efficacy of synaptic
transmission through the chick ciliary ganglion

T.R.D. Scott & 'M.R. Bennett

The Neurobiology Laboratory, Department of Physiology, University of Sydney, N.S.W. 2006, Australia

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 pM) 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 uM) did not cause a potentiation.
Sodium azide (100 pM), shown in sympathetic ganglia to stimulate production of cyclic GMP, did not
modulate synaptic efficacy significantly.

3 8-Br-cyclic-GMP (100 uM) increased synaptic efficacy by an average 61%. The addition of 8-Br-
cyclic-:AMP (100 uM) had less effect, increasing transmission by on average 46%.

4 The nitric oxide synthase blocker, NC-nitro-L-arginine methyl ester (L-NAME, 100 uM) was added
prior to the tetanic stimulation of the preganglionic nerves at 30 Hz for 20s, 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 CA1 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 method by which this might occur is investi-
gated.

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, Mg?* 1, Ca?* 3, CI~ 153, glucose 10, HEPES
10, equilibrated by bubbling with 95% O,, 5% CO, 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 14V
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 (NaNj), potassium ferricyanide
(FCN), sodium nitroprusside (SNP) and N°-nitro-L-arginine
methyl ester (L-NAME). These were purchased from Sigma
Chemical Company.

Hexamethonium (300 pM), 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
(300 pM) 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 (V) was obtained by
averaging the amplitude of the chemical component of the
compound action potential for the 15min 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:

\%
% of control =100 X —
ctl

Data are expressd as mean T standard error of the mean

»

(s.eemean) 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 rtest. 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 um 8-Br-cyclic GMP at time zero; (b) shows
the effect of the addition of 100 uM 8-Br-cyclic AMP at time zero; (c)
shows the effect of the addition of 100 um SNP at time zero. The
horizontal bar indicates the time of application of the respective
drugs.



through the ganglion in the presence of 300 uM of hexa-
methonium was used as a measure of synaptic efficacy. The
oculomotor nerve was stimulated every 30s and the size of
the chemical component of the action potential noted. Appli-
cation of 100 uM 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 uM of 8-Br-cyclic
AMP also enhanced transmission through the ganglion, by
an average of 46 + 20% in 5 experiments (Figure 1b).

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 uM) was applied to the preparation. This
increased the size of the compound action potential by an
average of 26 + 12% in 12 ganglia (Figure Ic). Sodium azide
(100 uM), 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

a
360

340 |

140 |

120

% of control

100} -~fud_ _ _ _ _ _ _ _ - _ _ -

200

1

180 |-

I\
W

140 |

120 -

100 - %—d- - =
30 Hz,

l 20s
80 1 1 1 1 1 1 J
-20-10 0 10 20 30 40 50 60

Time (min)

% of control

Figure 2 The effect of blocking nitric oxide synthase with N%-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 20 s produces the usual
post-tetanic and long-term potentiation time courses; (b) the same
ganglia were perfused for at least 60 min with 100 uM L-NAME and
tetanic stimulation was reapplied to the presynaptic oculomotor
nerve.
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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 (Na,Fe(CN);NO) were due to its pro-
duction of nitric oxide, five ganglia were bathed in 100 uM
potassium ferricyanide (K;Fe(CN)g). 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 uM) was added to the preparation,
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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 1 mMm 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 1 mMm 8-Br-cyclic
GMP for 3min 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
1 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 (@), cyclic GMP (O) 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 concentration over the range
10pM 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, B6hme 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



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
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(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
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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 B-agonist,
isoprenaline, and the prostaglandins, PGE, and PGE,, were compared with the activity of nitroprusside,
which acts by stimulating guanylate cyclase.

3 In aortic tissue the relative relaxant potencies were (— log M ECs,, 100% = response to nitroprusside
10~® M): nitroprusside 7.0, PACAP38 6.8, isoprenaline 6.3; PGE, and PGE, were weak constrictors. In
coeliac artery rings relative potencies were (— logM ECs,, 100% = response to nitroprusside 10~ M):
PACAP38 6.6, PGE, 6.6, nitroprusside 6.5, PGE, 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, PGE, 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. PGE, and PGE, 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
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decreasing vessel size.
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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, B-adrenoceptor
agonists and some of the neuropeptides (Andersson, 1973;
Scheid et al., 1979; Schoeffter er 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 EDREF 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

! Author for correspondence.

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 E,, E,, and I,, 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

Aortic and coeliac arteries were dissected from male New
Zealand White rabbits which had been killed with an over-



634 A.J. WILSON & J.B. WARREN

dose of sodium pentobarbitone. They were placed in Krebs-
Henseleit solution of the following composition (mM): NaCl
118, KCl 4.7, MgSO,.7TH,0O 1.2, NaH,PO, 1.2, NaHCO; 25,
CaCl, 1.5, which was bubbled with 5% CO, 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% CO, 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 1-1.5g 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 puMm
phenylephrine and the absence of endothelium confirmed by
the lack of response to 1 puM 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 1 pM and indomethacin 10 pM added to all
solutions. The relaxation response of each bioassay ring was
determined by giving 1 pM nitroprusside for 1 min and results
are expressed as a percentage of this response. Drugs were
given in the concentration range 10-'°-10-*M and 6-10
rings were used at each drug concentration.

Measurement of skin blood flow

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, 2.5-3.5kg, 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 1h
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 15s
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 3s. The output
was recorded on a Maclab and Macintosh Apple Computer
(Apple Computer Inc, Cupertino, Ca, U.S.A.) set at an input
of 10V and chart speed of 2mms-'.

Skin blood flow protocols

Test agents dissolved in phosphate buffered saline or control
buffer were injected intradermally with a 27 wire gauge needle
in 100 pl 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 mgl~!, penicillin 60,000 ul-!, strep-
tomycin 60 mgl~'!, thymidine 2mgl-!, insulin Smgl-!,
transferrin 5mg1-! and selenium 5pgl-!; 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 ul of
buffer, containing phenylephrine 1pM and indomethacin
10pMm for 45min. The plates were kept throughout the
experiment in an incubator at 37°C in an atmosphere of 5%
CO, in air. Test compounds were added in 30 pul volumes to
the wells, to give a final volume of 300 pul, and incubated for
a further 15 min. The reaction was then stopped by adding
300 pl tri-chloroacetic acid 1 M at 4°C and the plates left
overnight at 4°C. The test agents used (final concentration
ranges) were: PACAP38 10--10-"M, prostaglandin E,
(PGE;) 107-10"M, PGE, 10-'°-10-°M, isoprenaline
10~'°-10-°M and nitroprusside 10~% M. All incubations were
in the presence of the phosphodiesterase inhibitor rolipram
100 pM, other than the control wells.

To extract the cyclic nucleotides, 500 pl was removed from
each well, centrifuged, and the supernatant added to 50 pl of
25 mM EDTA and vortexed. Freon:tri-n-octylamine, 1: v/v,
100 pl was added and vortex mixed. The mixture was cen-
trifuged and 450 pl of the upper aqueous phase removed and
neutralized with 50 ul NaHCO; (120 mMm).

For the radio-immunoassay of cyclic AMP, 100 ul samples
were taken in duplicate. Goat cyclic AMP antibody, 100 pl,
was added together with 50 pl of adenosine 3':5'-cyclic phos-
phoric acid 2'-O-succinyl-3 ['*I}-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 4°C,
vortex mixed, left for 15 min, centrifuged, and 800 pul 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 PGE, were from Cascade Biochem



Ltd, Reading, UK and adenosine 3':5'-cyclic phosphoric acid
2'-O-succinyl-3 ['**I}-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. [1R-{12(Z),28,3B,5a]}]-(+)-7-[5-([1,1’-biphenyl]-4-ylmeth-
oxy)-3-3-hydroxy-2-(1-piperidinyl) cyclopentyl] -4-heptenoic
acid, hydrochloride (GR32191B) 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 pM. There was no vasodilatation in response to
acetylcholine, confirming that the endothelium had been
removed. Nitroprusside 1 pM caused a mean maximal reduc-
tion in contraction of — 64%. The maximal response to
10 uM nitroprusside was not significantly different from the
response to 1 uM. The response to nitroprusside 1 uM was
taken as — 100% and results expressed as a percentage of
this response.

Nitroprusside, PACAP38 and isoprenaline caused dose-
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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 pM in the presence of indomethacin 10 uM. Agonists
were given for 1 min in the superfusate of the bioassay: prostaglan-
din E, (@- - -@); E, (O- - -0O); isoprenaline (0——0O) and
PACAP38 (A——A). Results are expressed as a percentage of the
relaxation to nitroprusside 1um (@——@). Results are the
mean * s.e.mean of 6—10 rings.
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dependent relaxation of pre-contracted aortic rings (Figure
1). The following potencies (— log M ECy, 100% = response
to nitroprusside 1puM) 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 PGE, could stimulate con-
strictor thromboxane receptors, the thromboxane receptor
antagonist, GR32191B, was tested on aortic rings without
endothelium. At a concentration of 100 uM it reversed the
constrictor effects of thromboxane-mimetic, U46619 at
10nM, but did not affect the contraction produced by
phenylephrine 1puM. Rings contracted with phenylephrine
1 uM contracted a further 44 *+ 3% with PGE, 10 uM in the
absence, and 42 2% in the presence, of 100 uM GR32191B
(results are mean £ s.e., n=4; — 100% = fall in tension in
response to nitroprusside 1 pM).

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
10uM which elevated resting tension from a mean of
1.37+0.05g to 5.53+0.73 g (with 1 uM phenylephrine the
corresponding figure was 2.451 0.80g). A higher dose of
nitroprusside was used (10 uM) and results expressed as a
percentage of this response. Nitroprusside 10 uM caused a
— 72% relaxation of the phenylephrine-induced contraction
and only a — 20% relaxation at 1 uM.

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 ECs, — 100% = response to
nitroprusside 10 uM) was PACAP38, 6.6, PGE,, 6.6; nitro-
prusside, 6.5; PGE,, 4.9; isoprenaline, 4.3. PGE, and
isoprenaline were each significantly different from the other
three, P<0.05 in each case.
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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 10 uM in the presence of indomethacin 10 pm.
Agonists were given for 1 min in the superfusate of the bioassay:
prostaglandin E, (®- - -@®); E, (O- - -O); isoprenaline (O——0)
and PACAP38 (A——A). Results are expressed as a percentage of
the relaxation to nitroprusside 10 um (@——@). Results are the
mean * s.e.mean of 6-10 rings.
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Effects on skin blood flow

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, PGE, 10.7, isoprenaline 9.7,
PGE, 9.1, nitroprusside <7. Sodium nitroprusside was not
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Figure 3 A comparison of the vasodilator effects of five agonists on
skin blood flow in the shaved dorsal skin of the anaesthetized rabbit.
Each agonist was injected in 100 pl aliquots and blood flow
measured at 30 min with a laser Doppler flow probe: prostaglandin
E, (@- - -@); E, (O- - -O); isoprenaline (O——0O); PACAP38
(A——A) and nitroprusside (@——@®). Each point represents the
mean * s.e.mean of 4 rabbits and each experiment was repeated four
times in each rabbit. Results are expressed as the percentage increase
in basal blood flow.
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Figure 4 Graph showing the concentration-dependent effect of five
agonists on cyclic AMP production by cultured rabbit aortic smooth
muscle cells. Intracellular cyclic AMP was measured by radioim-
munoassay after a 15 min incubation with each dose of agonist in
the presence of a phosphodiesterase inhibitor. Nitroprusside (l) had
no effect whereas the other four agonists tested increased cyclic AMP
concentrations significantly and were significantly different from each
other: prostaglandin E, (@- - -@); E, (O- - -O); isoprenaline
(O0——0) and PACAP38 (A——A). Results are expressed as the
concentration of cyclic AMP per mg of protein. Each point is the
mean 1 s.e.mean of six experiments.

given in doses higher than 10~7 mol per site, as a preliminary
experiment measuring blood pressure in rabbits with an
intra-arterial cannula suggested that at 10~¢ 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>PGE, and the agonists were significantly
different from each other (P<<0.05 in each case).

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
macrocirculation. PGE, and PGE, 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; 1992¢) and in addition show it to be particularly
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
the generation of cyclic AMP in vascular smooth muscle
(Warren et al., 1991). It stimulated adenylate cyclase in aortic
smooth muscle cells in culture in the present experiments at
much lower concentrations than the other three agonists
tested.

The prostaglandins did not relax precontracted aortic rings
and this is well described (Bunting et al., 1976). The sen-
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 PGE, were not inhibited by
GR32191, a compound known to be a specific thromboxane
receptor antagonist (Humphrey ez 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.

Isoprenaline, PACAP, PGE, and PGE, all caused a dose-
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
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
generation in cultured cells in the presence of a phos-
phodiesterase inhibitor as the magnitude of the response
allows agonist dose-response curves to be compared. Rabbit
aorta was chosen as the source of vascular smooth muscle
cells as they grow readily from explants and their identity can
be confirmed by their morphology and staining characteris-
tics. Repeating these studies with cultured microvascular
smooth muscle cells would be of interest but it is not tech-
nically possible to grow these cells in sufficient numbers for
such an experiment.



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 PGE,
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 er 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
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Enhancement by calcitonin gene-related peptide of nicotinic
receptor-operated noncontractile Ca?* mobilization at the
mouse neuromuscular junction

Tkuko 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 Ca?* mobilization (not accompanied by twitch tension) was
investigated by measuring Ca’*-aequorin luminescence at the neuromuscular junction of mouse dia-
phragm muscle treated with neostigmine.

2 Noncontractile Ca?* transients were enhanced by 4-aminopyridine (100 uM), a K* channel blocker,
and inhibited by botulinum toxin (1-100pg, i.p.) and hexamethonium (10-100 uM), a neuronal
nicotinic receptor antagonist.

3 Noncontractile Ca?* transients were diminished by CGRP;s_3; (10-20 uM), a CGRP antagonist.
CGRP (0.3-10 nM) prolonged the duration of noncontractile Ca?* transients. The effect of CGRP was
suppressed by CGRP;_3; (0.1 uM).

4 Noncontractile Ca?* transients were inhibited by H-89 (0.1-1 uM), a protein kinase-A inhibitor. The
catalytic subunit of protein kinase-A and AA373 (300 uM), 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 um).

5 Contractile (accompanied by twitch tension) but not noncontractile Ca?* transients were decreased
by 12-O-tetradecanoyl phorbol 13-acetate (TPA, 0.3—1 uM), a protein kinase-C activator. Phospholipase
A, increased only contractile Ca?* transients. Calmodulin-related agents affected neither type of Ca?*
transients.

6 These results provide the first evidence that nicotinic acetylcholine receptor-operated noncontractile
Ca®* mobilization is promoted by nerve-released CGRP activating protein kinase-A, and is dependent
on the accumulated amounts of acetylcholine at the neuromuscular junction where desensitization might
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readily develop.

Keywords: Calcitonin gene-related peptide; protein kinase-A; nicotinic acetylcholine receptor; intracellular calcium; protein
kinase-C; phospholipase A,
Introduction

Noncontractile and contractile Ca’* 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 Ca?* transients than on con-
tractile Ca®* transients (Kimura et al., 1989).

Noncontractile Ca?* mobilization occurs neither by Ca**
release from sarcoplasmic reticulum, nor by simple Ca?*
influx through the nicotinic AChR-channel as a component
of endplate current (Kimura et al, 1991a,b). Contractile
Ca?* transients are related partly to Ca?* release from the
sarcoplasmic reticulum (Kimura et al.,, 1990). The duration
of noncontractile Ca?* transients was much longer than that
of contractile transients. We considered the possibility that
the long-lasting, noncontractile Ca?* 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
Ca’* mobilization which is triggered by the accumulated
ACh in the synaptic cleft were studied to test whether they

! 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 Ca** mobilization at
the neuromuscular junction. Two characteristic properties are
described here concerning noncontractile Ca’* 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, KCl 5.9, CaCl, 2.5, MgCl, 1.2,
NaHCO; 15.5 and glucose 11.5) was equilibrated with 95%
O, and 5% CO,, maintained at 36°C and perfused through
the chamber.

Measurement of Ca’** transients

We adopted the procedures used in a previous study for
measuring Ca’*-aequorin luminescence (Ca?* 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 A, (Sigma) were dissolved in 5uM 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 2s 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), CGRP;_;; (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,0-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-O-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 Ca?* transients obtained during the
last 5min were analyzed. The duration of noncontractile
Ca?* transients consists of time to peak (T,;) and decay time
(T,). Decay time was expressed as the period from peak to
e~! 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 ¢ 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 Ca?* 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 of ACh in noncontractile Ca** mobilization

4-Aminopyridine (100uM), a K* channel blocker that
enhances the release of ACh (Somogyi et al., 1987), increased
the peak amplitude of both noncontractile and contractile
Ca?* 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 pg, bolus i.p.) completely suppressed the generation of
both types of Ca’* transient but did not affect mechanical or
luminescence responses following direct stimulation of muscle
segments (data not shown). Hexamethonium (10 to 100 uM),
an antagonist of presynaptic nicotinic AChRs mediating a
positive feed-back mechanism (Wessler ez al., 1986), inhibited
the peak amplitude of noncontractile Ca?* transients but not
their duration (Figure 1). The ICs for hexamethonium was
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Figure 1 Involvement of a presynaptic nicotinic AChR in the
mobilization of noncontractile Ca’* in diaphragm muscles treated
with 0.3 uM neostigmine. (a) Typical traces of Ca’* transients in the
presence of hexamethonium at the concentrations indicated (um).
The large, rapid increase in Ca?* 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 Ca?* 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 Ca?* tran-
sients was expressed as a percentage of contractile Ca?* 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.



30 uM (23.3-38.7, 95% confidence limits). Contractile Ca**
transients were not affected by hexamethonium (data not
shown).

Enhancing effect of CGRP on noncontractile Ca’**
transients

CGRP;_3; (10 to 20 uM), a competitive CGRP antagonist
(Poyner et al., 1992), shortened the duration of noncontrac-
tile Ca* transients, whereas it did not affect the peak ampli-
tude (Figure 2a). CGRP (0.3 to 10 nM) prolonged the dura-
tion of noncontractile Ca?* transients without affecting their
peak amplitude (Figure 2b). When the duration was divided
into two time phases, T, and T, (see methods), the lengthen-
ing of the duration by CGRP could be attributed to an
increase in T, (Table 1), suggesting a delay of the inactivation
process. A low concentration (0.1 uM) of CGRP;_3;, which
had no effect on noncontractile Ca?* transients, suppressed
the enhancing effect of 10nM CGRP on the duration of
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Figure 2 Involvement of calcitonin gene-related peptide (CGRP) in
the mobilization of noncontractile Ca?* in diaphragm muscles
treated with 0.3 uM neostigmine. CGRP;_3; was preincubated for
90 min before neostigmine was added. Responses to CGRP;_;; and
their control responses to neostigmine alone were examined in
nonperfused solution to minimize losses. CGRP was preincubated
for 15min before neostigmine was added. CGRP;_5; (0.1 um) or
H-89 were added 10min before addition of CGRP. (a) Upper:
typical traces of Ca’* transients in the presence of CGRP;_3; at the
concentrations indicated (uM). Ordinate calibration bars represent
50% amplitude. Middle and lower: log concentration-response curves
of CGRP;_j; (@) on the peak amplitude and the duration of non-
contractile Ca’* transients, respectively. (b) Upper: typical traces in
the presence of CGRP (0.3-10nM). Middle and lower: log
concentration-response curves of CGRP without any blockers (M),
with 0.1 uMm CGRPg_3; (A) and with 0.1 um H-89 (O) on the peak
amplitude and the duration, of noncontractile transients, respec-
tively. Peak amplitude of either type of Ca* transients was express-
ed as a percentage of contractile Ca®* transients obtained before the
application of neostigmine. n=35 to 10. **P<0.01; significantly
different from the control response to neostigmine alone, by one-way
ANOVA. tP<0.05 and 1P <<0.01; significantly different from the
effects of CGRP without CGRP;_3; and H-89, by Student’s ¢ test.

PROMOTES AChR-OPERATED NONCONTRACTILE = 641

Table 1 Influence of protein kinase-A system on duration
of noncontractile Ca?* transients

Total
T, T, duration®
Drug (ms) (ms) (ms) n
Control® 154+ 8 429 + 40 583 £ 40 9
CGRP (10nM) 193+ 23 550 £29* 743 £ 27** 8
PKA (10 umy° 162113 519 +28 681 + 27t 7
AA373 (300 uMm) 1618 559 £20* 719t 18* 7
H-89 (0.3 pm) 17112 343+ 17¢ 514+ 231t 7
H-85 (0.3 pm) 199+ 17 434+32 634129 7

“Total duration consists of time to peak (T;) and decay time
(T,). ®Duration of noncontractile Ca?* transients in the
presence of 0.3 uM neostigmine alone. °Catalytic subunit of
protein kinase-A (PKA) was intracellularly injected with
aequorin.

Statistical differences were evaluated by Student’s ¢ test.
*P<0.05 and **P<0.0l; significantly different from
control responses to neostigmine alone, determined by
two-tail test.

P <0.05 represents one-tail significance.

1P<0.05 and #P<0.01; significantly different from the
effect of H-85, determined by two-tail test.

noncontractile transients (Figure 2b). H-89 (0.1 uM), a selec-
tive inhibitor of protein kinase-A (Chijiwa ez al., 1990), also
suppressed the lengthening effect of 10 nM CGRP. Contrac-
tile Ca?* transients were affected neither by CGRP;_;; nor by
CGRP (data not shown).

Promoting effect of protein kinase-A activator and
suppressing effect of a kinase inhibitor on noncontractile
Ca** transients

H-89 (0.1 to 1 puM) decreased both the peak amplitude and
the duration of noncontractile Ca?* transients, whereas H-85
(0.1 to 1 uM), a noneffective analogue of H-89, had no effect
(Figure 3a). The ICs, for H-89 on the peak amplitude was
0.14 uM (0.07-0.50). The shortening of the duration by H-89
(0.3 pM) was due to a decrease in T, (Table 1). These results
demonstrate that H-89 decreased noncontractile transients
both by suppressing the activation process and by promoting
the inactivation process for Ca’* mobilization. AA373
(300 uM), a protein kinase-A activator (Kimura et al., 1977),
prolonged the duration of noncontractile transients 1.2 fold,
especially T,, without affecting the peak amplitude of both
noncontractile and contractile Ca?* transients (Figure 3b,
Table 1). AA373 failed to prolong the duration in the
presence of H-89 (0.1 uM). The catalytic subunit of protein
kinase-A (10 uM 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 Ca**
transients

The increase in contractile Ca?* transients after
cholinesterase inhibition was enhanced by 10 uM isoprenaline
(30 min treatment) (Table 2). Cyclic AMP (0.3 mM in the
pipette) and 100 uM 8-bromo cyclic AMP (30 min), 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 uM for
30 min) significantly increased only the duration of noncon-
tractile transients.
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Figure 3 Involvement of protein kinase A (PKA)-activation in the
mobilization of noncontractile Ca?* in diaphragm muscles treated
with 0.3 uM neostigmine. H-89, H-85 and AA373 were present for
30 min before neostigmine was added. H-89 (0.1 pm) was added
10 min before addition of AA373. (a) Upper: typical traces of Ca?*
transients in the presence of H-89 at the concentrations indicated
(uM). Ordinate calibration bar represents 50%. Middle and lower:
log concentration-response curves of H-89 (@) and H-85 (A) on the
peak amplitude and the duration, of noncontractile Ca?* transients,
respectively. (b) Upper: typical traces in the presence of 300 uM
AA373. Middle and lower: log concentration-response curves of
AA373 without (M) and with 0.1 um H-89 (O) on the peak amp-
litude and the duration, of noncontractile transients, respectively.
Peak amplitude of either type of Ca?* transients was expressed as a
percentage of contractile Ca®* 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. t1P<<0.01, significantly different from the
effects of AA373 without H-89, by Student’s ¢ test.

Suppressing effect of a protein kinase-C activator on
contractile Ca’* transients

TPA (0.3 to 1 pM, 30 min treatment), a specific activator of
protein kinase-C (Nishizuka, 1984), reduced the increase in
contractile Ca®* transients to 0.5 fold but not the noncon-
tractile component, whereas the noneffective analogue 4a-
phorbol 12, 13-didecanoate (1 uM, 30 min) affected neither
type of Ca?* transient (Table 3). Staurosporine (10 nM,
30 min) and H-7 (10puM, 30 min), nonselective protein
kinase-C inhibitors (Riiegg & Burgess, 1989), did not alter
either component of the Ca?* signal.

No involvement of calmodulin in Ca’* mobilization

Intracellular injection of calmodulin (10000 unit ml~! in the
pipette) changed neither contractile nor noncontractile Ca?*
transients (Table 3). Both W-7 (10 uM, 30 min treatment), a
calmodulin inhibitor (Hidaka et al., 1980), and W-5 (10 uM,
30 min), a noneffective analogue of W-7, suppressed contrac-

Table 2 Influence of cyclic AMP on contractile and non-
contractile Ca?* transients

Contractile Noncontractile

amplitude amplitude  duration
Drug (%) (%) (ms) n
Control* 228+ 25 42+8 560+43 9
8-Brcyclic AMP (100uM) 317136t 44%8 609%16 8
Isoprenaline (10puM) 417x35** 4818 5831136 8
(30puMm) 308+33+ 468 720+ 19** 8
Theophylline (100 pm) 279+ 42 415 691 £22** 16
(keps)®  (keps) (ms)
Cyclic AMP OmMm)y 120+24 22+03 574125 9
(0.3mMm)° 27.0%+6.0¢+ 3.7+0.7 58825 10
(10 mM)* 32.5+48* 38%+0.7 719+29** 8
*Contractile Ca?* 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. ®Kilocounts per second. Ca’* signals
before injection of cyclic AMP could not be obtained. Then
data are expressed as absolute luminescence values. ‘Drug
concentrations in an injection pipette.
Statistical differences were evaluated by Student’s ¢ test.
*P<0.05 and **P<0.01; determined by two-tail test.
1P <0.05 represents one-tail significance.
Table 3 Involvement of signal transduction systems in con-
tractile and noncontractile Ca?* mobilization
Contractile Noncontractile
amplitude amplitude  duration
Drug (%) (%) (ms) n
Control® 250+ 13 5010 583+40 9
Protein kinase-C
TPA (03pm) 148 16** 5028 550+ 27 4
(I1pMm) 126+ 15** 499 541 £ 18 9
4a-PDD® (IpMm) 22714 463 626 * 36 7
Staurosporine (10nMm) 238%21 4518 57327 7
H-7 (10uMm) 244+17 47%6 597+ 39 8
Calmodulin
Calmodulin(10000 u ml-')¢ 233+ 16 5011 629%29 9
W-7 (10puM) 1791 18** 16+ 3* 1541 25** 7
W-5 (10um) 187+20* 15+2* 387x61* 7
KN-62 (5pMm) 231143 50+9 546 £ 29 8
Phospholipase A,
PLAY (1000 uml-")¢ 330+ 31 516 605t 16 9
(10000 uml-") 457+ 76* 52+10 58021 9
Indomethacin (10pMm) 24022 51+8 642 t 37 9

2Responses of each type of Ca?* transients to 0.3 pm
neostigmine alone. ®4a-Phorbol 12, 13-didecanoate. “Phos-
pholipase A, (1000 unit ml~'). YDrug concentrations in an
injection pipette.

*P<0.05 and **P <0.01; determined by one-way ANOVA.

tile and noncontractile Ca?* transients by the same extent,
demonstrating that the calmodulin inhibitor affected Ca?*
transients by a mechanism unrelated to the inhibition of
calmodulin; the effect may be due to nicotinic AChR-channel
blockade. KN-62 (5puM, 30 min), a calmodulin kinase II
inhibitor (Tokumitsu er al., 1990), affected neither type of
Ca?* transient.

Enhancing effect of phospholipase A, on contractile Ca®*
transients

Phospholipase A, (1000 to 10000 unit ml~' in the injection
pipette) promoted only the increase in contractile transients,
but not noncontractile transients (Table 3). Indomethacin
(10 uM, 30 min treatment), a cyclo-oxygenase inhibitor, had
no effect on either type of Ca’* mobilization.



Discussion

Noncontractile Ca?* mobilization is induced by the
accumulation of ACh after cholinesterase inhibition, at the
neuromuscular junction. However, the mechanism of non-
contractile Ca?* 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 Ca?* which is
mobilized under such a desensitizable condition may prevent
the nicotinic AChR from responding to excessive stimuli.

The peak amplitude of noncontractile Ca?* 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 Ca?* 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 Ca>*. The direct
activation of the postsynaptic nicotinic AChR by neostigmine
can be excluded from the mechanism of Ca’** mobilization,
because it did not generate noncontractile Ca?* transients
after the blockade of quantal ACh release by botulinum
toxin.

Noncontractile Ca?* transients were shortened by the
CGRP antagonist CGRP;_;;, 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 ez 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 Ca’* 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 Ca* 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 Ca?*. 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 Ca?* mobilization. A presynaptic role of protein kinase-
A (Van der Kloot & Branisteanu, 1992) contributes less to
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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 uM FR-900452.
These pretreatments attenuated the vasoconstrictor action of 1 uM 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 uM) and the leukotriene synthesis inhibitor (MK-886, 10 uM) 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 uM WEB 2170.

4 When PAF receptors were activated by PAF in the perfused heart, significant amounts of leukotriene
C, and leukotriene C,/D,/E, 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 uMm WEB 2086
or 0.5umM 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.
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Introduction

Platelet-activating factor (PAF) is a lipid mediator that has a
variety of biological actions (Braquet e? 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 er 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
B, (LTB,) may be involved in the vasodilator effect while
LTC, and/or LTD, may be involved in the vasoconstrictor
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effect in the perfused heart (Hu er al., 1991b). 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
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Krebs-Henseleit solution (4°C) oxygenated with 95% O,: 5%
CO,. The solution had the following composition (in mM):
NaCl 120, NaH,PO, 1.18, MgSO, 1.18, KCl 4.76, CaCl, 1.25,
NaHCO; 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 371 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 of PAF 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
65-75mmHg. 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-f][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-oxo0- 3-(2-oxo0-3-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 uM in 0.1%
ethanol. This amount of ethanol has been shown not to
affect the coronary vascular effects of PAF (Hu ef al., 1991b).

Effect of WEB 2170 on the vasodilator and
vasoconstrictor effects of PAF

Following a 20min equilibration period, hearts were
pretreated with a solution containing the appropriate amount
of WEB 2170 for 10 min. PAF (1-0O-alkyl-2-acetyl-sn-glycero-
3-phosphocholine, prepared from bovine heart, Sigma
Chemical Co.) was prepared in saline (0.9% NaCl) 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 puM WEB 2086 were deter-
mined after the PAF pretreatment. In separate experiments,
the effect of 0.5 uM 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 uMm FR-900452.

The leukotriene receptor antagonist, L-649,923 (sodium
(BS*, R*)-4-(3-4(-acetyl-4-hydroxy-2-propylphenoxy)-propyl-
thio)-y-hydroxy-g-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-¢-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 5puM and 10 pm
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 5-10 min 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.

LTC,. effluent (100 pul) from perfused rat heart was mixed
with 100ul of [5, 6, 8, 9, 11, 12, 14, 15 (n)-*H]-LTC,,
followed by 100 pl of specific antiserum to LTC, and 100 pl
of assay buffer. The mixture was incubated overnight at 4°C.
Then 500 ul 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 pB-scintillation
counter (Beckmann). The concentration of LTC, in each
sample was determined from the standard curve. The sen-
sitivity of the LTC, assay was 8 pg/tube.

LTC,/D,/E,. effluent (100 ul) from perfused rat heart was
mixed with 100 pl of [14, 15 (n)-*H}-LTC,, followed by
100 pl of antiserum to the leukotrienes and 100 pl of assay
buffer. The mixture was incubated overnight at 4°C. Then
250 pl 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 B-scintillation counter.
The concentration of leukotrienes in each sample was deter-
mined from a standard curve. The sensitivity for LTC, in this
assay was 12.5 pg/tube. Compared to LTC, (100%), the
cross-reactivity for LTD, was 181.8% and the cross-reactivity
for LTE, was 92.7%.

Statistical analyses

Data were analysed by the Student’s ¢ 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 pM) blocked the
vasoconstrictor action of 100 pmol PAF in the rat perfused
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heart while a higher concentration of WEB 2086 (100 uM)
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 uM of WEB
2086, a moderate concentration of WEB 2086 (65.5 £ 0.7 and
80.9 + 57 mmHg before and after 10min 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 0.02-1.0um 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
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Figure 1 Time course of typical perfusion pressure changes by 1 pMm
WEB 2086 (a), 0.5puM 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-
isgnt the baseline perfusion pressure and are highlighted by the dotted
ines.

—Q—
H
O
H

—QQ—
H

0]
o
———
)

rO+

4

1
oLOS " . .
0 0.01 0.1 1.0

WEB 2170 (um)

Increase in perfusion pressure
(mmHg)
N
o

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.

were conducted with a 10 min perfusion period with various
concentrations of WEB 2170 prior to testing the coronary
vascular effect of 100 pmol PAF. A low concentration of
WEB 2170 (0.02puM) did not affect the vasodilator nor
vasoconstrictor effects of 100 pmol PAF while 0.05, 0.1 and
0.5 uM WEB 2170 blocked the vasoconstrictor effect of PAF
but had no effect on the vasodilator effect of PAF (Table 1).
WEB 2170 (1 uM) appeared to block both the vasodilator
and vasoconstrictor effects of PAF. Since an equivalent con-
centration of WEB 2170 to WEB 2086 (1 uM) would be more
potent than WEB 2086 in blocking the vasodilator effect of
PAF in the perfused heart, 0.5 uM 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 uM 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 uM
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 pM) or the leukotriene synthesis inhibitor MK-886 (10 uM)
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 uM 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
0.5uM 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
heart®

Concentration Peak vasodilator Peak vasoconstrictor

of WEB 2170 (uM) effect (mmHg)® effect (mmHg)® n
0 -8.6%5.5 278148 8

0.02 -14.6150 21.3+£9.7 5

0.05 -142137 NC 5

0.1 -106x1.1 NC 5

0.5 —-95146 NC 5

1.0 —341+23* NC 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.

2Hearts were perfused for 10min with various
concentrations of WEB 2170; 100pmol PAF was
administered as a single bolus injection. Each heart received
only one concentration of WEB 2170 and one injection of
PAF.

®With constant flow perfusion, decrease in perfusion
pressure represents vasodilatation (negative value) and
increase in perfusion pressure represents vasoconstriction.
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Figure 3 Effect of pretreatment with 1000 pmol PAF bolus injection
and 50 pm FR-900452 on perfusion pressure changes by 1 um 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.
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Figure 4 Effect of pretreatment with 10um MK-886 and 5um
L-649,923 on perfusion pressure changes by 1 uM WEB 2086 in rat
perfused hearts. Values represent mean * s.d., » = number of hearts
used in each group. Control indicates no pretreatment. *P <0.05
when compared to the corresponding control value.
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Figure 5 Effect of pretreatment with 1000 pmol PAF bolus injection
and 10 um MK-886 on perfusion pressure changes by 0.5 um 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 LTC, and the combined amount of LTC,/D,/
E, 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
5-10 min intervals. No detectable or very small amounts of

Table 2 The concentration of leukotrienes in the coronary
effluent after a bolus injection of PAF, and perfusion with
1 uM WEB 2086 and 0.5 um WEB 2170 in the rat perfused
heart?

PAF WEB 2086 WEB 2170
(1000 pmol) (1 um) (0.5 pm)

LTC, (pgml-! effluent)

0-2 min 1183 £293 (3) 10+ 20 (4) 30£52 (3)

2-5min -4 17121 (3)

5-10 min - 30+ 52 (3)
LTC,/D,E, (pgml~' effluent)

0-2 min 1700 + 360 (3) 66+ 31 (4) 431+49 (9)

2-5min 70 50 (4) - @)

5-10 min 53+ 41 (4) 23+ 45 (4)

Values represent mean *s.d. Number in parentheses
indicated the number of experiments.

— denotes no detectable amount.

*Leukotrienes were measured by radioimmunoassay and
each sample was determined in duplicate. Background
amounts of LTC, and LTC,/D,/E, (perfusion with normal
buffer only) were 45+ 17 and 78+ 73 pgmi-! effluent
respectively (n = 4).

leukotrienes were found in the effluent from hearts perfused
with 1 uM WEB 2086 or 0.5uM 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 ez 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
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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 of WEB 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 2min 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).
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Differential effects of acetylcholine, nitric oxide and

levecromakalim on smooth muscle membrane potential and tone

in the rabbit basilar artery

'Frances Plane & Christopher J. Garland
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1 Endothelium-dependent hyperpolarization of smooth muscle cells in isolated, pre-contracted
segments of rabbit basilar artery in response to acetycholine (100 uM) was abolished in the presence of
glibenclamide (10 puMm).

2 Acetylcholine-evoked relaxation was unaffected by either glibenclamide or 65mM 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 uM), which evoked maximal relaxation
of arterial segments pre-contracted and depolarized by noradrenaline (10—100 uM), 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 ECs, values and the maximally effective concentration of levcromakalim
(around 30 nM, 150 nM and 10 pM, respectively) were not significantly different, and both components of
the response were inhibited by glibenclamide (10 uM), 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.
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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 al, 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-N®-monomethyl
arginine (L-NMMA), indicating that NO may contribute to
both smooth muscle hyperpolarization and relaxation in this
particular vessel (Tare ez 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 1TD.

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 er 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 ez 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
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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 uM; 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 pm 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 500 mg and superfused at 5-6 mlmin~' with

Krebs buffer which had been bubbled with 95% O,/5% CO,.
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 200 pl.

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 2M KCl and had resistances of 60-—120 MQ.
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, NaHCO,; 25.5, KCl 5.2,
MgSO, 1.2, CaCl, 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 KCIl. 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 pl 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 ¢ 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£22mV, n=4), acetylcholine (100uM) evoked
95 * 3.5% relaxation of the induced tone and hyperpolarized
the smooth muscle cell membrane by 8.1+ 1.0mV (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 1.5mV;
n =4). The threshold concentrations for acetylcholine-evoked
hyperpolarization and relaxation were 1uM and 0.1 uMm,
respectively (Figure la).
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Figure 1 Mean concentration-response curves for acetylcholine in
the rabbit basilar artery precontracted with noradrenaline
(10-100 pM). Points show relaxation (@) and hyperpolarization (O)
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.

When glibenclamide (10 pM) 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 1b). Furthermore, the
acetylcholine-evoked relaxations were also unaltered when
potassium chloride (65 mM) was used to induce tone instead
of noradrenaline. The ECs, values for acetylcholine-evoked
relaxation in the presence of either noradrenaline or potas-
sium were 1.5X0.2uM and 1.651% 0.4puM, 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
(10-100 pM), NO (0.5-15 pM) initiated transient relaxations
which reversed within 20-25s. Maximal relaxation of
induced tone (85.4 * 6.7%; n = 4) was achieved at a concent-
ration of 15uM NO and the ECs, value was 2.0+ 0.9 um
(n=4).

Over the concentration-range which produced relaxation of
induced tone, NO (0.5-15puM) 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 uM, NO did not elicit any smooth
muscle hyperpolarization, either in the absence (Figure 2a) or

2 min

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 um) 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 (10 um) elicited contraction of approx-
imately 5 mN and depolarized the smooth muscle by approximately
10 mV (resting membrane potential — 65 mV). NO (150 pum) initiated
a transient relaxation of the induced tone but had no effect on the
membrane potential of the smooth muscle cell.

presence (Figure 2b) of prior membrane depolarization to
noradrenaline.

Membrane and tension responses to leveromakalim

Levcromakalim (1-100 uM) 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 20 min 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 uM) was 14+ 32mV (n=6). Glibenclamide (10 uMm),
had no significant effect on either the tone or membrane
potential of unstimulated smooth muscle cells during
exposures of up to 20 min, but abolished levcromakalim-
evoked hyperpolarization.

In tissues depolarized and contracted with noradrenaline
(mean background contraction and depolarization
498+ 0.7mN and 12.7 £2.5mV, respectively; n=4), lev-
cromakalim (0.01-10 uM) evoked concentration-dependent
relaxation of the induced tone, which was accompanied by
smooth muscle hyperpolarization. The threshold concentra-
tion (30 nM), ECs, values (140 £25nM and 175 15 nM;
n =4) and the concentration of levcromakalim required for a
maximal response (10 uM; n = 4) with both hyperpolarization
and relaxation were not significantly different (Figure 3a).
Following prior exposure to glibenclamide (10puM) 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 um) 25mMm KCl 35mM KCI  65mMm KCI
Mean level of contraction (mN) 498 £0.7 311206 14.5+ 2.1 230139
Mean level of depolarization (mV) 12725 22129 294120 44.1+4.0
% maximal relaxation to 95.0+ 5.1 97.01+ 4.1 740+ 6.9 250t 4.0
levcromakalim (100 puM)
Maximal membrane potential change 25023 26.0 2.1 15049 0

to levcromakalim (100 pM; mV)

Each value is the mean of 4 observations * s.e.mean.
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Figure 3 Mean concentration-response curves for levcromakalim in
the rabbit basilar artery contracted with noradrenaline (10-100 um).
Points show relaxation (@) and hyperpolarization (O) 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 pm). *P <0.05
compared to controls.

20 min, the maximal levcromakalim-evoked relaxation was
reduced to 19.41+50% (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 25mM 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 35mM and 65 mM potassium chloride were
used, both the smooth muscle relaxation and hyperpolariza-

tion evoked by levcromakalim were depressed. Table 1 shows
the maximal relaxation and change in membrane potential
evoked by levcromakalim (100 pM) 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.

Discussion

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. L .
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 -
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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 e 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
NC-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 ez 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 uM). 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 A, 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 Géteborg, Goteborg, 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 mgkg~', iv.), hexa-
methonium (2 mg kg~!, i.v.), or vagotomized. To study the role of eicosanoids, animals were pretreated
with a thromboxane A, (TxA,) receptor antagonist (ICI 192,605; 10~°molkg~', i.v.) or with a
leukotriene (LT) receptor C,/D,/E, antagonist (ICI 198,615; 10~ 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 TxA, 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 TxA, 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 TxA, is involved in both airflow obstruction and airway plasma
exudation induced by bradykinin given via the airway route. TxA,-induced airflow obstruction is

mediated only to a minor degree, via the release of acetylcholine in the airways.
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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; Lotvall
et al., 1991), exudation of plasma from the airway microcir-
culation (Saria et al., 1983; Erjefélt & 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 er 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; Lotvall
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 A, receptor
antagonist (ICI 192,605) or a leukotriene C,/D,/E, receptor
antagonist (ICI 198,615) was given before bradykinin instilla-
tion. Finally, we studied the relationship between cholinergic
nerves and thromboxane A, by administering U-46619, a
stable thromboxane A,-mimetic, to animals pretreated with
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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 350-550 g 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 (10 mm 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 20°, 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 mmH,O, 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 mit &
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 (1 mgkg~!, 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 mgkg~', i.v.); hexamethonium (2mgkg~', i.v.);
ICI 192,605 (10~° mol kg~!, i.v.); ICI 198,615 (10~¢ mol kg~!,
i.v.), or the vehicle for each drug; 0.9% saline, NaHCO; in
0.9% saline, 0.9% saline and [1 M NaOH, PEG 400 and
10 nM NaH,PQ,] 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 3mM bradykinin with 1ml 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 15s 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 ul of 0.9%
NaCl) after the animals were pretreated with atropine
(1mgkg™', 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 of plasma 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 2ml of formamide in a 40°C water bath for
another 16 h. Absorption at 620 nm was measured in a spec-
trophotometer (Beckman DB, Ingeniérsfirman 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 pg 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, Modindal, Sweden), Evans blue dye (Aldrich Chemical
Co., Inc., Milwaukee, U.S.A.), propranolol (ICI Phar-
maceuticals, Macclesfield, Cheshire), suxamethonium (Kabi-



Vitrum AB, Stockholm, Sweden), atropine, hexamethonium
and bradykinin (Sigma Chemical Co. Ltd., Poole, Dorset).

U-46619 (9a, 1la-dideoxymethanoepoxy-prostaglandin Fy,)
(Cayman Chemical Co Inc., Ann Arbor, MI, U.S.A)), ICI
192,605 (4(z)-6-(2-o-chlorophenyl-4-o0-hydroxyphenyl-1,3-
dioxan-cis-5-yl)hexenoic acid), a thromboxane A, receptor
antagonist (Jessup et al., 1988), and ICI 198,615 ([1-[[2-
methoxy-4[[(phenylsulphonyl)amin]carbonyl] phenyl]methyl]-
1H-indazol-6-yl]carbamic acid cyclopentylester) a leukotriene
C4/Dy4/E, 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 O min to
1.5 min), more sustained AUC (s-AUC = from 1.5min to
6 min), total AUC (t-AUC = from Omin 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 1a). The instillation
of 50 ul of 0.9% saline into the tracheal lumen induced a
small increase in Pi (from 8.9 £0.6cmH,0 to 165+ 1.2
cmH,0). Bradykinin instilled into the trachea (50 pl of 3 mM;
150 nmol) produced a biphasic response in Pi. The immediate
sharp peak reached a maximum between 3045 s after instil-
lation (Figure la; peak Pi 35% 4cmH,0). A more slowly
progressing sustained response was observed between 3.5 and
4 min (Figure la; Pi 28 * 3 cmH,0). Atropine pretreatment
significantly inhibited both the immediate and the more sus-
tained response to bradykinin (P <0.05; Figure l1a 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 pl 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 cmH,0 respectively). Cervical vagotomy did not
significantly affect the changes in Pi induced by bradykinin
instillation (Figure 3a and Table 1; Peak Pi 41X 5 and
35+ 4cmH,0 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 1b) 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,
0O, n = 8), bradykinin in untreated animals (O, n=13) and brady-
kinin after pretreatment with atropine (@, 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
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Table 1 The role of cholinergic nerves in bradykinin (BK)-induced airway effects

Sham BK Atropine + BK BK Hexamethonium + BK BK Vagotomy + BK
i-AUC 212 3713+ 26 £ 3¢ 46+ 2* 53+ 5+ 35+ 4+ 53+ 5+
s-AUC 605 112+ 12* 75 + 8t 128 + 12* 175 £ 27* 11117 119%10*
t-AUC 82+6 148*15* 10010t 174+t 14* 228 + 31* 147+ 21* 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.

+P <0.05 compared with untreated animals exposed to bradykinin.

Values are shown as mean * s.ec.mean.
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Figure 2 (a) Time course of increase in airway insufflation pressure
(Pi) induced by a tracheal instillation of 0.9% saline (sham, O,
n = 8), bradykinin in untreated animals (O, 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 (7 = 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;
O; n=8), bradykinin in untreated animals (O, n=11) and brady-
kinin after cervical vagotomy (@, 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.



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 A, The thromboxane A, receptor antagonist,
ICI 192,605 (10~® mol kg~!, i.v.), did not influence baseline
Pi compared with the vehicle (Figure 4a). Pretreatment with
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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, O, n = 6) and
bradykinin after pretreatment with ICI 192,605 (10-¢mol kg~', i.v,,
@, n=17), (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.

BRADYKININ-INDUCED AIRWAY EFFECTS 661

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
