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Evidence for the involvement of a 5-HT, receptor in the
secretory response of human small intestine to 5-HT

R.A. Borman & 'D.E. Burleigh

Department of Pharmacology, Queen Mary and Westfield College, Mile End Road, London E1 4NS

5-Hydroxytryptamine increases transmucosal short-circuit current across human isolated small intestinal
mucosa. The competitive 5-HT, antagonist, DAU 6285 evoked a concentration-dependent, dextral and
parallel shift of the concentration-response curve to 5-HT, with no alteration of the maximum response.
Schild analysis of this antagonism produced a Schild regression with a slope of 1.00 and an apparent
pA, estimate of 6.17. It appears that a 5-HT, receptor may mediate the short-circuit current response of

human small intestinal mucosa to 5-HT.
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Introduction In vitro, 5-hydroxytryptamine (5-HT) has been
shown to increase transmucosal short-circuit current (SCC)
across isolated sheets of intestinal mucosa in a number of
species (Brown & Miller, 1991). In the rat colon and guinea-
pig ileum, 5-HT elicits a SCC response which is partly due to
stimulation of a 5-HT, receptor (Bunce et al., 1991; Scott et
al., 1992).

The present investigation seeks to determine whether such
receptors are involved in mediating the SCC response of
human terminal ileum to S-HT. The compound DAU 6285
has been used as a competitive antagonist at 5-HT, receptors
(Schiavone et al., 1992).

Methods Sheets of mucosa complete with submucosa were
prepared by sharp dissection from specimens of human ter-
minal ileum (within 20 cm of ileocaecal junction) resected at
right-hemicolectomy operations for carcinoma of caecum or
ascending colon (n = 5) or for Crohn’s disease (n = 2). Tissue
removed from specimens with Crohn’s disease was judged to
be macroscopically normal by a Consultant histopathologist.
Tissue was transported in Dulbecco’s Modified Eagle's
Medium plus Ham’s F12 Medium (1:1) with 10% foetal
bovine serum added and placed in gassed Krebs solution
within 60 min of removal from the patient.

Mucosal sheets were mounted in Ussing chambers in which
mannitol (11.5 mM) replaced glucose in Krebs fluid bathing
the mucosal side of the tissue. Electrical stimulation of
mucosal nerves and measurement of SCC were performed as
described previously (Burleigh, 1991), except that agar
bridges were made up in modified Krebs fluid (minus glucose
and calcium). Following electrical stimulation, two cumu-
lative concentration-response curves to 5-HT were obtained,
with a 3 min contact time for each concentration and at least
60 min between the construction of the two consecutive
curves. During this time SCC returned to a stable level and
the tissue was exposed to either DAU 6285 (0.3 to 10 uM) or
control vehicle, for a contact period of 30 min. Control
experiments were performed in order to allow for measure-
ment of changes in preparation sensitivity. Maximum res-
ponses to forskolin (49 uM) were obtained at the end of each
experiment in all preparations. 5-HT was added to the
serosal side of the tissue, forskolin and DAU 6285 were
applied to both sides.

Responses to 5S-HT were converted to a % of the max-
imum response to forskolin and ECs, values were determined
graphically from individual concentration-response curves.
Concentration-ratios were calculated from these values and
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were expressed as geometric mean with 95% confidence
limits; all other data are given as arithmetic mean * s.e.mean.
Statistical comparisons used the Mann Whitney U-test, with
P<0.05 being taken to represent a significant difference.
5-Hydroxytryptamine creatinine sulphate and forskolin were
obtained from Sigma, DAU 6285 (1H-benzimidazole-1-car-
boxylic acid,2,3-dihydro-6-methoxy-2-oxo-8-methyl-8-azabi-
cyclo(3,2,1)oct-3-yl ester chloridate) was kindly donated by
Boehringer Ingelheim Italia.

Results After 60 min equilibration, basal SCC was 81.9 *
7.3pA cm~? and tissue conductance was 16.9 1.1 milli-
siemens cm~2. Conductance did not alter significantly
throughout the experiment. Electrical field stimulation of
mucosal nerves produced an increase in basal SCC of 61.8
5.8 uA cm~2 (n = 36).

Cumulative serosal application of 5-HT (0.3 to 300 uMm)
gave monophasic, concentration-dependent increases in SCC.
In control experiments the first concentration-response curve
to 5-HT gave a maximal increase in SCC of 66.3 * 4.3 pA
cm™2, This value did not alter significantly for a second
control response curve (56.7 £ 4.2 pA cm~2, P>0.05), how-
ever a decrease in preparation sensitivity caused a dextral
shift of the concentration-response curve with a concen-
tration-ratio between the two curves of 3.35 (Figure 1). This
was taken into consideration when assessing antagonist
effects. Addition of forskolin (49 uM) to the preparation gave
a mean increase in SCC of 105.0 = 8.0 pA cm~2.

Application of DAU 6285 (1 to 10 uM) to the tissue after
the first 5-HT response curve evoked concentration-depen-
dent dextral shifts of the second response curve, with no
depression of the maximum response (Figure 1). DAU 6285
at a concentration of 0.3 uM had no significant effect on the
second response to S-HT. DAU 6285 was also shown to
cause a brief but significant fall in basal SCC, which was
found to be concentration-dependent and was maximal
15 min after addition of antagonist (Table 1).

Schild analysis of the antagonism produced by DAU 6285
yielded a Schild plot with a slope of 1.00 (95% c.l
0.67-1.33) and an apparent pA, estimate of 6.17 £ 0.06
(Figure 1).

Discussion In human terminal ileum, the 5-HT, receptor
antagonist, DAU 6285, evoked parallel, dextral shifts of the
concentration-response curve to 5-HT. There was no altera-
tion of the maximum response to 5-HT, and Schild analysis
of the antagonism produced by DAU 6285 yielded a Schild
regression with unit slope. According to Arunlakshana &
Schild (1959), this is in accordance with competitive anta-
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Figure 1 Effect of DAU 6285 on the SCC response of human small
intestinal mucosa to cumulative concentrations of 5-HT. (a) First
control response curve (M), and second curve in absence (O) and
presence of DAU 6285 at 1 uMm (A), 3uM (@) and 10 um (A). (b)
Schild plot for DAU 6285 against SCC responses of human small
intestinal mucosa to 5-HT.

gonism and this allowed a pA, value of 6.17 to be estimated.
Although this value is somewhat lower than has been report-
ed at the 5-HT, receptor in some tissues, for example 6.8 in
mouse collicular neurones (Bockaert er al., 1992), it is ap-
proaching the pA, value achieved at the 5-HT, receptor in
guinea-pig ileum and human atrium (6.5-7.1) and is signi-
ficantly higher than has been reported for interaction at the
5-HT; receptor (pA, for DAU 6285 of 5.0; Schiavone et al.,
1992). It can thus be stated that the pA, value for DAU 6285
most closely resembles competitive antagonism at the 5-HT,
receptor.
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Table 1 Effect of DAU 6285 on basal SCC and concentra-
tion-ratio between two consecutive response curves to 5-HT

Basal SCC 5-HT
[DAU 6285] (nAcm~2) ISmin  concentration
(u™m) after addition® ratio® n
Control -33%16 3.35 7
(1.44-7.83)
0.3 —-9.5+1.8* 3.91 6
(1.77-8.64)
1 —-16.1£1.9** 9.31* 6
(5.53-15.68)
3 —22.513.0%** 17.20*%* 7
(10.19-29.03)
10 —26.4 £ 2.2**%*  56.38%%* 10

(36.94-88.43)
*Change in basal SCC 15 min after addition of antagonist or
control vehicle. Data expressed as mean * s.e.mean. *5-HT
concentration-ratio given as geometric mean with 95%
confidence limits.
*P<<0.05; **P<<0.01; ***P<<0.001 compared to control
values.

Application of DAU 6285 to the tissue was shown to cause
a concentration-dependent fall in basal SCC levels, which
was maximal 15 min after addition to the tissue, and showed
recovery to control levels over the subsequent 15 min. It is
not known if this is due to non-specific effects of DAU 6285.
However, as there are no reports of such effects at these
concentrations, it seems more likely that this fall may result
from antagonism of endogenous 5-HT by DAU 6285. A
similar effect has been reported in guinea-pig ileum and rat
oesophagus (Waikar et al., 1993), and in this case could
indicate a possible 5-hydroxytryptaminergic component of
the resting SCC of human ileal mucosa. If this were to be the
case, however, we would expect the fall in SCC to be sus-
tained; the reason why it is relatively transient is unknown
and so further work would be required to substantiate or
refute this claim.

In conclusion, this investigation has provided evidence that
the SCC response of human isolated small intestinal mucosa
to 5-HT is mediated by a receptor of the 5-HT, sub-type. It
is as yet unclear whether the variability in pA, values at the
5-HT, receptor is a real difference, that is, a possible indica-
tion of receptor variation. In addition, DAU 6285 appears to
have uncovered a possible 5-HT-mediated component of the
resting secretory tone of human small intestine.
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Evidence for a functional B;-adrenoceptor in man
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1 The existence of a functional B;-adrenoceptor in man was investigated by studying the lipolytic
action of selective B-adrenoceptor agents in isolated white omental and subcutaneous fat cells.

2 The non-selective B,/B,-adrenoceptor antagonist, CGP 12177 was lipolytic in both omental and
subcutaneous fat cells. The intrinsic activity relative to isoprenaline was greater in omental than in
subcutaneous cells.

3 Addition of the B,-adrenoceptor antagonist, ICI 118,551 and the B;-adrenoceptor antagonist CGP20712A
in combination or the non-selective f-adrenoceptor antagonist propranolol alone (all 107 M), induced a
rightward shift of the dose-response curves for isoprenaline- and BRL37344-stimulated lipolysis of about
4 and 2 log-units, respectively. However, the antagonists did not alter lipolysis induced by CGP12177.

4 Several concentrations of B-adrenoceptor antagonists were used to determine the pA, values by
Schild analysis. The values for CGP 20712A and ICI 118,551 (6.63 £0.20 and 6.25 % 0.12) as an-
tagonists of the lipolytic effects of CGP 12177 were over 2 units lower than the pA, value for
CGP 20712A against the response to the selective p;-agonist dobutamine (8.58 + 0.23) and the pA, value
for ICI 118,551 against the response to the selective B,-agonist terbutaline (9.15 £ 0.26).

5 B;-Adrenoceptor mRNA expression, investigated with a polymerase chain reaction assay, was
demonstrated in both types of adipocytes in the same cell preparations that had a lipolytic response to
CGP 12177.

6 In conclusion, human white fat cells express an atypical B-adrenoceptor in addition to B;- and
B,-adrenoceptors. This receptor is stimulated more selectively by the B,-/B,-antagonist CGP 12177 than
by BRL 37344 and is poorly sensitive to blockade by selective ;- and B,-antagonists. On the basis of the
pharmacological properties and the mRNA analyses, we suggest that this atypical receptor corresponds

to the B;-adrenoceptor subtype.

Keywords: f;-Adrenoceptors; lipolysis; adipocytes; mRNA expression; CGP 12177; BRL 37344

Introduction

Catecholamines mediate a wide variety of tissue-specific res-
ponses by interaction with different B-adrenoceptor subtypes,
including stimulation of lipolysis in fat cells. Originally, the
stimulatory effects of catecholamines were thought to be
mediated by only two pB-adrenoceptors, called B, and B,
(Lands et al., 1967). However this early classification is
insufficient to account for the thermogenic and lipolytic res-
ponses of rat brown and white adipose tissues (Harms et al.,
1974; Arch, 1989; Zaagsma & Nahorski, 1990). The
availability of an increasing number of selective p-
adrenoceptor ligands suggested that an additional, or
‘atypical’ B-adrenoceptor is present in adipose tissue (Arch,
1989; Zaagsma & Nahorski, 1990).

Following the molecular characterization of a third B-
adrenoceptor in man (Emorine et al., 1989) and rodents
(Nahmias et al., 1991; Granneman et al., 1991; Muzzin et al.,
1991), the importance of this receptor in catecholamine
action has to be considered. Structurally, the B;-AR resem-
bles the B,- and B,-adrenoceptor (Emorine et al., 1989) but
exhibits pharmacological properties very different from those
of the B,- and B,-subtypes. First, classical B,- and B,-adren-
oceptor antagonists have weak effects on the B;-adrenoceptor
and some, such as CGP 12177, are even agonists on this
receptor (Feve et al., 1991). Secondly, new selective agonists,
which have a weak effect on B;- and B,-adrenoceptors are
potent on B;-adrenoceptors in animal fat cells (Arch et al.,
1984). The involvement of the B;-adrenoceptor in rodent
adipocyte lipolysis and thermogenesis is well documented
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(Arch, 1989; Zaagsma & Nahorski, 1990; Feve et al., 1991),
but its presence and biological function in man remain
controversial (Hollenga et al., 1991; Langin et al., 1991).

We have recently demonstrated that f;-adrenoceptor mRNA
is expressed in human fat cells (Krief et al., 1993). The aim
of this study was therefore to investigate the presence of a
functional Bs;-adrenoceptor in man by measuring lipolysis in
isolated fat cells, with a highly sensitive assay (Wahrenberg et
al., 1992). The pharmacological data were correlated to Bs-
adrenoceptor mRNA expression in fat cells from the same
individuals. Since the number of binding sites for B,- and
B,-adrenoceptors is twice as high in omental as in sub-
cutaneous human fat cells (Hellmér er al, 1992), we also
compared Bi;-adrenoceptors in adipocytes from these two
regions.

Methods

Patients

The study comprised 28 patients (11 men and 17 women)
undergoing elective cholecystectomy at Huddinge University
Hospital. In all other respects they were healthy and not on
any medication. The ages of the subjects ranged from 20 to
66 years (mean t s.e.: 42 * 3 years) and the body mass index
(kg m~2) from 21.9 to 28.0 (mean * s.e.: 24.4 + 0.6). General
anaesthesia was induced by a short-acting barbiturate and
maintained by fentanyl and a mixture of oxygen and nitrous
oxide. The patients had fasted overnight and intravenous
saline was administered prior to the biopsies, which were
taken from abdominal subcutaneous and omental fat tissues.
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The study was approved by the Ethics Committee of the
Karolinska Institute.

Isolation of fat cells

The amount of tissue obtained from each depot ranged from
2-5 g. The adipose tissue was immediately transported to the
laboratory and the preparation of isolated fat cells, by
Rodbell’s method (Rodbell, 1964), was started within 10 min,
after collection. Samples were cut into 5 to 10 mg fragments.
Adipocytes were isolated from the stroma cells by incubation
with 0.5g17" of collagenase for 60 min in 5ml of Krebs-
Ringer phosphate buffer (pH 7.4) with 40 gl~!' of dialysed
bovine serum albumin at 37°C in a shaking bath. Adipocytes
were washed through a silk cloth 3 times with a collagenase-
free buffer. A portion of about 1 ml of each cell type was
frozen in liquid nitrogen and stored at — 80°C for subsequent
RNA analysis. The remaining cells were used for lipolysis
experiments.

Lipolysis

The lipolysis assay has previously been described in detail
(Arner et al., 1986). Briefly, dilute suspensions of isolated fat
cells (5000—10000 cells ml~') were incubated in duplicate for
2h at 37°C in Krebs-Henseleit phosphate buffer (pH 7.4),
supplemented with glucose (1 g1='), bovine serum albumin
(20g17") and ascorbic acid (0.1 gl-') and with or without
B-adrenoceptor ligands. All ligands were added simultane-
ously at the start of the incubation. Isoprenaline (non-
selective B-adrenoceptor agonist), terbutaline (selective B,-
agonist), dobutamine (selective B,-agonist), BRL 37344 (selec-
tive B;-agonist in animal studies), CGP12177 (B;- and B,-
antagonist, partial Bs;-agonist in animals) (Langin et al.,
1991), ICI 118,551 (selective PB,-antagonist), CGP20712A
(selective Bj-antagonist) and propranolol (non-selective B,-
and B,-antagonist) were added to the incubation medium.
Twelve different concentrations, ranging from 10~'* to 10~}
mol 1!, were used for isoprenaline, terbutaline, dobutamine,
BRL 37344 and CGP 12177, while the concentration range
for ICI 118,551 and CGP20712A ranged from 10-'° to
103 mol 1-!. Propranolol was added at 10" mol1~'. The
same batches of collagenase or albumin and the same stock
solutions of B-adrenoceptor agents were employed through-
out the study.

The release of glycerol was used as an index of lipolysis.
The glycerol concentration after a 2-h incubation was deter-
mined in a cell-free aliquot with a bioluminescence method
(Hellmér ez al., 1989), and was expressed per g lipid. Meth-
odological experiments revealed that the rate of glycerol
release from fat cells was linear for at least 4 h in the basal
state and in the presence of maximal effective concentrations
of lipolytic drugs.

Dose-response curves for glycerol release were used to
determine the concentrations of agonists giving half of their
own maximum stimulation (ECsy) and of antagonists yielding
half of their own maximum inhibition (ICs,). The values for
these concentrations represent pD, (—logmol1~! for ECs)
and pICs, (—logmol 1~} for ICs). Intrinsic activities of the
lipolytic agents were determined as the percentage of the
maximal isoprenaline response for each experiment separ-
ately.

Antagonist potencies were evaluated by calculating their
PA, values. Concentration-response curves for agonists were
made in the presence of 3-5 different concentrations of
antagonists. Schild plots were constructed from the individ-
ual experiments (Arunlakshana & Schild, 1959) and the pA,
values (— log mol1-') were calculated.

RNA analysis

The method has previously been described in detail (Krief et
al., 1993). Briefly, total RNA was prepared from human

isolated fat cells with a single-step method of RNA isolation
by acid guanidinium thiocyanate phenol chloroform extrac-
tion (Chomczynski & Sacchi, 1987). For polymerase chain
reaction (PCR) analysis, RNA was treated for 1h at 37°C
with 6 u of RNase-free DNase I per pg of RNA in Tris-HCl
100mM, pH7.5 and MgCl, 50 mM, in the presence of
2upl~' of placenta RNase inhibitor. Following phenol ex-
traction and ethanol precipitation, 1 pg of RNA was treated
with 400 u of Maloney murine leukaemia virus reverse trans-
criptase in 80 ul of PCR buffer (Tris-HCl 67 mM, pH 8.4;
MgCl, 6.7 uM; EDTA 6.7 uM; B-2-mercaptoethanol 10 mMm;
(NH,)2S0O, 16 mM; gelatine 0.1 mg ml~!) containing 0.4 mM
of each dNTP; 10puM random hexanucleotides, 2upul~!
RNase inhibitor. A negative control without reverse tran-
scriptase was performed to ensure that amplification did not
proceed from the residual genomic DNA. B,- and B,-
adrenoceptor cDNA were then amplified by 29 temperature
cycles (92°C, 1 min; 57°C, 1.5 min; 72°C, 1.5 min) followed by
7 min of extension at 72°C in a temperature cycler (LEP-
PREM) in 100 pl of PCR buffer containing 2.5 u of Thermo-
phylus aquaticus (Taq) polymerase, 125 nM of each sense and
antisense oligonucleotide primers, 125uM of each dNTP,
10% (v/v) dimethylsulphoxide. Formamide 5% (v/v) was also
added for B,-adrenoceptor amplification. Amplification of
cDNA was linear up to 500 ng of initial RNA for B,- and
Bs-adrenoceptors and up to 250 ng for B,-adrenoceptors. The
use of 250 ng of RNA for B,- and B;-adrenoceptor ampli-
fications and 125 ng for P,-adrenoceptor allowed a rough
approximation of the relative levels of expression of each
mRNA.

The sequences of the sense and antisense oligonucleotides
corresponded to amino acid 178 to 265 for B,, aminoacid 143
to 252 for B, and aminoacid 2 to 106 for B; (Krief et al.,
1993). Using these primers, the lengths of the fragments,
calculated from the structure of the corresponding genes,
were 265, 329 and 314 base pairs (bp) for B-, B~ and
Bi-receptors, respectively.

Statistical analysis

The values presented are the means * standard error of the
means (s.e.). Regression analysis and the Student’s two-tailed
paired or unpaired ¢ tests were used for statistical com-
parisons of the results.

Drugs and chemicals

Bovine serum -albumin (fraction V) (lot 63F-0748), Clos-
tridium histiolyticum collagenase type I, glycerol kinase from
E. coli (G4509) and ( % )-propranolol were obtained from
Sigma (St. Louis, MO. U.S.A.). (-—)-Isoprenaline hydro-
chloride came from Héssle (Mdlndal, Sweden), terbutaline
sulphate from Draco (Lund, Sweden), dobutamine hydro-
chloride from Lilly (Indianapolis, IN, U.S.A.) and ICI
118,551 (erythro- () -1- (7-methyllindane-4-yloxy) -3-iso-
propylaminobutane-2-olhydrochloride) from Cambridge Re-
search Biochemicals Limited (Cheshire, U.K.). BRL 37344
(4- [2- [(2-hydroxy-2 (3-chlorophenyl) ethyl) amino] propyl]
phenoxyacetic acid) was kindly supplied by SmithKline Bee-
cham (Epsom, U.K.) and CGP (% )-12177 ((—)-4-(3-t-butyl-
amino-2-hydroxy-propoxy) benzimidazole-2-one) and CGP
20712A (( % )-(2-(3-carbamoyl-4-trifiuormethyl-2-imidazolyl)-
phenoxy)-2-propanol methane sulphonate) were kindly supp-
lied by Ciba Geigy (Basel, Switzerland). ATP monitoring
reagent containing firefly luciferase was from LKB Wallac
(Turku, Finland). Maloney murine leukemia virus reverse
transcriptase from Gibco (Bethesda, MD, U.S.A.), Thermo-
phylus aquaticus (Taq) polymerase from Perkin Elmer-Cetus
(Emeryville, CA, U.S.A.) and DNase I and placenta RNase
inhibitor were obtained from Boehringer Mannheim (Mann-
heim, Germany). All other chemicals were of the highest
grade of purity commercially available.



Results

Lipolysis

The lipolytic effects of increasing concentrations of various
adrenoceptor agonists were measured in omental and sub-
cutaneous fat cells from 16 subjects. The mean dose-response
curves for omental cells are depicted in Figure 1. Similar
curves were obtained with subcutaneous cells (graph not
shown). The intrinsic activities of selective agonists in rela-
tion to isoprenaline are shown in Table 1. In both types of
adipocytes, dobutamine and terbutaline were full agonists
relative to isoprenaline, a finding in accordance with our
previous data (Lonnqvist et al, 1992). However, the B;-
adrenoceptor agents, BRL 37344 and CGP 12177, both acted
as partial agonists. The intrinsic activities of BRL 37344 and
CGP 12177 in relation to the isoprenaline response were
significantly higher in omental than in subcutaneous adipo-
cytes. In omental fat cells, the intrinsic activity of BRL 37344
was about 70% and that of CGP 12177 about 40%.

The experiments in Figure 2 were performed in order to
investigate the effects of p-antagonists on lipolysis induced by
isoprenaline as compared to lipolysis induced by B;-agonists.
Since the lipolytic response was much more pronounced in
omental fat cells, experiments were performed mainly on this
cell type. Isoprenaline, BRL 37344 or CGP 12177 was added
in increasing concentrations in the presence or the absence of
10-7M of either the selective B,-antagonist CGP20712A plus
the selective B,-antagonist ICI 118,551, or the non-selective
Bi/B,-antagonist, propranolol. In a previously published study
the competition binding experiments on human isolated
omental fat cells with ['*I]-cyanopindolol, ICI 118,551 and
CGP 20712A were re-calculated to find out whether 10-7 M
of the selective antagonists was sufficient to block the B;- and
B-responses (Hellmér er al., 1992). The displacement curves
were analysed by non-linear regression to determine receptor

8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0

00 | NS TN [N T Y TN N TN VNN W Y TN N T VN VO SN N T S S )
O -14-13-12-11-10-9 -8 -7 -6 -5 -4 -3
Agonist conc. (log m)

Glycerol (umol g~' 2 h7")

Figure 1 B-Adrenoceptor agonist-induced glycerol release in isolated
omental adipocytes from 16 individuals. The fat cells were incubated
with increasing concentrations of isoprenaline (), dobutamine (0O),
terbutaline (@), BRL 37344 (©) and CGP 12177 (®). The results
(means * s.e.) are expressed as umol glycerol/g lipid/2 h.

Table 1 Intrinsic activity of B-adrenoceptor agonists in
human fat cells

Omental fat Subcutaneous fat

cells cells
Terbutaline 100+ 2 92 + 5*
Dobutamine 102+ 4 985
BRL 37344 667 48 + 6*
CTP 12177 376 *24 + 4**

Intrinsic activities are expressed as % of the maximal
isoprenaline response (n=16). Values obtained with
omental and subcutaneous cells were compared by Student’s
paired ¢ test.

*P<0.05; **P<<0.005.
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occupancy. At 107" M, ICI 118,551 or CGP 20712A blocked
>95% of its corresponding B-subtype in all experiments
(n=8-9).

In the present study, maximum lipolytic responses were
not affected by the antagonists. The isoprenaline dose-
response curves were markedly shifted (10,000 times de-
creased agonist sensitivity, P<<0.001) to the right when
either propranolol or the combination of B;- and B,-antag:
onists had been added. There was a less marked shift to the
right (100 times decreased agonist sensitivity) for the
BRL 37344 dose-response curve in the presence of B,/B,-
antagonists or propranolol. This difference in shift, as com-
pared to the isoprenaline-propranolol shift, was significant
(P<0.01). The CGP 12177-stimulated lipolysis was not
influenced by either of the antagonists. The individual pD,
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Figure 2 Resistence of omental fat cell lipolysis to blockade by B,-
and B,-adrenoceptor antagonists. Adipocytes were incubated with
increasing concentrations of isoprenaline (a), BRL 37344 (b) and
CGP 12177 (c) in the absence (M) or presence of the selective
Bi-antagonist CGP 20712A plus the selective B,-antagonist ICI
118,551 (O) or the non-selective p-antagonist propranolol (A). The
antagonists were added at a concentration of 0.1 uM. The results of
six experiments (means % s.e.) are expressed as the percentage of the
maximal lipolytic response obtained with each agonist.



932 F. LONNQVIST et al.

Table 2 pD, values for B-adrenoceptor agonists in the presence or absence of selective or non-selective B-antagonists

No B-receptor

Agonist antagonist
Isoprenaline 11.19£0.33
BRL 6.49£0.10
CGP 7.73£0.28

+ ICI 118,551
+ CGP 207124 107" M

+ Propranolol
10°"M

7.02 £ 0.32%** 7.78 £ 0.19***
4.72 £ 0.26** 493+ 0.29**
7.39£0.31 7.80 £0.21

Student’s paired ¢ test was used for statistical comparisons of results with and without antagonists in the incubation system (n = 6).

** P <0.005, ***P<0.001.

values of the experiments in Figure 2 are shown in Table 2.
These results confirm the high, intermediate and low sen-
sitivities of isoprenaline, BRL 37344 and CGP 12177, respec-
tively, to blockade by propranolol or by selective B;- and
B,-antagonists. The results in Table 2 were also used to
calculate the dose-ratio, and hence the apparent pA, value
for propranolol and the B,-/B,-antagonist combination, using
MacKay’s method (MacKay, 1978): pA, = — log([antagonist]
/DR — 1), where DR is the dose-ratio between the ECs, value
for an agonist in the presence of a certain antagonist concen-
tration and the ECs, value in the absence of the same
antagonist. This gives pA, values for propranolol of 10.4 and
8.5 for isoprenaline and BRL 37344, respectively, and values
of 11.2 and 8.8 for the combination of selective antagonists.
The interactions between CGP 12177 and the antagonists
were too small to allow calculations of pA,. However, it is of
interest that the pD, values for isoprenaline and CGP 12177
differed by about 3.5 units in the absence of antagonists, but
were almost the same (about 7.5) in the presence of antag-
onists.

To determine whether the antagonistic effects of CGP
20712A(B,) or ICI 118,551(B,) on lipolysis stimulated with
CGP 12177 differed from their effects on B,- and B,-agonist-
induced lipolysis, increasing concentrations of the antagonists
were added to a fixed, submaximal dose of the agonist. The
mean dose-response curves are shown in Figure 3. Both
antagonists could maximally inhibit lipolysis induced by
agonists. However, the sensitivity to the antilipolytic effect of
CGP 20712A was much more pronounced for the lipolysis
induced by dobutamine than for the lipolysis induced by
CGP 12177. Furthermore, the sensitivity to the antilipolytic
effect of ICI 118,551 was much more pronounced for the
terbutaline-induced lipolysis than for the CGP 12177-induced
lipolysis. The mean pICs, values are given in Table 3. The
pICy-value for the B,-antagonist was about 2 units lower for
CGP 12177-stimulated than for dobutamine-stimulated li-
polysis i.e., 5.86*0.27 versus 8.26 £ 0.69, P<0.05. In a
corresponding way the pICs-value for the B,-antagonist was
also about 2 units lower for CGP 12177-stimulated than for
terbutaline-stimulated lipolysis i.e., 4.81 * 0.20 versus 6.93 *
0.27, P<0.001.

An additional, indirect, way of investigating the existence
of a functional Bs;-adrenoceptor is to determine the pA,
values for selective B;- and B,-blockers in agonist dose-
response experiments performed at several concentrations of
antagonist in each individual experiment. The pA, values are
obtained by the construction of Schild plots (Arunlakshana
& Schild, 1959). The mean values are given in Table 3. One
of four experiments is shown in Figures 4 and 5. The pA,
values of ICI 118,551 and CGP 20712A versus CGP 12177
were 2-3 units lower (P<<0.005 and P <<0.05, respectively)
than those of ICI 118,551 versus terbutaline and of CGP
20712A versus dobutamine.

It should be stressed that the pA, values and the pICs,
values in Table 3 are not directly comparable. First, the
calculation of the pA, value for an antagonist (i.e., the Kj)
from the pICs, value for the same substance requires a
compensation for the agonist concentration and the affinity
of the agonist to the fs-adrenoceptor (which is unknown) in
the ICs, experiment, according to Cheng & Prusoff (1973).
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Figure 3 Antilipolytic effects of the B,-adrenoceptor antagonist
ICI 118,551 (a) and the B,-antagonist CGP 20712A (b) on B-adren-
oceptor agonist-stimulated lipolysis in omental adipocytes. In (a),
lipolysis was induced by terbutaline 10 um () or CGP 12177 0.1 um
(0) whereas in (b), lipolysis was stimulated with either dobutamine
0.1um (M) or CGP 12177 0.1 um (O). Values for basal lipolysis
were subtracted from the agonist-induced lipolysis. The antagonist
effect is expressed as a percentage; 100% is the lipolysis in the
absence of antagonists. At the maximum effective concentration, all
antagonists reduced agonist-induced lipolysis to zero in all individual
experiments. Values are means % s.e. of duplicate experiments per-
formed on fat cells from 6 patients.



Table 3 pICs-values and pA,-values
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for the interactions between selective B-adrenoceptor agonists and antagonists

Antagonist
CGP 207124 ICI 118,551
Agonist pICs, PA, Slope pICs PA; Slope
Terbutaline - - - 6.93+0.27 9.15+0.26 1.05+0.13
(n=6) (n=4)
Dobutamine 8.26  0.69 8.58 £0.23 0.94 £ 0.26 - - -
(n=6) n=4)
CGP 12177 5.86 £ 0.27 6.63+£0.20 0.97+0.17 4.81+£0.20 6.25+0.12 0.84 +0.17
(n=6) n=4) (n=6) (n=4)

Fat cells were incubated in vitro with various combinations of agonists and antagonists, as described in the legends to Figures 4 and 5,
for the determinations of pICs, and pA,. In the latter experiments the slopes of the Schild plots are also given, n = number of

experiments.
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Figure 4 Determination of the pA, values for CGP 20712A (B,-adrenoceptor antagonist). Dose-response curves for the antagonis-
tic effect of increasing concentrations of CGP 20712A on dobutamine- (a) and CGP 12177-stimulated lipolysis (c) and the -
corresponding Schild plots used for the calculation of the pA, values for CGP 20712A versus dobutamine (b) and CGP 12177 (d)
are shown. The concentrations of CGP 20712A used to counteract the lipolytic effects of dobutamine (O) and CGP 12177 (H)
were 0 (O0) 100nM (A), 1 um (@) 10puM (A) and 100 pm (). The concentrations of dobutamine and CGP 12177 ranged from
10-" to 10~3M and 10" to 103 M, respectively. The pA, values were calculated for each antagonist by plotting: log (dose ratio
— 1) vs. — log (antagonist) concentration as described in Methods. One typical experiment out of four is shown. The mean values

of these experiments are given in Table 3.

Secondly, the relative stimulation of the lipolysis rate induced
by an agonist should be the same in all experiments (ideally
half-maximum stimulation). The latter is difficult to achieve
in human experiments, since B-agonist sensitivity varies be-
tween adipocytes from different subjects (Lonnqvist et al.,
1992). However, Table 3 shows that, for CGP 20712A versus
dobutamine, the pA, and pICs, values agree and that the
discrepancies for CGP 12177 versus the two antagonists are
small (between 0.8 and 1.5 units). However, the ICI 118,551
versus terbutaline pA, was clearly different from pICs,. This
might suggest that the concentration of terbutaline (10~° M)
was more than the submaximal. In order to test this pos-
sibility, four additional experiments were performed, in which
increasing concentrations of ICI 118,551 were added to 10~

M of terbutaline. The antagonist caused a complete dose-
dependent inhibition of terbutaline-induced lipolysis. In all
these experiments pICs, for ICI 118,551 was 9.58 £ 1.17,
which is similar to the pA, value in Table 3 (9.15 £ 0.26).

B-Adrenoceptor mRNA expression in human fat cells

In order to obtain a biological correlation with the phar-
macological evidence for a functional Bs;-adrenoceptor in
man, the mRNA expression of this gene was studied in
isolated fat cells from the same preparations as in the
lipolysis investigation, using a PCR assay. mRNA for §,-, B,-
and B;-adrenoceptor was expressed in both omental and sub-
cutaneous adipocytes. A typical experiment is shown in
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Figure 5 Determination of the pA, values for ICI 118,551 (B,-adrenoceptor antagonist). Dose-response curves for the antagonistic
effect of increasing concentrations of ICI 118,551 on terbutaline- (a) and CGP 12177-stimulated lipolysis (c) and the corresponding
Schild plots used for the calculation of the pA, values for ICI 118,551 versus terbutaline (b) and CGP 12177 (d) are shown. The
concentrations of ICI 118,551 used to counteract the lipolytic effects of terbutaline (0) and CGP 12177 () were 0 (0) 1 nM (@),
10nm (O), 100nM (A), 1 pm (@), 10 uM (A) and 100 um (M). The concentrations of terbutaline and CGP 12177 ranged from
10-"" to 10~3m and 10" to 10~3 M, respectively. The pA, values were calculated for each antagonist by plotting: log (dose ratio
— 1) vs. —log (antagonist) concentration as described in Methods. One typical experiment out of four is shown. The mean values

of these experiments are given in Table 3.
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Figure 6 B;-Adrenoceptor mRNA expression in subcutaneous (s.c.)
and omental (Om) fat cells. The negatives of agarose gel electro-
phoresis pictures of B;-(1), B-(2) and Bs-adrenoceptor (3) cDNA
fragments amplified by PCR are shown. Each horizontal bracket
delimits two lanes containing PCR samples obtained from RNA-
treated (left lane), or untreated (right lane) with reverse transcriptase.
Size markers (M) are the 123bp DNA ladder (GIBCO BRL).
Results ae representative of one of four experiments. The RNA
samples were obtained from subcutaneous and omental adipocytes
isolated from the same subject.

Figure 6. Four subjects were investigated. In fat cells of all
subjects there was a positive expression of mRNA for all
three mRNA subtypes. No attempts were made to quantitate
each mRNA, since the PCR assay is not quantitative (Krief
et al., 1993). However, the corresponding lipolysis data with
omental fat cells (Table 4) show that, as compared to
isoprenaline, there was a full stimulation with dobutamine
and terbutaline and a 40% and 60% stimulation, respec-
tively, with CGP 12177 and BRL 37344.

Discussion

In this paper we provide pharmacological and molecular
evidence for the existence of a functional Bs;-adrenoceptor in
human fat cells. A strong proof for the presence of Bi-
receptors is constituted by the lipolytic action of high concen-
trations of the potent B,- and B,-receptor antagonist, CGP
12177. Analogous effects of this compound have previously
been observed in rodent fat cells and were attributed to
stimulation of the Bs;-receptor (Mohell & Dicker, 1989; Feve
et al, 1991). CGP 12177-induced lipolysis was resistant to
blockade by various B;- and B,-antagonists, which were used
in a concentration (10-7M) occupying >95% of B,- and
B,-receptors. Neither the pD, nor the maximum levels of



Table 4 Lipolysis in fat cells where mRNA was determined
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Glycerol release

Agonist (umol g~' lipid 2h~")

0 0.63+0.26

Isoprenaline 6.09 £ 1.06
Terbutaline 6.44 1+ 1.12
Dobutamine 6.52+£1.08
CGP 12177 2251+0.73
BRL 37344 341 £0.61

pD, Intrinsic activity
10.52 £ 0.55 100
7.39+£0.17 1026
7.55%0.33 1055
7.31%£0.53 40£ 11
6.23 £0.27 62+ 13

Four subjects were investigated. mRNA was measured using a PCR assay as described in Methods. All samples showed a clear
expression of the three B-receptor subtypes. In parallel experiments, fat cells were incubated in the presence or absence (0) of increasing
concentrations of the indicated agonists. The rate of lipolysis at maximum effective agonist concentration and the pD, were
determined. % intrinsic activity of each agonist is related to the maximum lipolytic rate of isoprenaline.

CGP 12177-stimulated lipolysis — which could be considered
to be mediated primarily by Bi;-adrenoceptors — were affected
by the concentrations of antagonists used. These observa-
tions correlate well with the markedly divergent pA, values
(i.e., 2-3 log units) for selective B;- and PB,-antagonists
obtained with CGP 12177, as compared to dobutamine and
terbutaline, respectively. It appears that CGP 12177-induced
lipolysis in human fat cells is mediated mainly through ;-
adrenoceptors. Whether it is completely selective in this
respect is unknown. Such a question can only be answered by
using high affinity Bs;-antagonists. Unfortunately, such agents
do not exist at present.

Competition-binding experiments on isolated fat cells were
performed using ['’I]-cyanopindolol to establish further the
existence of p;-adrenoceptors in human fat cells. The data are
not reported since it was not possible to bind specifically to
Bs-adrenoceptors. Non-specific binding is too high (> 50%)
to label the receptor at the radioligand concentrations used.
This is in accordance with previous binding studies on
human fat cells (Langin et al, 1991). Thus the use of
available B-adrenoceptor radioligands is not feasible for a
reliable characterization of the B;-adrenoceptor binding sites
in human fat cells. However, the mRNA analysis performed
on the biological samples which we used for pharmacological
experiments showed that the Bs;-adrenoceptor transcripts are
expressed in the same preparations of fat cells that have a
lipolytic response to CGP 12177. Altogether, our data dem-
onstrate the existence of B;-adrenoceptors at the functional
and molecular levels in human fat cells.

The higher sensitivity of our lipolysis assay (Wahrenberg et
al., 1992) may explain why previous investigators have not
convincingly demonstrated the B;-receptors on human iso-
lated fat cells (Hollenga et al., 1991; Langin et al., 1991). The
difference between the results may also partly be due to our
use of diluted fat cell suspensions (1-2% v/v) instead of
dense cell concentrations (10% v/v or higher) because the
accumulation of endogenous metabolites may inhibit the
lipolytic action of catecholamines (Kather, 1990). Finally,
only subcutaneous adipocytes have previously been studied in
man (Hollenga et al., 1991; Langin et al., 1991), although
these cells have a lower metabolic activity, including lipolysis
(Hamosh et al., 1963; Fessler & Beck, 1965; Ostman et al.,
1979) and B,/B,-receptor sensitivity (Hellmér et al., 1992),
than omental fat cells. In agreement with this, our present
data show that the B;-receptor agonistic effects of CGP 12177
are more pronounced in omental fat cells.

In brown fat cells of animals, BRL 37344 is a potent
lipolytic agonist (Arch, 1989). This agonist was also lipolytic
in human fat cells. In contrast to the findings with CGP
12177, the lipolytic effect of BRL 37344 could be inhibited by
a blockade of B,- and B,-receptors, indicating an unselective
lipolytic action. However, pA, for interaction between iso-
prenaline and BRL 37344, on the one hand, and blockers of
B- and B,-receptors, on the other hand differed by about 2
log units. This indicates that at least a part of the lipolytic
effect of BRL 37344 is mediated by B;-receptors in human fat

cells. Again in the absence of a specific B;-adrenoceptor
antagonist, we cannot speculate about the relative contribu-
tions by the different B-receptor subtypes to the lipolytic
action of BRL 37344.

In man, B;-, B,- and B;-receptors all appear to be func-
tionally coupled to lipolysis, as demonstrated in this paper.
The relative contribution of each receptor subtype to the
response remains to be established. It appears, however, that
the Bs;-receptor may be less well coupled to lipolysis than the
other two receptor subtypes. Neither BRL 37344 nor CGP
12177 were full agonists, whereas the intrinsic activities of
terbutaline and dobutamine were almost the same as that of
isoprenaline. BRL 37344 had a much lower potency than
isoprenaline, which is the converse of the situation in rat
epididymal adipocytes, where BRL 37344 is a full agonist
with high pD, (Hollenga et al,, 1990). It is possible that
Bs-receptor coupling to adenylyl cyclase is different in man
from other species, as previously suggested (Zaagsma &
Nahorski, 1990). Indeed, there are structural differences in
the coding parts of the genes for Ps-receptors in man
(Emorine et al., 1989), mouse (Nahmias et al., 1991) and rat
(Granneman et al., 1991; Muzzin et al., 1992). The physio-
logical reason for the existence of three B-receptor subtypes
in the same tissue is not yet known, but it may be linked to a
difference in susceptibility of the B,-, B.- and Bs-receptors to
hormonal and environmental regulation (Feve et al., 1990;
Granneman & Lahners, 1992). In human fat cells, for exam-
ple, B,-receptors are resistant to acute homologous desen-
sitization, while B,-receptors are rapidly desensitized (Arner
et al., 1991). Moreover, lipolytic resistance to catecholamines
in man is due to reduced expression of B,-receptors, but is
not related to the B-receptor (Lonngvist et al., 1992). We
have presently demonstrated regional differences in the B;-
receptor activity. These may suggest that the B;-receptor is
also independently regulated in human fat cells.

In conclusion, our data establish the existence in man of a
functional B;-adrenoceptor involved in the regulation of fat
cell lipolysis. The existence of the receptor has been demon-
strated both pharmacologically and at the mRNA level. Fur-
thermore, our data also indicate that the Bs:-receptor response
may vary according to the adipose region, which suggests
that its function may be subject to regulation. Finally, the
data show that CGP 12177 is better than BRL 37344 as a
tool for studying B,-adrenoceptor in man.
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Vascular and anti-platelet actions of 1,2- and 1,3-glyceryl
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1 The aim of this study was to investigate whether two metabolites of glyceryl trinitrate (GTN), 1,2
and 1,3-glyceryl dinitrate (1,2-GDN and 1,3-GDN) could account for the pharmacological effects of
GTN. To this end the formation of nitric oxide (NO) from 1,2- and 1,3-GDN in the presence of bovine
aortic smooth muscle cells (SMC) or endothelial cells (EC) was studied. The effects of various thiols on
NO formation from these dinitrates was also evaluated.

2 1,2-GDN or 1,3-GDN (107°-107°M) caused a dose-dependent relaxation of rabbit aortic strips
denuded of endothelium and precontracted with phenylephrine. The dinitrates were less than one tenth

as potent as GTN.

3 Incubation of 1,2-GDN or 1,3-GDN (75-2400 uM) with SMC for 30 min led to a concentration-
dependent increase in nitrite (NO,™) formation but this increase was less than that produced from GTN.
Likewise incubation of 1,2-GDN or 1,3-GDN with N-acetylcysteine (NAC), glutathione (GSH) or
thiosalicylic acid (TSA) (all at 1 mM) for 30 min at 37°C produced a concentration-dependent increase in

NO,~ formation.

4 Platelet aggregation induced by thrombin (40 mu ml~') was not modified by high concentrations of
1,2-GDN or 1,3-GDN (175-700 uM). However, aggregation was inhibited when platelets were exposed
to 1,2-GDN or 1,3-GDN (700 puM) in the presence of SMC (0.24-1.92 x 10° cells) or EC (0.8-3.2 x 10°
cells). These effects were abrogated by co-incubation with oxyhaemoglobin (OxyHb, 10 uM) indicating
that they were due to NO release. The concentrations of the dinitrates required to inhibit platelet
aggregation by 50% were about 15 times higher than for GTN in the presence of the same numbers of

SMC or EC.

5 When NAC or TSA (both at 0.5 mM) were co-incubated with platelets for 3 min in the presence of
1,2-GDN or 1,3-GDN, a concentration-dependent inhibition of platelet aggregation was observed. These
anti-platelet effects were abolished by co-incubation with OxyHb (10 pM). Glutathione had no poten-

tiating effects.

6 Thus the dinitrate metabolites of GTN are metabolized to NO by SMC or EC and are acted upon
by thiols to form NO at concentrations about 10 times higher than those of GTN. In vivo, after oral or
intravenous GTN, GDN levels are reached which are more than 10 times higher than those of GTN.
These data support the notion that part of the effects of GTN are due to the generation of NO from
1,2-GDN and 1,3-GDN by the cells of the vascular wall.

Keywords: Glyceryl trinitrate; glyceryl dinitrate; nitric oxide; oxyhaemoglobin; platelet aggregation; vasodilatation

Introduction

Bioconversion of glyceryl trinitrate (GTN) to nitric oxide
(NO) is required for its vasodilator and antiplatelet effects
and there is no doubt that this conversion is mainly
enzymatic (Chung & Fung, 1990; Feelisch & Kelm, 1991;
Salvemini et al., 1992a). The enzyme(s) involved are still not
known. Glutathione-S-transferase or cytochrome P,5, which
are important in the biotransformation of GTN in the liver
and kidney (Yeates et al., 1989; Servent et al., 1989), do not
appear to be involved in the biotransformation of GTN to
NO by smooth muscle cells (SMC) or endothelial cells (EC)
(Gruetter & Lemke, 1985; Sakanashi er al., 1991; Chung et
al., 1992; Salvemini et al., 1993). There may, therefore, be
different mechanisms for denitrification of GTN in the liver
and kidney as compared to the vascular wall. In addition,
NO can be formed from GTN by a non-enzymatic
mechanism involving the interaction with a thiol. This may
involve nucleophilic attack by a thiolate anion on the nitro-

! Author for correspondence at present address: Monsanto Com-
pany, Department of Molecular Pharmacology, 800 North Lind-
bergh Boulevard, St Louis, Missouri 63167, U.S.A.

Present address: Department of Preclinical and Clinical Phar-
macology ‘M. Aiazzi Mancini’, Viale G.B. Morgagni 65, 50134
Florence, Italy.

gen atom of the ester group of GTN (Feelisch, 1991).

Besides the formation of NO or NO,” from GTN,
metabolism of GTN gives rise to its two dinitrate meta-
bolites, 1,2- and 1,3-glyceryl dinitrates (1,2- or 1,3-GDN).
This bioconversion takes place not only in the liver but also
in vascular smooth muscle (Kawamoto et al., 1987), in the
presence of haemoglobin or myoglobin (Bennett er al., 1985;
1986) and in human plasma (Fung et al., 1988; Posadas del
Rio et al., 1988; Chong & Fung, 1989; 1990). The half-lives
of the dinitrates are much longer (40-60 min) than that of
the parent compound (Bennett et al., 1985; 1986). After oral
administration, GTN is lost by first pass metabolism leading
to systemic availability of 1,2-GDN or 1,3-GDN (Gumbleton
& Benet, 1991). Both of these metabolites elicit vasodilata-
tion in man, at concentrations similar to those that would be
achieved in plasma following oral administration of GTN
(Gumbleton & Benet, 1991). It was therefore proposed that
the formation of these dinitrates could account for the
vasodilator activity of GTN in man.

We have examined whether 1,2-GDN and 1,3-GDN like
GTN are metabolized to NO in bovine aortic endothelial
cells and smooth muscle cells and whether NO is formed
from GDNs by the interaction with thiols. Our results sup-
port the concept that GDNs, after bioconversion to NO,
contribute to the actions of GTN.
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Methods

Preparation of washed platelets

Human washed platelets were prepared as described by
Radomski & Moncada (1983). The composition of the
modified (Sneddon & Vane, 1988) Krebs bicarbonate buffer
in which platelets were washed was (mM): NaCl 137, KCl
2.7, NaHCO, 11.9, NaH,PO, 0.3, MgSO, 0.8, glucose 5.6
and CaCl, 1. Indomethacin (10 pM) was added to the final
platelet suspension to prevent the formation of cyclo-
oxygenase products. The platelet count was adjusted to app-
roximately 1.5-2 x 10*ml~'.

Preparation of smooth muscle or endothelial cells

Bovine aortic EC were harvested and grown on cytodex-3
microcarrier beads (Pharmacia/LKB, Ltd) in Dulbecco’s
modified Eagle’s medium (DMEM, Flow Laboratories) sup-
plemented with 4 mM L-glutamine and 10% (v/v) foetal calf
serum (Gibco) as described previously (deNucci et al., 1988).
The approximate cell number was 3.5 x 10’ ml~! of beads.
Bovine aortic SMC were characterized by the presence of
specific alpha actin using a Sigma kit and were prepared as
previously described (Mollace et al, 1991). Indomethacin
(10 pM) was added to all final cell suspensions. Cell viability
was more than 95% as assessed by the uptake of trypan blue.

Platelet aggregation

A suspension of washed platelets was incubated at 37°C for
4 min in a Payton dual channel aggregometer (Born & Cross,
1963) with continuous stirring at 1,000 r.p.m. and then
stimulated with thrombin (40 mu ml~') to give a submaximal
aggregation (80—90%). The decrease in optical density was
recorded for 5min. After a 3 min incubation period with
platelets, the inhibitory effects of 1,2-GDN or 1,3-GDN on
platelet aggregation induced by thrombin were measured
either alone or in the presence of SMC, EC, N-acetylcysteine
(NAC), glutathione (GSH) or thiosalicylic acid (TSA). When
required, OxyHb (10 uM) was added to the platelet mixture
for the 3 min incubation period. When using cells or OxyHb,
the calibrations were performed in the presence of these
agents to compensate for possible changes in light transmis-
sion (Salvemini et al., 1989). Inhibition of platelet aggrega-
tion was calculated as described previously (Salvemini et al.,
1989).

Nitrite analysis

Nitrite (NO,”) was measured by the Griess reaction. 1,2-
GDN or 1,3-GDN (75-2400 uM) together with SMC were
diluted in Krebs buffer containing indomethacin (10 uM) and
superoxide dismutase (SOD) (100 u ml~') and were then stir-
red (37°C, 1,000 r.p.m.) for 30 min. The samples were cen-
trifuged and each supernatant allowed to react with the
Griess reagent (1% sulphanilamide/0.1% naphthylethyl-
enediamine dihydrochloride/2.5% H,PO,) to form a chromo-
phore absorbing at 546 nm. In some experiments, 1,2-GDN
or 1,3-GDN (75-600 uM) were incubated in a shaking water
bath for 30 min at 37°C in the presence of NAC, GSH or
TSA (all at 1 mM) and then allowed to react with the Griess
reagent. Nitrite concentration was determined with sodium
nitrite as a standard. Results are expressed as nmol
NO,” mg~! protein or as nmol NO,™ ml~!. Protein concent-
rations were determined with bovine serum albumin as a
standard (Lowry et al., 1951).

Organ bath experiments

The thoracic aorta of the rabbit was cut into rings 4 mm in
width. The rings were cut open, denuded of endothelium and
mounted in 20 ml organ baths filled with warmed (37°C),

oxygenated (95% 0,/5% CO,) Krebs buffer. The composi-
tion of the Krebs buffer was as follows (mM): NaCl 118, KCl
47, KH,PO, 1.2, MgSO,7H,0 1.17, CaCl,.6H,O 2.5,
NaHCO; 25 and glucose 5.6. Changes in isometric tension
were measured with Biegestab K30 type 351 transducers
(Hugo Sachs Electronic) attached to MK II transducer
coupler (Z.T.S., London, UK) and recorded with Linear-
corder mark VII WR3101 (Graphtec). The tissues were
equilibrated under resting tension of 2g for 2h and the
Krebs buffer was changed every 15 min. Tissues were then
washed and cumulative concentration-response curves to
phenylephrine (0.03—-10 puM) were produced. After 1.5h of
washing, the strips were contracted with phenylephrine
(0.6—1pM) to produce a 80-90% maximal contraction.
Cumulative concentration-response curves to GTN, 1,2-
GDN or 1,3-GDN (10-'°-107°M) were performed. Results
are expressed as percentage change in the phenylephrine-
induced tone.

Drugs used

Human thrombin, bovine serum albumin, phenylephrine
(PHE), haemoglobin (from bovine blood), superoxide dis-
mutase (from bovine erythrocytes), glutathione (GSH),
N-acetylcysteine (NAC), thiosalicylic acid (TSA), indo-
methacin, sulphanilic acid, N-1-naphthyl ethylene diamine
hydrochloride, Na,CO;, sodium nitrite and kits for charac-
terizing alpha smooth muscle actin (procedure number S1H
903) were obtained from Sigma (Poole, Dorset). Oxyhaemo-
globin (OxyHb) was prepared by reduction of bovine
haemoglobin with sodium hydrosulphite as described pre-
viously (Salvemini et al., 1989). Glyceryl trinitrate (Nitronal)
was obtained from Lipha Pharmaceuticals Ltd (West
Drayton, Middlesex). Prostacyclin was a gift from the Well-
come Research Laboratories (Beckenham, Kent) and 1,2-
glyceryl dinitrate (99.7% pure, 0.3% 1,3-GDN, no other
contamination) or 1,3-glyceryl dinitrate (99.97% pure, 0.03%
glycerol-1-mononitrate, no other contamination) were gifts
from Dr M. Feelisch, Schwarz Pharma AG (Monheim, West
Germany).

Statistics

Results are expressed as mean * s.e.mean for (n) experiments.
Student’s unpaired ¢ test was used to determine the
significance of differences between means, and a P value of
<0.05 was taken as significant.

Results

Effects on vascular smooth muscle

1,2-GDN and 1,3-GDN (10-°-10-*M) produced concen-
tration-dependent relaxations of rabbit aortic strips denuded
of endothelium (Figure 1). These dinitrates had at least one
tenth of the potency of GTN. Thus, the concentrations
required to relax the tissues by 50% of maximum (ECs,) were
25%x10°*M for GTN, 34x10-"M for 1,2-GDN and
7.5% 10""M for 1,3-GDN (Figure 1).

Nitrite analysis

Exposure of SMC to 1,2-GDN or 1,3-GDN (75-2400 uM)
for 30 min at 37°C led to a concentration-dependent increase
in NO,~ formation (Figure 2). When compared to NO,~
formed from GTN by SMC, the amount of NO,~ formed
from the dinitrates was much smaller (Figure 2). Boiling the
cells for 15 min abolished the formation of NO,~ (n = 4, not
shown). Exposure of 1,2-GDN or 1,3-GDN (150-600 puM) to
NAC, GSH or TSA (all at 1 mM) for 30 min in Krebs buffer
at 37°C led to an approximate doubling of the formation of
NO,~ (n=4, not shown). In this respect, GSH and TSA
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Figure 1 Comparison of the vasorelaxant effects of glyceryl tri-
nitrate (GTN, W), 1,2-glyceryl dinitrate (1,2-GDN, A) or 1,3-GDN
(@) on rabbit aortic strips denuded of endothelium. The tissues were
preconstricted with phenylephrine (5 x 10-°~10-5M) to produce
approximately a 90—100% of maximum contraction. When the con-
traction was stable, a cumulative dose-response curve to GTN, 1,2-
GDN or 1,3-GDN (all at 10-'°-10-5M) was constructed. Results
are expressed as % change in the phenylephrine-induced tone. Each
point represents the mean * s.e.mean of 4 experiments performed
with aortic strips from different rabbits (average number of observa-
tions for each point > 8).

were somewhat more potent than NAC. By themselves, the
dinitrates did not produce NO,~ (n =4, not shown).

Effects on platelet aggregation

At concentrations up to 1 mM, 1,2-GDN or 1,3-GDN failed
to inhibit platelet aggregation induced by thrombin (40 mu
ml~!, n=4, not shown). However, when SMC (0.24-
1.92 X 10° cells) or EC (0.8-3.2 X 10° cells) were incubated
with platelets for 3 min in the presence of 1,2-GDN or
1,3-GDN (700 uM) inhibition of thrombin (40 muml-})-
induced platelet aggregation was observed (Figure 3a and b).
This potentiating effect was abrogated by OxyHb (10 um)
indicating release of NO. Thus, the combined anti-platelet
effect obtained with SMC (0.24 x 10° cells) and 1,2-GDN or

40 1

nmol NO3 mg~" protein

0 1000 2000

Drug (pum)

Figure 2 Exposure of SMC to 1,2-glyceryl dinitrate (1,2-GDN, O)
or 1,3-GDN (A) (75-2400 um) for 30min at 37°C led to a
concentration-dependent increase in the formation of NO,~. This
release of NO,~ was much smaller than that obtained when SMC
were exposed to the same concentrations of glyceryl trinitrate (@).
Results are expressed as nmol NO,” mg~' protein. Each point is the
mean * s.e.mean of 4 experiments.
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Figure 3 Inhibition of platelet aggregation induced by thrombin
(40muml~') by (a) SMC (0.24-1.92 x 10° cells, ®) or (b) EC
(0.8-3.2 x 10° cells, @) was substantially enhanced in the presence
of 700 uM 1,2-glyceryl dinitrate (1,2-GDN, &) or 1,3-GDN (W).
This effect was reversed by co-incubation with oxyhaemoglobin
(10 uM). Results are expressed as % inhibition of platelet aggrega-
tion. Each point is the mean  s.e.mean of 3 experiments.

1,3-GDN (700 uMm) was reduced from 62 £ 4% or 67 3%
inhibition in the absence of OxyHb to 2+ 1% or 3+2%
inhibition in the presence of OxyHb (n=4, P<0.001); the
combined anti-platelet effect obtained with EC (0.8 x 10°
cells) and 1,2-GDN or 1,3-GDN (700 uM) was reduced from
68 £ 2% or 70 3% in the absence of OxyHb to 3+ 2% or
41+ 2% inhibition in the presence of OxyHb (n=4,
P<0.001). The concentration required to inhibit platelet
aggregation by 50% (ICs) was 480 £ 20 uM or 750 £ 50 uM
(n=4) for 1,2- or 1,3-GDN in the presence of SMC
(0.24 X 10° cells) and 600 * 35 uM or 810 X 35 uM (n = 4) for
1,2- or 1,3-GDN respectively in the presence of EC (0.4 x 10°
cells).

Table 1 Effects of oxyhaemoglobin (OxyHb) on the
combined anti-platelet effects of 1,2-glyceryl dinitrate
(1,2-GDN) or 1,3-GDN and N-acetylcysteine (NAC),
glutathione (GSH) or thiosalicylic acid (TSA)

None NAC GSH TSA
1,2-GDN 0 89t 1 81 8616
1,2-GDN + OxyHb 0 4t 1* 3t1 12 + 4*
1,3-GDN 0 8512 712 84t 5
1,3-GDN + OxyHb 0 6% 1* 2+2 9+ 2+

OxyHb (10 um) reversed the inhibition of thrombin-induced
platelet aggregation by 1,2-GDN or 1,3-GDN (both at
700 puMm) in the presence of NAC or TSA; GSH (0.5 mm) did
not potentiate the effects of 1,2-GDN or 1,3-GDN. Resutls
are expressed as % inhibition of platelet aggregation. Each
value is the mean * s.e.mean of 4 experiments.

*P<0.01 when compared to the values obtained in the
absence of OxyHb.
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Figure 4 (a) 1,2-glyceryl dinitrate (1,2-GDN) or (b) 1,3-GDN at
concentrations up to 700 puM did not inhibit thrombin-induced
platelet aggregation. Incubation of the dinitrates (175-700 uM) with
0.5mM N-acetylcysteine (H) or thiosalicylic acid (@) led to a
concentration-dependent inhibition of platelet aggregation. Gluta-
thione (A) had no potentiating effect on either dinitrate (a and b).
Results are expressed as % inhibition of platelet aggregation. Each
point is the mean * s.e.mean of 3 experiments.

Potentiation by thiols

NAC or TSA (both at 0.5 mM) potentiated the effects of
1,2-GDN or 1,3-GDN (175-700 uM) on thrombin-induced
platelet aggregation in the absence of SMC or EC (Figure 4a
and b). The ICs, was 422+ 10 uM and 470 £ 10 uM for 1,2-
GDN or 1,3-GDN in the presence of NAC and 480 * 5 um
or 420 £ 15 uM for 1,2-GDN or 1,3-GDN in the presence of
TSA. The inhibition of platelet aggregation observed with
either dinitrate in the presence of NAC or TSA was
abolished by co-incubation with OxyHb (10 uM; Table 1). In
contrast to NAC or TSA, GSH (at 0.5 mM) had no effect on
inhibition of platelet aggregation in the presence of the di-
nitrates (n =4, Table 1).

Discussion

The activity of GTN and other organic nitrates such as
isosorbide dinitrate (ISDN) require bioconversion to NO in
order to elicit vasodilatation (Ignarro er al., 1981; Murad,
1986) and inhibition of platelet aggregation (Benjamin et al.,
1991; Salvemini et al., 1992a); they can therefore be con-
sidered as prodrugs. These effects of NO are the result of
stimulation of the soluble guanylate cyclase and increase in

guanosine 3’:5'-cyclic monophosphate (cyclic GMP) levels
(Mellion et al., 1980; Ignarro et al., 1981). The biological
effects of NO are abrogated by OxyHb which oxidizes NO to
nitrate (Haussmann & Werringloer, 1985). GTN has three
nitrate groups and there is, therefore, the possibility of a
cascade reaction generating NO in turn from GTN, then
from GDN and finally from glyceryl mononitrate. The main
finding of this study is that the second reaction can take
place in endothelial cells and in vascular smooth muscle cells.
Thus, the two metabolites of GTN, 1,2-GDN and 1,3-GDN
are converted to NO by endothelial cells and vascular
smooth muscle cells causing vasorelaxation and inhibition of
thrombin-induced platelet aggregation. Earlier studies have
shown a correlation between the vasorelaxant effects of GTN
with increase in tissue levels of cyclic GMP and the forma-
tion of the 1,2-GDN and 1,3-GDN. Increase in cyclic GMP
and appearance of GDNs preceded vasorelaxation (Brien et
al., 1986; 1988; Kawamoto et al., 1990). Taken together the
data suggest that the metabolites of GTN following their
bioconversion to NO, play a role in the pharmacological
action of their parent compound.

In our studies 1,2-GDN was found to be somewhat more
potent than 1,3-GDN on vascular smooth muscle. Biotrans-
formation of GTN in vascular smooth muscle preferentially
gives rise to the 1,2-GDN but the ratio between 1,2-GDN/
1,3-GDN varies depending upon the type of vascular smooth
muscle tested (Brien er al, 1988; Slack et al., 1989;
Kawamoto et al., 1990). In man, oral intake of GTN leads to
two fold higher levels of 1,2-GDN as compared to 1,3-GDN,
indicating that of the two metabolites, 1,2-GDN is probably
the most important (Kwon et al., 1992). The concentrations
at which the GDNs exerted their vasorelaxant and anti-
platelet effects were 10—20 times higher than those of GTN
(Salvemini et al., 1992a). The reason for this lower activity is
not known but may be related to the lower lipid solubility of
the GDNs as compared to GTN (Fung, 1991). For example,
the lipohilic isosorbide dinitrate is about ten times more
potent than the more polar isosorbide-5-mononitrate (see
Ahlner et al, 1991 for review). The difference in lipid
solubility and, therefore in potency is compensated for by the
longer half-lives of the more polar metabolites. Thus, GTN
has a very short half-life, (1-2 min) whereas the GDNs have
half-lives of 30—40 min (see Ahlner et al., 1991 for review).
Following a constant intravenous infusion of GTN or app-
lication of GTN patch, the levels of GTN reach a steady
state within minutes whereas the levels of the GDNs
accumulate to a steady state within about 2—-3 h (Lee ez al.,
1990; Nakashima ez al., 1990). The resulting blood levels of
GDNs are 10-20 times higher than those of GTN. Inhibition
of platelet aggregation following intravenous infusion of
GTN has been shown to be better correlated to the levels of
GDNs than to the levels of GTN (Karlberg e al., 1992).
Thus, the results of our studies agree well with phar-
macokinetic data supporting a role for GDNs in the effects
of intravenous GTN.

The role of the GDNs becomes even more important
following oral administration of GTN. As pointed out
already by Needleman and coworkers (Needleman et al.,
1969; Needleman, 1975) and later confirmed by others (see
Ahlner et al, 1991 for review), oral GTN is completely
removed by first pass metabolism leading to the formation of
GDN metabolites. Following oral administration of GTN in
doses giving prolonged (6—8 h) pharmacological effects, no
plasma levels of GTN could be found (Nyberg & Westling,
1981; Kwon et al., 1992). However, under these circum-
stances, the plasma levels of its metabolites were of the same
order of magnitude as those which, when given intra-
venously, depressed blood pressure and increased pulse rate
(Lau ez al., 1991; Gumbleton & Benet, 1991). Following oral
GTN treatment the GDN metabolites should, therefore, be
responsible for most of the clinical effects of GTN.

In the present study we have also provided evidence for
release of NO from the GDNs following their interaction
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with thiols. It was already known that GTN can generate
NO both enzymatically in various cells and non-enzym-
atically by the action of thiols (Gruetter & Lemke, 1985;
Sakanashi er al., 1991; Chung & Fung, 1990; 1991; Feelisch
& Kelm, 1991; Salvemini et al., 1992a,b). Here we found that
TSA and NAC but not GSH can release NO from the GDNs
(as indicated by an OxyHb-sensitive inhibition of platelet
aggregation). Glutathione is more potent than NAC in
releasing NO,~ from the GDNs but it failed to potentiate
their anti-platelet effects, indicating that GSH does not form
NO from the GDNs. Thus, the effects of GSH on NO and
NO,™ release from the dinitrates are similar to its effects on
GTN (Feelisch & Noack, 1987; Feelisch et al, 1988;
Salvemini et al., 1993). TSA produced equal amounts of
NO," to those produced by GSH, but in contrast to GSH it
was as effective as NAC (which produced less NO,~ than
TSA) in potentiating the anti-platelet effects of the GDNs
and thus in releasing NO. This indicates that as for GTN
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Study of the mechanism of the relaxant action of (+)-glaucine

in rat vas deferens
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1 Effects of the aporphinoid alkaloid, (+)-glaucine, on rat vas deferens were investigated.

2 (+4)-Glaucine (2-18 uM) competitively inhibited contractions induced by noradrenaline and methox-
amine with a pA, value of about 6.

3 (+)-Glaucine (2 and 18 uM) did not change the accumulation of tritium during incubation of the vas
deferens with [*H]-noradrenaline.

4 (+)-Glaucine (0.3 nM—0.1 mM) inhibited specific [’H]-prazosin binding to membranes from rat vas
deferens with a pK; value of 6.63, which is close to the pA, value obtained against noradrenaline and
methoxamine in functional studies.

5 In electrically-stimulated rat vas deferens, (+)-glaucine (0.3—10 uM) enhanced twitch contractions
and competitively antagonized the inhibitory effect of clonidine with a pA, value of 5.91.

6 In tissues incubated in depolarizing calcium-free high-potassium medium, (+)-glaucine (30-80 uMm)
inhibited Ca?*-induced contractions with depression of the maximal response at higher doses and with a
pD’; value of 3.65. Furthermore, (+)-glaucine (50 uM) did not modify basal “Ca uptake but strongly
inhibited the influx of **Ca induced by K*.

7 These results suggest that (+)-glaucine has non-selective a;- and a,-adrenoceptor blocking properties.
At higher doses, (+)-glaucine shows calcium antagonist activity which may be responsible, at least in
part, for the inhibition of the contractions induced by Ca’* in calcium-free high-potassium medium.

Keywords: Rat vas deferens; (+ )-glaucine; a,-adrenoceptor blocking agents; calcium antagonist activity

Introduction

(+)-Glaucine [(S)-1,2,9,10-tetramethoxyaporphine] is an apor-
phinoid alkaloid isolated from the above-ground parts of
Glaucium flavum Crantz (Papaveraceae) (Ivanov & Ivanova,
1958). It is structurally related to papaverine and displays a
range of pharmacological actions including antitussive (Kasé
et al., 1983), analgesic and central nervous system depressor
activities (Petkov et al., 1979; Berthe et al., 1983).

Like papaverine, (+)-glaucine relaxes vascular and non-
vascular smooth muscle. The mechanism of this activity is
unknown and seems to be different from that of papaverine
(Cortés et al., 1990). Several hypotheses have been advanced,
including an inhibition of adenosine 3’:5'-cyclic monophos-
phate (cyclic AMP) phosphodiesterase in intestinal smooth
muscle (Petkov & Stancheva, 1980) and bovine aorta (Ivorra
et al., 1992). In rat uterus, (+)-glaucine shows relaxant
activity, possibly related to inhibition of Ca?* entry through
potential-operated Ca?* channels (Anselmi et al, 1992).
Similar Ca?*-antagonist properties have been described in rat
cerebral cortex, where (+)-glaucine inhibits [*H]-(+)-cis-
diltiazem binding (Ivorra et al., 1992). The relaxant action of
(+)-glaucine in rat aorta seems to be related to «;-
adrenoceptor blockade because it inhibits the contractile re-
sponse induced by noradrenaline more strongly than that
induced by KCl (Orallo et al., 1991; Ivorra et al., 1992).
Results obtained in rat cerebral cortex (Loza et al., 1991;
Ivorra et al., 1992), where (+)-glaucine blocks [*H}-prazosin
binding, are also in favour of an adrenoceptor blocking
action.

In view of these reports and with the aim of elucidating the

' Author for correspondence at: Departamento de Farmacologia,
Facultad de Farmacia. Universidad de Santiago de Compostela,
Campus Universitario, E-15706 Santiago de Compostela (La
Coruiia), Spain.

mechanism of the spasmolytic action of (+)-glaucine in non-
vascular smooth muscle, we have studied the effect of this
alkaloid on: (a) tension responses to noradrenaline, methox-
amine and CaCl, (in calcium-free high-potassium medium), on
neuronal uptake of [*H}-noradrenaline and on “Ca influx
(basal and K *-induced) in rat vas deferens, (b) specific binding
of [PH)-prazosin in rat vas deferens cell membranes and (c)
contractions in electrically-stimulated preparations.

Methods

Male Sprague-Dawley rats (250—300 g) were killed by a blow
on the head and exsanguinated. Whole vasa deferentia were
removed, placed in a Petri dish with Krebs bicarbonate
solution [composition mM: NaCl 119, KCl 4.7, CaCl, 2.5,
MgSO, 1.2, KH,PO, 1.2, NaHCO; 25, disodium salt of
ethylenediaminetetraacetic acid (EDTA) 0.03, ascorbic acid
0.56 and glucose, 11] and cleaned of connective tissue and
blood vessels.

Contraction studies

General procedure The isolated organ was set up in an
organ bath containing 10 ml Krebs bicarbonate solution ther-
moregulated at 37°C and bubbled with carbogen (95%
0, + 5% CO,). The preparation was equilibrated at a resting
tension of 0.5g for at least 1h, during which the
physiological solution was replaced every 10 min. Tension
responses were measured by means of a Letica TRI 110
isometric transducer and recorded on a Letica Unigraph
1000-506 polygraph.

Postjunctional functional studies Cumulative concentration-
response curves were obtained by the method of Van Ros-
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sum (1963) administering the next higher dose after a steady
state level had been reached. In experiments with
noradrenaline, four consecutive concentration-response
curves were obtained at 60-min intervals to allow washout
and to minimize the possibility of receptor desensitization;
the first curve differed from the last three, which were repro-
ducible. In the contralateral preparation, after obtaining two
similar control curves with the agonist, tissues were incubated
with (+)-glaucine for 10 min (a sufficient exposure time to
achieve equilibrium) and a fourth curve was constructed. In
experiments with methoxamine, successive concentration-
response curves determined in one preparation were not re-
producible. Control curves and (+)-glaucine curves were
therefore constructed in different preparations. The alkaloid
was administered 10 min before construction of the curve.
Calcium concentration-response curves were determined as
follows. After an equilibration period of 1 h in Krebs bicar-
bonate solution, tissues were incubated for 30min in
calcium-free depolarizing Krebs bicarbonate solution (con-
taining 50 mM KCIl instead of the equivalent amount of
Na(Cl). Calcium chloride (100 uM—30 mM) was then added to
the bath in stepwise fashion. After two reproducible control
concentration-response curves had been obtained, (+)-
glaucine was added 10 min before initiation of a third curve.

Prejunctional functional studies Platinum ring electrodes
were placed above and below the vas deferens, and con-
tinuous field stimulation was applied by 2 ms square wave
pulses at supramaximal voltage (40—60 V) and a frequency of
0.1 Hz (Narco SI-10 stimulator). In the first set of
experiments, carried out when the twitch response to field
stimulation had become stable, (+)-glaucine was added to
the bath in a stepwise cumulative fashion in order to evaluate
potentiation of the response. In the second set of
experiments, cumulative clonidine concentration-response
curves were obtained by Van Rossum’s method (1963), fol-
lowing 10 min of exposure to a single dose of (+)-glaucine to
minimize the possibility of receptor desensitization. The cont-
rol response to clonidine was obtained in the contralateral
preparation. The antagonist potency of (+)-glaucine against
clonidine in each preparation was evaluated as pA, calculated
from Schild plots (Arunlakshana & Schild, 1959).

[’H ]-noradrenaline uptake

After an initial 60-min equilibration period in Krebs bicarb-
onate solution containing B-oestradiol (10 uM) to block extra-
neuronal uptake, maintained at 37°C and bubbled with
carbogen, the vas deferens was incubated in the same solu-
tion with 32nM L-[7,8-*H]-noradrenaline (specific activity
9.3 Ci mmol~"') for 60 min. To investigate the action of (+)-
glaucine, the alkaloid was added to the Krebs solution
15 min before the start and during the incubation with [*H}-
noradrenaline. At the end of each experiment, tissues were
removed, blotted dry, weighed and digested in 1 ml H,0,
(110 volumes) at 115°C for 90 min. After cooling, 5ml of
Ready Safe HP Beckman was added and the radioactivity
measured in a liquid scintillation counter (Beckman LS
3801).

“Ca influx

Tissues were equilibrated for at least 60 min in Krebs bicarb-
onate solution (containing 0.2 mM instead of 2.5 mM CaCl,)
maintained at 37°C and bubbled with carbogen. Afterwards,
the tissues were incubated for 5 min in a solution containing
0.18 uM #*Ca (specific activity 28.60 mCi mg~') with or with-
out K* (50 mM). To investigate the effect of (+)-glaucine on
basal and induced *Ca uptake, the alkaloid was added to the
bath 15 min before and during incubation with “Ca.
Preparations were then washed for 30 min in 250 ml of
La’* solution [composition mM: NaCl 119, KCl 4.7,
tris(hydroxymethyl)-aminomethane 5, MgSO, 1.2, LaCl; 50

and glucose 11 (pH = 6.8)] in order to remove extracellular
Ca?* from the tissue. Tissues were then removed, blotted dry,
weighed and digested in H,O, and their radioactivity
measured following the procedures described above.

[*H ]-prazosin binding

The potencies of drugs in competing for the specific [PH}-
prazosin binding were determined as described previously
(Sallés & Badia, 1991). Crude membrane preparations
obtained from a pool of six whole vasa deferentia were used
in a single experiment. Briefly, tissues were homogenized in
10 ml of ice cold buffer (50 mM Tris-HCl, pH 7.5) with a
polytron type homogenizer (Rafer,q, setting 6,2 X 155s). The
homogenate was filtered through a double layer of surgical
gauze and centrifuged at 50,000g for 20min at 4°C.
The resulting pellet was washed twice by resuspension and
centrifugation under the same conditions. The final pellet was
resuspended in incubation buffer to give a final protein con-
centration of approximately 2 mg ml-".

The potencies of (+)-glaucine, (£)-WB 4101 and prazosin
in competing for specific [PH]-prazosin binding sites were
determined in triplicate by incubation of 100 pul of tissue
preparations with a single concentration (0.2-0.3 nM) of
[PH]-prazosin (specific activity 76 Ci mmol~") in the presence
or absence of 13-15 concentrations of drugs in a final
volume of 0.5 ml. After 45 min of incubation at 25°C, the
reaction was terminated by addition of 5ml of the same
buffer and rapid filtration over a glass fibre filter (Whatman
GF/C) using a Brandel M24R cell harvester. The filters were
washed 3 times with 5ml of 50 mMm Tris-HCl (pH 7.5) and
subsequently dried at 65°C for 2 h. The radioactivity retained
in the filters was determined in a liquid scintillation counter
(LKB 1209 Rackbeta) with an efficiency of 50—60%. Phen-
tolamine (10 uM) was used to define non-specific binding
which was usually less than 25% of total binding. Membrane
protein content was determined according to the method of
Bradford (1976) with bovine serum albumin as standard.

Expression and statistical analysis of results

Unless otherwise specified, results shown in the text and
figures are expressed as means * s.e.mean. Statistical
differences between two means (P<0.05 or P<<0.01) were
determined by Student’s two-tailed ¢ test for paired or
unpaired data.

Ligand binding data were analysed with a computerized
curve-fitting programme (Graphpad Inplot). Competition
data were first fitted to a one- and then a two-site model and
F-test analysis was used to decide whether a model of one or
two binding site fit was more appropriate (P <<0.05). ICs,
values were transformed into K; values as described by Cheng
& Prussoff (1973). Pseudo Hill coefficients (ny), pKi ngn and
pPKi 1w (—log K; for high or low affinity sites, respectively)
were also determined.

In functional postsynaptic studies, contractile responses to
constrictor agents (in the presence or absence of (+)-
glaucine) are expressed as a percentage of the maximal res-
ponse to the agonist in the absence of (+)-glaucine. In
presynaptic studies, responses are expressed as a percentage
of the control response to a single-stimulus pulse in the
absence of (+)-glaucine or yohimbine.

Constrictor agent pD, values (negative log,, of the molar
concentration of agonist required to elicit 50% of the max-
imal response) were calculated (Van Rossum, 1963). (+)-
Glaucine pA, values were obtained according to Arunlak-
shana & Schild (1959), by linear regression of Schild plots
derived from mean concentration-response curves; 95%
confidence intervals for both pA, and slopes are included
where appropriate (calculated according to Tallarida & Mur-
ray, 1987). Antagonist pD’, value (negative log;o of the molar
concentration of antagonist required to cause a 50% depres-
sion of the maximal response of the agonist) was calculated
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as the x-intercept of the regression of log (X-1) on —log
[antagonist], where X is the ratio (obtained from mean
concentration-response curves) of the maximal control re-
sponse to the agonist over the maximal response to the
agonist in the presence of the antagonist. Again, 95%
confidence interval for pD’, value is included where appropri-
ate.

[PH]-noradrenaline uptake was calculated from the for-
mula: [*H]-noradrenaline uptake [nmol (kg wet tis-
sue)~!] = [counts per minute (c.p.m.) in tissue (wet tissue
weight, kg)~'] X [nmol [°H]-noradrenaline in 1 litre solution
(c.p.m. in 1 litre of solution)~!].

%Ca tissue uptake was calculated from the formula: “*Ca
uptake [nmol (kg wet tissue)~! = [cpm in tissue (wet tissue
weight, kg)~'] X [nmol **Ca in 1 litre solution (c.p.m. in 1
litre of solution)~!]. Note that the numerator of the second
factor in this expression is the concentration of **Ca, not the
total Ca’* concentration.

Drugs, chemicals and radioisotopes

The following drugs were used: (+)-glaucine hydrochloride
(isolated from G. flavum in the Laboratory of Organic Chemis-
try of the University of Santiago de Compostela), (—)-
noradrenaline bitartrate (Sigma), (%)-methoxamine hydro-
chloride (Gayoso-Wellcome), clonidine hydrochloride (Boeh-
ringer-Ingelheim), B-oestradiol (Sigma), prazosin hydrochloride
(Pfizer), (—)-cocaine hydrochloride (Abell0), phentolamine
hydrochloride (Ciba-Geigy), yohimbine hydrochloride (Sigma)
and (%)-WB 4101 [2-(2,6-dimethoxyphenoxyethyl)amino-
methyl-1,4-benzodioxane hydrochloride] (Research Biochemi-
cals). The radioisotopes used were *“Ca (New England
Nuclear), L-[7,8-*H]-noradrenaline (Amersham International)
and [*H]-prazosin (New England Nuclear).

(+)-Glaucine and cocaine were dissolved in de-ionized
water immediately before use. B-Oestradiol was dissolved in
95% ethanol to make a stock solution of 10 mM, and ali-
quots of this solution were then diluted with de-ionized water
prior to use. (—)-Noradrenaline bitartrate and (Z)-meth-
oxamine hydrochloride were prepared daily in de-ionized
water from stock solutions (10 mM) kept at —20°C. Sodium
bisulphite (0.2%) was added to the noradrenaline stock solu-
tion to prevent oxidation. Clonidine hydrochloride, phen-
tolamine hydrochloride, yohimbine hydrochloride and praz-
osin hydrochloride were prepared daily from a stock solution
(1 mM) and kept at — 20°C.

Results

The preparation lacked spontaneous activity. Resting tone
was unaffected by (+)-glaucine (0.5-80 uM) (n = 5).

Contraction studies

Noradrenaline elicited dose-related contractions. The pD,
and maximal tension (mg) values were 5.46% 0.10 and
830 £ 60, respectively (n = 5). (+)-Glaucine (2—18 uM) shifted
the concentration-response curve for noradrenaline to the
right, with an increase of the maximum effect (Figure la).
The pA, value was 5.88 (4.60 to 7.16) and the slope of the
Schild plot [— 0.95 (—2.54 to 0.63)] did not differ signi-
ficantly from unity (P>0.05, n=>5).

Methoxamine produced concentration-dependent contrac-
tion in the rat vas deferens. The pD, value was 5.13 £ 0.15
and the maximal tension (mg) reached was 710 * 64 (n = 5).
(+)-Glaucine (2-8 pM) caused a shift to the right of the
concentration-response curve without depression of the max-
imum response (Figure 1b). The pA, value was 6.14 (4.95 to
7.34), which does not differ significantly from that obtained
against noradrenaline (P>0.05) and the slope [— 0.97
(=246 to 0.51) did not differ significantly from unity
(P>0.05, n=15).

In calcium-free high-potassium (50 mM) medium, addition
of calcium to the bath induced a gradual increase in tension.
The maximal tension reached was 500 + 46 mg and the ECs,
value (50% effective concentration) was 1.66 t 0.14 mM
(n = 5). (+)-Glaucine (30-80 uM) antagonized non-compet-
itively the Ca*-induced contractions with depression of the
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Figure 1 Cumulative concentration-response curves for (a) nor-
adrenaline (O) in the absence or presence of (+)-glaucine (@, 2 uM;
O, 6um and M, 18 pM); (b) methoxamine (O) in the absence or
presence of (+)-glaucine (@, 2 pum; O, 4 uM and M, 8 pM); (c) Ca?*
in calcium-free high-potassium solution (O) in the absence or
presence of (+)-glaucine (@, 30 uM; O, 50 uM and B 80 puM). Each
point represents the mean value * s.e.mean (indicated by vertical
bars) from 5 experiments. Level of statistical significance with respect
to control curves: **P<<0.01 or *P<0.05.
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maximal response at higher doses (Figure 1c). The pD’, value
was 3.65 (3.13 to 4.18, n=15).

Low frequency stimulation of the intramural axons of the
rat vas deferens (0.1 Hz) produced regular contractions
(476 £ 27 mg) (n = 5). The preparation was very stable with
no spontaneous changes in resting tension, and the contrac-
tions remained constant for at least 3—4 h. (+)-Glaucine
(0.3-10 pM) dose-dependently enhanced the twitch contrac-
tions induced by continuous field stimulation, without in-
creasing basal tension. The maximum percentage increase
(with respect to the control response to a single pulse in the
absence of (+)-glaucine) was 41.3*4.3%, and the EC,
(concentration required to reach 50% of the maximum effect)
was 0.46  0.02 uMm.

Yohimbine (50 nM-0.5 uM) did not affect twitch contrac-
tions, whereas at the dose of 1 uM it inhibited twitch contrac-
tions by 17.0 £ 2.5% (P<<0.05, n=5). At the same dosage,
yohimbine (1 puM) did not antagonize the potentiation of
twitch contractions induced by (+)-glaucine; the ECs, was
0.48 £ 0.06 uM, which does not differ significantly from the
value obtained in the absence of yohimbine (P>>0.05, n = 5).

Electrically-induced contractions of whole vas deferens
were inhibited by low concentrations of clonidine (1-30 nM)
with a pD, value of 8.52 £ 0.16 (» = 5). (+)-Glaucine (0.5-3
puM) shifted the clonidine concentration-response curves to
the right, without depression of the maximal response. The
pA; value [5.91 (4.81 to 7.00)] was similar to those obtained
in postsynaptic functional studies (P>0.05, n=15) and the
value of Schild plot slope, — 1.28 (— 5.64 to 3.07), did not
differ significantly from unity (P>>0.05, n=>5) (Figure 2).

[?H]-noradrenaline uptake

Control tissues accumulated an amount of radioactivity cor-
responding to 206 £ 31 nmolkg=' (n=15) during a 60 min
period of exposure to [*H}-noradrenaline. This accumulation
was markedly inhibited by cocaine 10pum (93.6 £ 7.2 nmol
kg~!; P<0.01, n=>5). (+)-Glaucine (2 and 18 upM) did not
change the accumulation of tritiated material (203 * 19 and
198 £ 21 nmol kg~!, respectively; P>0.05 with respect to
control, n=8).

“Ca Influx

Basal uptake of “Ca by rat vas deferens during a 5min
incubation period was 37.1 £ 1.7 nmolkg~!. (+)-Glaucine

120
1
100+
804

60+

% inhibition

404

20+

log [Clonidine] (m)

Figure 2 Concentration-response curves for the inhibitory effect of
clonidine (O) on electrically evoked twitch contractions of rat vas
deferens and its antagonism by (+)-glaucine (@, 0.5 pm; O, 1 pum
and B, 3pm). Each point represents the mean * s.e.mean of 5
experiments. Level of statistical significance with respect to curves
without (+)-glaucine: **P <0.01 or *P<<0.05.

Table 1 Inhibition of specific [*H]-prazosin binding to a)-
adrenoceptors of whole rat vas deferens by antagonists

Antagonist n ny PK high PKiwow % Rpign
Prazosin 5 097%0.08 9.43+0.03 - 100
(£)-WB 4101 5 0.70+0.04 9.89+0.03 8.59+0.13 374
(+)-Glaucine 6 092%004 6.63%0.10 - 100

Data are expressed as means * s.e.mean of n experiments
and carried out with a membrane pool from 6 vasa deferen-
tia.

(10 and 50puM) did not affect this value significantly
(41.8 %+ 1.4 and 42.0 = 1.3 nmol kg~!, respectively; P>>0.05,
n=>5).

High K* (50 mM) significantly increased “Ca uptake
(116.8 £ 5.7 nmol kg~!; P<0.01, n=5). (+)-Glaucine (50
pM), added 15 min before high K*, considerably reduced this
value (67.8 £ 2.7 nmolkg™!; P<0.01, n=15). A lower dose
of (+)-glaucine (10 uM) had no significant inhibitory effect
(1122 6.5, P>0.05, n=5).

[*H ]-prazosin binding

Specific [*H]-prazosin binding to membranes from whole rat
vas deferens was inhibited by (+)-glaucine (0.3 nM—0.1 mM),
prazosin (0.03 nM-0.1 uM) and (+)-WB 4101 (3 pM-3 uM).
Unlabelled prazosin and (+)-glaucine inhibited specific [*H]-
prazosin binding in a monophasic manner with a single pKX;
value for each drug (Table 1). In contrast, the inhibition
curves for (+)-WB 4101 were shallow and analysis revealed
that data were better fitted by a two site model. In these
experiments the absolute value of [PH]-prazosin binding
averaged 23911 90d.p.m. and non-specific binding in
presence of phentolamine (10 uM) averaged 579 + 45d.p.m.
in the same preparations (n = 48).

Discussion

In the present work, we have investigated the relaxant effect
of (+)-glaucine on rat vas deferens. Our results show that
(+)-glaucine inhibits the contractions induced by
noradrenaline and methoxamine more strongly than those
induced by Ca’* in calcium-free high-potassium medium.
This may be due to an antagonism at postjunctional a;-
adrenoceptors because (+)-glaucine caused a shift to the
right of the noradrenaline and methoxamine concentration-
response curves, without depression of the maximal response.
The slope values in Schild plots were not significantly
different from unity, suggesting competitive antagonism. Fur-
thermore, the pA, values of (+)-glaucine against methox-
amine (a selective a;-adrenoceptor agonist) and noradrenaline
(an «,- and a,-adrenoceptor agonist) (Starke et al., 1975)
were similar, in accordance with the view that the alkaloid
interacts with «,-adrenoceptors. Similar results have been
reported by Orallo et al. (1991) in rat aorta.

(+)-Glaucine increased the maximal response to
noradrenaline. This phenomenon, which has been described
previously for certain a-adrenoceptor antagonists (Jurkiewicz
& Jurkiewicz, 1976, Roquebert et al., 1981), could be due to
an interference with the neuronal noradrenaline uptake pro-
cess (Furchgott, 1972; Kenakin, 1985) because it was not
observed with noradrenaline in preparations preincubated
with cocaine (data not shown) or with methoxamine, which
is not taken up into noradrenergic neurones. However, (+)-
glaucine did not reduce the accumulation of tritium in tissues
exposed to [°H]-noradrenaline and, hence, presumably did
not significantly inhibit this uptake mechanism. Other
mechanisms are therefore implicated, such as a sensitization
to the effects of noradrenaline (see Jurkiewicz & Jurkiewicz,
1976).

There is increasing evidence for the existence of different
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a,-adrenoceptor subtypes in several tissues, including the rat
vas deferens (Morrow & Creese, 1986; Gross et al., 1988;
Hanft & Gross, 1989; Hanft er al., 1989; Sallés & Badia,
1991). In order to investigate in greater depth whether (+)-
glaucine was able to block the a;-adrenoceptor and to dis-
criminate between these binding sites, radioligand binding
assays were performed. Our results indicate that (+)-
glaucine, like prazosin, interacts with [*H}-prazosin binding in
a monophasic manner whereas the curves for (£)-WB 4101
revealed the existence of two binding sites. These results
confirm and extend previous results obtained in rat cerebral
cortex (Loza et al., 1991; Ivorra et al., 1992). The pK; value
for (+)-glaucine inhibition corresponded approximately to
the pA, value obtained in functional studies.

Besides blocking a,-adrenoceptors, (+)-glaucine may also
have a,-adrenoceptor antagonistic properties. Therefore, we
evaluated the effects of (+)-glaucine on contraction and
cumulative clonidine concentration-response curves in the
electrically-stimulated rat vas deferens. It has been shown
that noradrenaline and ATP (or a related nucleotide) are
postganglionic sympathetic co-transmitters in rat vas deferens
(Mallard et al., 1992) and that under our experimental condi-
tions (low frequencies and pulse trains of short duration) the
twitch contractions are mainly due to ATP release (see Von
Kiigelgen & Starke, 1991), which can be inhibited presynap-
tically by agents such as clonidine, via activation of a,-
adrenoceptors (Doxey et al., 1977; Drew, 1977, MacDonald
& McGrath, 1980), possibly a,p-adrenoceptors (Smith &
Docherty, 1992). Our results shows that (+)-glaucine
enhances the contractions of electrically-stimulated rat vas
deferens, reverses (data not shown) and competitively
antagonizes the inhibition produced by clonidine, with a pA,
very similar to those obtained against noradrenaline and
methoxamine in non-stimulated rat vas deferens. This sug-
gests that (+)-glaucine is equally effective in blocking
presynaptic (o;) and postsynaptic (a;) adrenoceptors. The
mechanism of enhancement of neurogenic twitches by (+)-
glaucine is not clear and may be related to: (a) an increase of
the noradrenaline and/or ATP concentration in the synaptic
biophase (via presynaptic a,-adrenoceptor blockade and/or
glaucine-related reduction in neurotransmitter degradation or
ATP uptake); (b) sensitization to the effects of noradrenaline
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Adenosine receptor-mediated modulation of acetylcholine
release from rat striatal synaptosomes

Karen A. Kirkpatrick & Peter J. Richardson
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1 The effects of A, and A,, adenosine receptor agonists on the veratridine-evoked release of [*H}-
acetylcholine (PHJ-ACh) from rat striatal synaptosomes was investigated by use of the A,-selective
agonist, R-PIA and the 185 fold selective A,, agonist, CGS 21680. The effects of NECA, which is
equipotent at both receptor subtypes, were also studied.

2 The evoked release of [PH]-ACh was significantly enhanced by the A,, agonist CGS 21680 but
decreased by the A, agonist, R-PIA. The effects of NECA were dependent on the concentration used,
with high concentrations inhibiting and low concentrations enhancing the evoked release of [’H]-ACh.
In the absence of any antagonists, the rank order of potency for these three drugs on increasing
[PH]-ACh release was CGS 21680 > NECA > R-PIA.

3 The stimulatory effects of CGS 21680 and low NECA concentrations on evoked [PHJ]-ACh release
were antagonized by the A,, receptor antagonists, CP66,713 (300 nM) and CGS 15943A (50 nM) whilst
the inhibitory effects of R-PIA were reversed by the selective A, antagonist, DPCPX (4 nM). In the
presence of DPCPX, NECA greatly enhanced the evoked release of PH]-ACh at all concentrations
studied when, during such A, receptor blockade, the rank order of potency was
NECA > CGS 21680 > R-PIA.

4 These results demonstrate that both A, and A,, adenosine receptors modulate the veratridine-evoked
release of [PH}-ACh from rat striatal synaptosomes.

Keywords: Acetylcholine release; A,, adenosine receptors; CGS 21680; CP66,713; CGS 15943A; rat striatum; neuromodulation

Introduction

Adenosine is a potent modulator of neurotransmitter release
in both the peripheral and central nervous systems (Dunwid-
die, 1985; Snyder, 1985; Fredholm & Dunwiddie, 1988; Wil-
liams, 1989). Adenosine exerts its neuromodulatory actions
via four major receptor subtypes, A, A,, Ay and A; which
have been characterized according to their pharmacological
profile, their effects on adenylate cyclase and their organ or
tissue distribution (see Abbracchio et al., 1993).

In the rat, mouse, guinea-pig and human brain the
localization of high affinity A,, receptors has been confined
to the striatum, nucleus accumbens, olfactory tubercle and
lateral segment of the globus pallidus (Jarvis et al., 1989;
Parkinson & Fredholm, 1990; Wan et al., 1990; Martinez-
Mir et al., 1991; James et al., 1992). These excitatory A,,
receptors have been shown to stimulate adenosine 3’:5'-cyclic
monophosphate (cyclic AMP) production in both striatal
membranes and PC12 cells (Brown et al., 1990; Hide et al.,
1992) and enhance the release of [*H]-acetylcholine ([*H]-
ACh) from striatal nerve terminals and the skeletal
neuromuscular junction of the rat (Brown et al., 1990; Cor-
rera de Sa et al., 1991). A,, adenosine receptors also increase
hippocampal excitability (Sebastido & Ribeiro, 1992),
enhance the release of excitatory amino acids from ischaemic
cerebral cortex of the rat (Simpson et al., 1992), and regulate
cardiovascular function via actions in the nucleus tractus
solitarius (Barraco & Phillis, 1991).

However, recent in situ hybridisation studies in the dog, rat
and human brain have revealed, that while the cloned A,,
adenosine receptor (RDC8) can be localized to the caudate,
putamen and nucleus accumbens, this receptor is only present
on the medium sized neurones (Schiffman ez al., 1990; 1991a)
and not on either substance P containing nor ACh contain-
ing nerves (Schiffman et al., 1991b). In an independent study,
Fink et al. (1992) suggested that the cloned rat A,, receptor

! Author for correspondence.

(DT-35), which has considerable sequence homology with
RDCS8, is expressed exclusively in a subpopulation of striatal
neurones that also express dopamine D, receptors.

In the light of these findings, it was necessary to charac-
terize the A,, receptor responsible for the stimulation of
acetylcholine release in the striatum. The 180 fold selective
(over the A, receptor) A,, agonist, CGS 21680, was used
since it has also been reported to have no effect on Ay,
receptors (Hutchinson et al., 1989; Lupica et al., 1990). If the
presence of such a receptor on cholinergic nerves could be
confirmed, it would suggest that more than one A,, subtype
exists in the striatum.

Methods

Preparation of crude synaptosomal fraction (P,)

Wistar rats were killed by a blow to the head, decapitated
and the brains quickly removed into ice-cold 0.32 M sucrose.
The striata were dissected free and crude synaptosomal frac-
tions (P,) prepared according to the method of Gray &
Whittaker (1962). The P, pellet was then resuspended in
ice-cold standard reaction mixture (SRM) of the following
composition (mM): NaCl 125, KCl 4.75, MgCl, 1.4, CaCl,
2.0, HEPES 20.0 (pH 7.4) glucose 10.0. The SRM contained
physostigmine 100 uM throughout. The synaptosomes were
incubated with  1pM  [methyl-*H]-choline  chloride
(2.5puCiml™") for 30min at 37°C. The concentration of
labelled choline used is well below the K., for the low affinity
uptake and has been shown to be sodium and hemicholinium
dependent (Pittel et al., 1990). After radiolabelling, the
synaptosomes were washed three times with ice-cold SRM,
centrifuging (10,000g, 2min, 4°C) between washes.
Adenosine deaminase (4 uml~') was added after the final
resuspension to reduce the effects of endogenous adenosine.
The resuspended synaptosomes were kept on ice and
200-250 pul samples pipetted out when required.
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Immunoaffinity purification of cholinergic nerve
terminals

Cholinergic nerve terminals were affinity purified from rat
striatum using sheep anti-(Chol-1) serum and a mouse anti-
(sheep IgG) immunoadsorbent as previously described
(Richardson et al., 1984; Richardson, 1986). The yield of
cholinergic nerve terminals is expressed as units (1 nmol h~!
at 37°C) of choline acetyltransferase (EC 2.3.1.6) activity and
amounted to approximately 10% of the initial activity pres-
ent. The purity of terminals used in these experiments was
routinely assessed by measuring the % recovery of choline
acetyltransferase and lactate dehydrogenase (EC 1.1.1.27).
The preparations used showed a 7.0 £ 1.0 (» = 3) fold greater
yield of choline acetyltransferase over lactate dehydrogenase,
which corresponds to cholinergic nerve terminals of very high
purity (Richardson, 1981). All the experiments were per-
formed with nerve terminals still attached to the solid phase
immunoadsorbent.

Release of radiolabelled ACh and choline

A,- and Aj-adenosine receptor agonists and/or antagonists
were added to microcentrifuge tubes immediately prior to
each reaction, while SRM only was added to control
(veratridine-only) and basal samples.

Portions (220-250 pul) of the P, fraction were added to
each tube at the onset of each reaction and the samples
incubated at 37°C for 2 min, the final volume being 250 pl.
For basal efflux, ethanol, the vehicle for veratridine, was then
added to each sample while in evoked-release samples, verat-
ridine (75 uM) was added. The microcentrifuge tubes were
then gently inverted and the sample returned to the water
bath for a further 2 min. The reaction was stopped by cent-
rifugation at 10,000 g for 2min at 0°C, 75ul samples
(representing the total release of radiolabelled compounds) of
the supernatant were removed for scintillation counting. [°H]-
ACh was extracted from the remaining supernatant as des-
cribed below. Total radioactivity remaining in the pellet was
measured by solubilizing the pellets overnight in 0.2 ml of
20% Triton X-100. The pellets were then resuspended and
counted on a Packard Tricarb liquid scintillation counter.

In desensitization experiments, half of the immunoaffinity
purified cholinergic nerve terminals derived from 600 mg tis-
sue were preincubated with 5’-N-ethylcarboxamide adenosine
(NECA, 100pM) and 1,3-dipropyl-8-cyclopentylxanthine
(DPCPX, 4 nM) for 2 min prior to veratridine stimulation as
above. The other half of the preparation was incubated with
NECA (100 pM) and DPCPX (4 mM) for 10 min prior to
stimulation. After their 10 min incubation with NECA, the
terminals were washed and resuspended in fresh SRM con-
taining the same concentrations of NECA and DPCPX as
before and then incubated with NECA for a further 2 min
before stimulation with veratridine.

Extraction of [*H]-ACh

Radiolabelled ACh was extracted from the supernatant by a
modified version of the choline kinase method described by
Pittel ez al. (1990). In these experiments, 75 pl of the reaction
supernatant was removed to fresh microcentrifuge tubes and
300 ul of 50 mM glycylglycine buffer (pH 8.5) containing
(mM): adenosine 5’ triphosphate (ATP) 50.0, MgCl, 1.2 and
0.08 u of choline kinase ml~! added. The final volume was
375 pl. The microcentrifuge tubes were then gently vortexed
and incubated at 37°C for 30 min. The phosphorylation pro-
cess was stopped immediately by placing the tubes on ice and
then adding 700 pul of heptanone containing tetraphenylboron
(10 mg ml~!). To extract the unwanted phosphorylated cho-
line into the aqueous layer and to separate the two phases
that were produced, the samples were thoroughly shaken and
vortexed for Ss before being centrifuged at 10,000 g for
3 min; 600 pl of the organic layer, containing the [*H]-ACh,

was removed and added to 600 ul 1 M hydrochloric acid to
back extract the PH]-ACh. Then 500 pl of the acid contain-
ing PH]-ACh was counted in 8 ml of scintillant (Emulsifier
Safe, this represents total PH]-ACh release). [’H]-ACh release
in each tube was expressed as a fraction of the total radio-
activity of each sample (i.e. [’H]-ACh released divided by
total label released + total label remaining in pellet). The
amount of veratridine-evoked release was obtained after sub-
tracting the appropriate basal values (i.e. without veratri-
dine). The effects of increasing concentrations of A, and A,,
receptor agonists were assessed by comparing the fraction
release of ['H]-ACh evoked by veratridine in their presence,
with the fractional release of [’H}-ACh evoked by veratridine
in their absence. In those experiments involving antagonists,
the control tubes also included the antagonists.

Drugs and chemicals

5'-N-ethylcarboxamide adenosine (NECA), R-NS-phenyliso-
propyladenosine (R-PIA), adenosine deaminase, physostigmine
veratridine, ATP, glycylglycine, heptanone and tetraphenyl-
boron were all obtained from Sigma. (2-[p-(2-Carboxyethyl)
phenylethylamino]-5'-N-ethylcarboxamidine adenosine) (CGS
21680) and 1,3-dipropyl-8-cyclo-pentylxanthine (DPCPX)
were obtained from Research Biochemicals Incorporated.
4-Amino-1-phenyl-[1,2,4] triazolo [4,3-a] quinoxaline (CP66,713)
was a generous gift from Dr R. Sarges, Pfizer Central
Research, CT, U.S.A. Stock solutions of CP66,713 and
DPCPX were dissolved in dimethylsulphoxide (DMSO,
Sigma), the final DMSO concentration in reaction tubes
being 0.02%. 9-Chloro-2-(2-furanyl)-5, 6-dihydro-1,2,4-tri-
azolo [1,5-c] quinazoline-5-imine (CGS 15493A) was a gener-
ous gift from Ciba Geigy; stock solutions were dissolved in
ethanol. Salts used in SRM and other buffers were obtained
from Fisons Laboratory Supplies and [methyl-*H]-choline
chloride (specific activity 79.3 Cimmol~!) was purchased
from Amersham.

Statistics

All results are given as mean * s.e.mean and » equals the
number of individual experiments. Results were compared by
a two-tailed Student’s ¢ test.

Results

In control experiments, addition of veratridine (75 uM) to
synaptosomes significantly enhanced the efflux of PH]-ACh.
In the presence of veratridine the fractional release of [*H}-
ACh increased from a basal level of 0.099 X 0.008 to 0.150
0.007 (P<0.001, n = 7). The effects of increasing concentra-
tions of the A, and A, adenosine receptor agonists, R-PIA,
NECA and CGS 21680 on veratridine-evoked [*H}-ACh
release from rat striatal synaptosomes is shown in Figure 1.
The highly selective A,,-adenosine receptor agonists, CGS
21680, produced a dose-dependent increase in the evoked
efflux of PH]-ACh, its effects were maximal at 10~'°M and
statistically significant at concentrations as low as 10~''M
(n=3, P<0.01). The potentiation of [*H]-ACh release was
less marked with higher concentrations (= 10-7 M) of CGS
21680. Similarly, NECA, which is equipotent at A, and A,
adenosine receptors, produced a significant increase in the
veratridine-evoked release of [*H]-ACh; this enhancement
was statistically significant at concentrations of 10-M or
less (n=4, P<0.01). Unlike CGS 21680, which is 185 fold
selective for A,, adenosine receptors, NECA (10~°Mm)
decreased the release of PH]-ACh (not shown).

Conversely, the A -adenosine receptor agonist, R-PIA pro-
duced a decrease in the release of [PH]-ACh which was
statistically significant at all the concentrations studied; its
effects were maximal at 10~° M where the release of [’H}-ACh
was reduced by 66 £ 8.6% (n=3, P<<0.001).
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Figure 1 Modulation of veratridine-evoked [PHJ-ACh release by
adenosine agonists. The results are expressed as % change in [*H}-
ACh release when compared to control incubations without agonists,
and are means * s.e.mean. CGS 21680 (solid columns, » = 3), R-PIA
(open columns, n = 3), NECA (hatched columns, n = 5). Significant
difference from control: *P<0.05, **P<0.01, ***P<0.001. For
abbreviations, see text.

A, adenosine receptor antagonism

The results from similar experiments, repeated in the
presence of the 750 fold selective A, adenosine receptor
antagonist, DPCPX are shown in Figure 2. Preincubation of
the synaptosomes with DPCPX (4 nM) for 2 min prior to
veratridine stimulation had little effect on the enhancement of
[PH]-ACh release by CGS 21680 but the stimulatory effect of
NECA, which is equipotent at A, receptors under control
conditions, was greatly augmented; under these circumstances
NECA significantly enhanced the release of labelled ACh at
all the concentrations studied (see Figure 2). In the presence
of DPCPX, R-PIA actually produced an increase in the
veratridine-evoked release of [’H]-ACh. Indeed, only when
the concentration of R-PIA was greater than 10-°M was
there any decrease in the release of [*HJ-ACh.

A, adenosine receptor antagonism

The effects of 2 min preincubation with 300 nM CP66,713 on
A, and A,, mediated adenosine responses are shown in
Figure 3. CP66,713 significantly impaired the ability of CGS
21680 to enhance [*H]-ACh release. Indeed, when low con-
centrations of the A,, agonist were used some inhibition,
which was not statistically significant, was observed. How-
ever, CGS 21680 was able to enhance the release of PH]-ACh
at concentrations greater than 10~® M. In these experiments,
the maximal increase in [PH]-ACh release (27.4 * 6.0%) was
obtained when 10-"M CGS 21680 was used. Similar results
were obtained with the more potent but less selective A,-
adenosine receptor antagonist, CGS 15943A. As shown in
Figure 4, CGS 15943A (50 nM) inhibited the excitatory effect
of CGS 21680 on [*H}-ACh release. In fact, low concentra-
tions of CGS 21680 actually inhibited the release of [*H]-
ACh; however, higher concentrations increased the evoked
release of [PH]-ACh although the enhancement was less
marked than with CGS 21680 alone.

In the presence of 300 nM CP66,713, NECA was unable to
enhance the veratridine-evoked release of [*H]-ACh; in fact,
under these experimental conditions, NECA inhibited the
efflux of PH]-ACh at all the concentrations studied although
this inhibition was not statistically significant (Figure 3). The
inhibitory effects of R-PIA on [PH]-ACh release were little
affected by A,, receptor blockade, until the concentration
R-PIA reached 10-°M, then the inhibition by R-PIA in the
presence of CP66,713 was greater than observed with R-PIA
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Figure 2 Modulation of veratridine-evoked [PH}-ACh release by
adenosine agonists in the presence of DPCPX. DPCPX (4 nM) was
included in all incubations and the ability of CGS 21680 (solid
columns, n = 6), R-PIA (open columns, n=4) and NECA (hatched
columns, n=3) to modulate the release determined as described.
Significant difference from control as in Figure 1. For abbreviations,
see text.
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Figure 3 Modulation of veratridine-evoked [PH]-ACh release by
adenosine agonists in the presence of CP66,713. CP66,713 (300 nm)
was included in all incubations and the ability of CGS 21680 (solid
columns, n = 3), R-PIA (open columns, » = 3) and NECA (hatched
columns, n=3) to modulate the release determined as described.
Significant difference from control as in Figure 1. For abbreviations,
see text.
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Figure 4 Modulation of veratridine-evoked [*H]-ACh release by
CGS 21680 in the presence of CGS 15943. The ability of CGS 21680
to modulate PH}-ACh release was determined as described, in the
presence (hatched columns) or absence (solid columns) of 50 nM
CGS 15943. The results are means  s.e.mean of 3 experiments.
Significant difference from control as in Figure 1. For abbreviations,
see text.
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Figure 5 Modulation of veratridine-evoked [PHJ-ACh release by
CGS 21680 in the presence of DPCPX and CP66,713. The ability of
CGS 21680 to modulate [PH]-ACh release was determined as des-
cribed, in the presence of 4nM DPCPX (solid columns) and with
both 4 nM DPCPX and 300 nM CP66,713 (hatched columns). The
results are means * s.e.mean of 3 experiments. Significant difference
between the two conditions: *P <<0.05, **P<0.01. For abbrevia-
tions, see text.

alone (c.f. Figure 1). In these experiments, maximal inhibi-
tion of [*’H}J-ACh release occurred at 10-°*M R-PIA where
inhibition was 87 £ 3.4%.

A, and A,, adenosine receptor antagonism

In order to assess the effects of CGS 21680 on A,, receptors
during A, receptor blockade, the effects of CGS 21680 on
PH]-ACh release in the presence of DPCPX (4nM) and
CP66,713 (300 nM) were studied. Under these conditions
CGS 21680 was unable to potentiate the evoked efflux of
[PH]-ACh until concentrations exceeded 10~° M. Unlike the
control experiments where the effects of CGS 21680 were
maximal at 107'°M, under these conditions the maximum
increase in [PH}-ACh release was obtained at 10-"M CGS
21680 and the maximal enhancement of [*H}-ACh overflow
was 51.9 * 10.7%. At low concentrations of CGS 21680 the
release of labelled acetylcholine was actually reduced
although this reduction was not statistically significant (see
Figure 5).

Desensitization experiments

In the presence of the A, antagonist DPCPX (4 nM), the
release of [P’H]-ACh from immunoaffinity purified cholinergic
nerve terminals was enhanced by 23.8 = 12.4% when NECA
(10-'°M) was added 2 min prior to addition of veratridine
(75 uM). However, preincubation with the same concentra-
tion of NECA for 10 min prior to exposure with veratridine
and NECA (10-'°M) produced a statistically significant
decrease in the evoked release of PH]-ACh. This decrease in
the evoked release of [PH]-ACh after 10 min pre-exposure to
NECA was seen in all experiments (n = 4) despite the fact
that DPCPX was present; the mean inhibition was
30.2% 13.9%.

Discussion

The data presented in this paper demonstrate that there are
A, and A,, adenosine receptors, present on the synaptosomal
membrane, that can modulate the release of ’H]-ACh from
rat striatal synaptosomes. Figure 1 shows quite clearly that
while the A, selective agent R-PIA inhibited "H]-ACh efflux,

the release was stimulated by the A,, selective agonist, CGS
21680. The equipotent A,/A, agonist, NECA, had an inter-
mediate effect which appeared as a low level stimulation of
PH]-ACh release.

In an attempt to analyse this system in greater detail the
740 fold A, selective antagonist DPCPX (Kp for A, 0.5 nM,
A, 340 nM, Bruns et al., 1986) was used. This concentration
of DPCPX had little effect on the stimulation by CGS 21680,
other than a slight reduction in the maximal stimulation of
release. This reduction may reflect a reduced ability of the
A,, receptor to stimulate ACh release in the absence of
inhibitory A, receptor function; however further work would
be required to justify such a hypothesis. The most dramatic
effect of DPCPX was seen in its abolition of the inhibitory
effect of R-PIA. Thus the inhibition of ACh release observed
with R-PIA was reversed. Indeed a variable potentiation of
release was seen. DPCPX also augmented the stimulatory
effect of NECA, particularly at agonist concentrations
greater than 1071 M.

The presence of DPCPX allowed us to determine an ap-
parent relative order of potency of the three agonists at the
A,, receptor. From Figure 2 it appears that the order was
NECA>>CGS 21680>R-PIA. It remains to be seen whether
this is significantly different from the order observed when
studying A,, receptor modulation of striatal GABA release
where the rank order of potency of these agonists was CGS
21680> NECA>R-PIA (Kirk & Richardson, 1993).

In the presence of the poorly selective A,, antagonists CP
66,173 (13 fold, Sarges et al., 1990) and CGS 15943A (7 fold,
Williams, 1991), the inhibitory effect of R-PIA was slightly
augmented at high concentrations. This would be consistent
with R-PIA acting on A, receptors at concentrations greater
than 10-7 M. Similarly, the inhibitory effect of NECA pre-
dominated in the presence of such A, antagonists, while the
stimulatory effect of CGS 21680 was considerably reduced.
CGS 21680 was eventually, at much higher concentrations,
able to overcome the A,, blockade and enhance the release of
[PH]-ACh but the maximum enhancement was much less than
that seen when CGS 21680 was used on its own. This is
probably because at the higher concentrations required to
overcome A,, blockade, the CGS 21680 was also acting at A,
adenosine receptors. This view is supported by the fact that,
in the presence of DPCPX and CP66,713 the maximum
enhancement of PHJ-ACh release produced by CGS 21680
was around 52%, substantially more than that seen in the
presence of CP66,713 (about 27%) or CGS 15943A (around
20%) alone.

In the presence of DPCPX, CP66,713 was able to abolish
the stimulatory effect of CGS 21680 at agonist concentrations
less than 10~7 M. The apparent shift in ECsy values for CGS
21680 (approximately 500 fold in the presence of 4 nM
DPCPX and 300nM CP66,713) implied an affinity of
CP66,713 of approximately 10° M~!. This is seven fold higher
than that estimated from binding studies (James & Richard-
son, 1993), but the current estimation may have been comp-
licated by the presence of the A, receptor.

Since the ECsy of CGS 21680 mediated stimulation of
[PH]-ACh release was low (50 pM) compared to other studies
(0.1-10 nM, Hutchinson et al., 1989; Jarvis et al., 1989;
Correra de Sa et al., 1991; Sebastido & Ribeiro, 1992) we
investigated whether this A,, receptor showed desensitization
(Porter et al., 1988; Ramkumar et al., 1991). Our results
support the view that desensitization of this receptor readily
occurs, since in simple in vitro experiments, preincubation of
the synaptosomes with low concentrations of NECA (10~1° M)
for 10 min, prevented NECA from enhancing the release of
PH]-ACh from immunoaffinity purified nerve terminals.
Indeed in desensitized immunoaffinity purified terminals we
found that NECA inhibited the release of [*H]-ACh despite
the fact that DPCPX (4 nM) was present. While this may be
due to the fact that, at this concentration, DPCPX occupies
only around 88% of the A, receptors and thus NECA may
be able to mediate its inhibitory effects via the unoccupied
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remainder; it is also possible that NECA mediates these
DPCPX-resistant inhibitory actions via the newly cloned and
characterized A; receptor (Zhou et al., 1993). The role of this
novel receptor, which is found in greater numbers in the
peripheral nervous system than in the striatum requires fur-
ther study. This inhibition of [*H}-ACh release is unlikely to
be the result of uncoupling of the A,, receptor from G since
neither a change in receptor number nor an alteration in the
coupling of the receptor to its excitatory G-protein are
believed to underly the mechanism involved during desen-
sitization (Porter et al., 1988; Ramkumar et al., 1991).

A,, receptor desensitization would occur much more read-
ily when endogenous adenosine levels were allowed to rise
(Linden, 1989) and may have occurred in studies where no
adenosine deaminase was present (Correra de Sa et al., 1991;
Sebastido & Ribeiro, 1992). Receptor desensitization may
also be one explanation why Brown et al. (1990) were able to
detect an increase in the release of ACh from purified ter-
minals only with much higher concentrations of NECA
(10-7 m). Of course it may also be possible that Brown et al.
(1990) having already desensitized the high affinity A,, recep-
tor were investigating the effects of NECA on an A, receptor
with much lower affinity.

In any case, all the data presented are consistent with the
presence of both A, and A,, receptors on striatal cholinergic
nerve terminals. The present findings are in close agreement
with previous studies from our laboratory which demon-
strated that A,, activation by NECA (in the presence of the
A,-antagonist DPCPX) could enhance the evoked release of
ACh by around 50%. These current findings therefore
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Relative contributions of direct and indirect mechanisms
mediating endothelin-induced contraction of guinea-pig trachea

'Douglas W.P. Hay, *Walter C. Hubbard & *Bradley J. Undem

Department of Inflammation & Respiratory Pharmacology, SmithKline Beecham Pharmaceuticals, P.O. Box 1539, King of
Prussia, PA 19406, U.S.A. and *Division of Allergy and Clinical Immunology, Johns Hopkins Asthma & Allergy Center, 301

Bayview Boulevard, Baltimore, MD 21224, U.S.A.

1 The present study was undertaken to determine the mechanism of action of endothelin-1 (ET-1)-
induced contraction of the guinea-pig isolated trachea.

2 ET-1 (1 nM-0.3 uM) produces a concentration-dependent contraction of guinea-pig trachea with an
EC;s, of approximately 25 nM. The combination of the peptidoleukotriene receptor antagonist, SK&F
104353 (10 uM) and the H,-histamine receptor antagonist, mepyramine (10 uM), which abolishes antigen-
induced contraction in guinea-pig trachea, was without effect on ET-1 concentration-response curves.
Furthermore, the platelet-activating factor (PAF) receptor antagonist, WEB 2086, (1 or 10 uM) did not
inhibit ET-induced contraction.

3 ET-1 (0.3pM) did not stimulate histamine or immunoreactive peptidoleukotriene release from
guinea-pig isolated trachea.

4 The release of various prostanoids from guinea-pig trachea was increased significantly by ET-1
(0.3uM); the profile of release was prostaglandin D, (PGD,)=PGE,= 6-keto PGF,, (PGI,
metabolite) > thromboxane B, = PGF,, >>9a, 118 PGF, (PGD, metabolite). ET-1-induced release of
prostaglandins, which was about 30% of that elicited by antigen in sensitized tissues, was not affected by
epithelium removal and was observed in tissues from which the smooth muscle had been removed.
Previous studies in our laboratory indicated that indomethacin potentiated contraction produced by
high concentrations of ET-1, whereas a thromboxane receptor antagonist was without appreciable effect
on ET-1 concentration-response curves.

5 Pretreatment of tissues for 1 h with capsaicin (10 pM), which depletes different sensory neurones,
produced a small, but significant, inhibitory effect on ET-1 concentration-response curves in the presence
but not the absence of the epithelium. The combination of the NK, tachykinin receptor antagonist,
CP-96,345 (0.1 pM), and the NK, tachykinin receptor antagonist, SR 48968 (0.1 uM), was without effect
on ET-1 concentration-response curves but substantially antagonized capsaicin-induced contraction.
6 The present data suggest that in guinea-pig isolated trachea, ET-1 produces contraction
predominantly via a direct mechanism: there .is no significant contribution of the release of histamine,
leukotrienes, PAF, or tachykinins (acting on NK, or NK, receptors). Although ET-1 evokes the release
of an array of prostanoids from the trachea they do not appear to have a major influence on the

contractile response.
Keywords:

Endothelin-1; guinea-pig trachea; SK&F 104353; mepyramine; WEB 2086; capsaicin; thiorphan; tachykinin receptor

antagonists; neutral endopeptidase; epithelium removal; prostanoid release

Introduction

In 1988, Yanagisawa and co-workers isolated, cloned and
characterized pharmacologically a novel, potent 2l-amino
acid vasoconstrictor peptide, named endothelin (ET), that
was released from porcine cultured endothelial cells
(Yanigasawa et al., 1988). Of the 3 different forms of ET that
are now known to exist, ET-1 is the original form isolated
from porcine, and subsequently also from human, endothelial
cells. In addition to possessing potent vasoconstricting pro-
perties, ET-1 produces a plethora of activities in a variety of
systems including the respiratory tract (Yanagisawa &
Masaki, 1989). Specific binding sites for ET have been
detected in airways, particularly the smooth muscle, of
various species including man (Power et al., 1989; Turner et
al., 1989; Kanse et al., 1989; Hemsén et al., 1990; Henry et
al., 1990). Furthermore, ET-1 is a potent contractile agonist
of mammalian airways both in vitro and in vivo (Payne &
Whittle, 1988; Uchida et al., 1988; Lagente et al., 1989,
Macquin-Mavier et al., 1989; Turner et al., 1989; Maggi et
al., 1989; 1990; Hay, 1990; Hemsén et al., 1990; Matsuse et
al., 1990).

In guinea-pig isolated trachea it has been proposed that

! Author for correspondence.

ET-1 produces contraction predominantly directly via an
interaction with a specific receptor, stimulation of phos-
phatidylinositol turnover and subsequent release of intracel-
lular calcium (Hay, 1989). There is conflicting information on
the relative contribution of indirect mechanisms to the con-
traction produced by ET-1 in guinea-pig trachea. For exam-
ple, a role for released histamine and peptidoleukotrienes
from mast cells has been proposed in preliminary reports
(Ninomiya er al., 1989; Nomura et al., 1990), although
another study found no evidence for a contribution from
these mediators (Hay, 1989). In addition, there are discrepan-
cies regarding the functional role of prostanoids in contrac-
tions of isolated airway smooth muscle elicited by ET-1
(Maggi et al., 1989; Filep et al., 1990; Hay, 1990; Henry et
al., 1990; Sarria et al., 1990). To attempt to clarify the role of
prostanoids, and also histamine and peptidoleukotrienes in
mediating ET-1-induced contraction in guinea-pig trachea, in
the present study the ability of ET-1 to release these
mediators was measured directly.

The epithelium has been shown to inhibit ET-1-induced
contractions in guinea-pig isolated trachea (Hay, 1989) and
bronchus (Maggi et al., 1989). The effect was inhibited by
phosphoramidon, an inhibitor of neutral endopeptidase
(NEP) (Hudgin er al, 1981) and was attributed to the
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epithelium acting as a significant site of metabolism for ET-1
(Hay, 1989). The ETs have been shown to be good substrates
for NEP (Vijayaraghavan et al., 1990; Fagny et al., 1991).
However, the possibility exists that the modulatory influence
of the epithelium may reflect the release of epithelium-derived
tachykinins, e.g. substance P, which are substrates for neutral
endopeptidase (Skidgel et al., 1984; Hooper & Turner, 1985;
Hooper et al., 1985) so that their effects would be potentiated
by inhibitors of this enzyme, such as phosphoramidon (Fine
et al., 1989; Frossard et al., 1989). To study this possibility
the effect of capsaicin, which depletes sensory substance P-
containing neurones (Buck & Burks, 1986; Maggi & Meli,
1988) on ET-l-induced contractions in guinea-pig trachea
with and without epithelium was examined. In addition the
influence of the potent and selective antagonists at NK,
receptors (CP-96,345; Snider et al., 1991) and NK, receptors
(SR 48968; Advenier et al., 1991) on contractions produced
by ET-1 was investigated.

Accordingly, the purpose of the present study was to
investigate further and clarify the mechanism(s) of action
(direct versus indirect) of ET-1 in guinea-pig isolated trachea.
A preliminary account of the results has been presented by
Hay & Undem (1991).

Methods

Contraction studies

Tissue preparation Tracheae were removed from male Hart-
ley guinea-pigs (Hazelton Research Animals, Denver, PA,
U.S.A.; 450-750 g body weight). In some experiments the
guinea-pigs were actively sensitized to ovalbumin with three
intraperitoneal injections (10 mg kg~') on days 1, 3, and 5.
The animals were killed beginning 21 days after the last
injection. The tissues were placed in modified Krebs-
Henseleit solution which was gassed with 95% 0,:5% CO,
and maintained at 37°C. The composition of the Krebs solu-
tion was (mM): NaCl 113.0, KCl 4.8, CaCl, 2.5, KH,PO, 1.2,
MgSO, 1.2, NaHCO; 25.0 and glucose 5.5. Following careful
removal of adherent fat and connective tissue, the trachea
was cut open along its longitudinal axis, directly opposite the
smooth muscle and strips consisting of two adjacent cartilage
rings were prepared. The tissue preparations were then
placed in 10 ml water-jacketed organ baths containing Krebs-
Henseleit solution and connected via silk suture to Grass
FTO03C force-displacement transducers. Mechanical responses
were recorded isometrically by multi-channel polygraphs. Tis-
sues were equilibrated under 1.5 g resting load for at least
1h, and washed every 15min with fresh Krebs-Henseleit
solution before the start of each experiment.

In some experiments, the epithelium was removed mech-
anically from alternate strips of trachea by gently rubbing the
luminal surface with a cotton-tipped applicator. We have
demonstrated previously that this procedure effectively
removes the epithelium from guinea-pig trachea without pro-
ducing obvious damage to the underlying mucosal and
smooth muscle layers, and does not alter the basic
mechanical properties of the tissue (Hay et al., 1986; Fedan
et al., 1988).

Concentration-response curves Concentration-response curves
for ET-1 were obtained by its cumulative addition to the
organ bath in three fold increments according to the techni-
que of Van Rossum (1963). In most experiments examining
the effects of drugs, tissues were exposed to these agents for
30 min before addition of contractile agonists. In studies
examining the effects of capsaicin, tissues were exposed to
this drug for 1 h then washed thoroughly over a period of
45 min before construction of ET-1 concentration-response
curves. In experiments examining the effects of the tachykinin
receptor antagonists on ET-1- and capsaicin-induced contrac-
tions, tissues were incubated with CP-96,345 and SR 48968

for 30 min and 120 min, respectively, before starting the
agonist concentration-response curves. All experiments were
conducted in the presence of 5SpuM indomethacin which was
present throughout the study.

After the equilibration period, and before construction of
concentration-response curves, tissues were exposed to 10 pM
carbachol. Following plateau of this reference contraction,
tissues were washed several times over 15-30 min until the
tension returned to baseline level. The preparations were then
left for at least 30 min before the start of the experiment.

Measurement of mediator release

Guinea-pig tracheas were isolated as outlined above, cut into
12 rings and incubated in 2 ml of Krebs-Henseleit solution,
which was gassed with 95% 0,/5% CO, and maintained at
37°C. The physiological buffer was replaced at 15 min inter-
vals for 90 min. Following this equilibration period, 2 ml of
Krebs-Henseleit containing or lacking ET-1 (1 nM, 10 nM or
0.3 uM), was added for 15 min. After this time the super-
natant was taken to assay histamine, prostanoid and
immunoreactive leukotriene C, (i-LT) release. In addition, to
determine the total tissue content of histamine, 2 ml of 0.4 N
perchloric acid was added to the tissue, which was then
placed in a boiling water bath for 15 min; the supernatant
fluid was assayed to measure the total histamine content. The
studies examining mediator release were conducted in the
absence of indomethacin and generally employed epithelium-
containing tissues. However, in some experiments the
epithelium was removed from 6 rings (as described above)
with the remaining 6 rings serving as paired controls.
Similarly, the effect of ET-1 was compared to specific antigen
challenge in a paired fashion by treating 6 rings with oval-
bumin and 6 rings with ET-1. In one set of experiments the
trachealis was dissected from the tissues with the aid of a
dissecting microscope. The effect of ET-1 on mediator release
from the non-trachealis portion of the trachea was then
evaluated.

Histamine was assayed by the automated fluorometric
technique described by Siraganian (1974). Prostaglandin
release into the supernatant fluid was assayed by combined
gas chromatography (negative ion chemical ionization) mass
spectrophotometry (GC/MS) as described previously (Hub-
bard et al., 1986). Pepidoleukotriene released from the
trachea was assayed by the radioimmunoassay outlined
previously (Undem et al., 1987). The limit of sensitivity of
this assay is approximately 10-25pg, as defined by that
amount required to inhibit [’H}-LTC, binding by 10%. The
anti-peptidoleukotriene antibody is highly selective with little
affinity (crossreactivity <1%) for a variety of heterologous
eicosanoids. The antibody does not, however, distinguish
markedly between leukotriene C, (LTC,), LTD,, and LTE,.
Standard curves with authentic LTC,, LTD, and LTE, were
parallel; the amounts of LTC,, LTD, and LTE, required to
inhibit [°’H]-LTC, binding by 50% were found to be approxi-
mately 0.4, 0.5 and 0.6 pmol 0.1 ml~!, respectively.

Analysis of data

Agonist-induced responses for each tissue were expressed as a
percentage of the reference contraction. Geometric mean
ECs, values were calculated from linear regression analyses of
data. Results for control- and treated-tissues were analysed
for differences in both the ECsys and also the maximum
contractile response produced by ET-1. The prostanoids
released from the trachea are expressed as pg g~' wet weight
of tissue, whereas the release of i-LT and histamine are given
as ngg~! and pgg! or % total histamine content, respec-
tively. All data are given as the mean * s.e.mean. Statistical
analysis was conducted by 2-tailed Student’s ¢ test for paired
or unpaired samples. Where appropriate; a probability value
less than 0.05 was regarded as significant.



Drugs

The following drugs were used: endothelin-1 (human, por-
cine) was purchased from Peninsula Laboratories (Belmont,
CA, US.A), Sigma Chemical Co. (St. Louis, MO, U.S.A)
or Calbiochem Corp. (Le Jolla, CA, U.S.A.). SK&F 104353
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Figure 1 Effects of (a) the combination of the leukotriene receptor
antagonist, SK&F 104353 (10 uM) and the Hj-histamine receptor
antagonist, mepyramine (10puMm), and (b) the PAF receptor
antagonist, WEB 2086 (1 or 10uM), on endothelin-1 (ET-1)
concentration-response curves in epithelium-containing guinea-pig
trachea. Results are expressed as a percentage of the response to
10 uM carbachol and are the mean £ s.e.mean of 7 experiments. (a):
(®) control; (O) SK&F 104353 and mepyramine; (b): (@) control;
(3) 1 um WEB 2086; (A) 10 uM WEB 2086. Studies were conducted
in the presence of 5uM indomethacin.

ENDOTHELIN-1 IN GUINEA-PIG TRACHEA 957

(2(S)-hydroxy-3(R)-(2-carboxyethylthio)-3-[2-(8-phenyloctyl)
phenyl]-propanoic acid) was synthesized at SmithKline
Beecham Pharmaceuticals (King of Prussia, PA, U.S.A)).
Carbachol, capsaicin, indomethacin, tetrodotoxin and
mepyramine were obtained from Sigma Chemical Co. 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-pro-
panone) was a gift from Boehringer Ingelheim (Richfield, CT,
U.S.A.) and CP-96,345 {(2S,3S)-cis-2-(diphenylmethyl)- N-
[(2-methoxyphenyl)methyl]-1-azabicyclo[2.2.2]octan-3-amine}
and SR 48968 {(S)-N-methyl-N[4-acetylamino-4 phenylpiper-
idino)-2-(3,4-dichlorophenyl) butyl] benzamide} were gener-
ously provided by ICI pharmaceuticals (Wilmington, DE,
US.A).

Results

Endothelin-1 (ET-1) (1 nM-03puM) produced a
concentration-dependent  contraction  of  epithelium-
containing (intact) guinea-pig isolated trachea with an ECjs,
of 23.3nM. The maximum contractile response elicited by
ET-1 (0.3 uM) was 78.5 £ 5.4% (n=15) of that induced by
10 pM carbachol.

Effects of receptor antagonists and tetrodotoxin (TTX)

The combination of the leukotriene receptor antagonist,
SK&F 104353 (10 uM), and the H,-histamine receptor
antagonist, mepyramine (10 pM), was without effect on ET-1
concentration-response curves (Figure la). In addition, the
PAF antagonist, WEB 2086 (1 or 10 uM), did not signifi-
cantly affect contractions induced by ET-1 (Figure 1b). In
confirmation of previous findings in guinea-pig epithelium-
intact trachea (Maggi et al., 1989), TTX (1 uM) did not
inhibit ET-1-induced contractions (data not shown).

Release of mediators

The release of histamine from the guinea-pig trachea was
measured, as outlined in Methods, under basal conditions
and following addition of 0.3uM ET-1 for 15min. This
concentration of ET-1, which produces the maximum or
close to the maximum contractile response, did not stimulate
the release of histamine above basal levels. Thus, the spon-
taneous release and that elicited in the presence of ET-1 were
both <2 ng, which represents <0.5% of the total histamine
content of 5.1 £ 0.3 ugg™! tissue (n =11, Table 1). Further-
more, in trachea obtained from guinea-pigs actively sensitized
with ovalbumin, ET-1 (0.3 uM) did not stimulate histamine
release (Table 1). In contrast, ovalbumin (0.01 mgml-!)

Table 1 Endothelin-1 (ET-1)-induced mediator release from the guinea-pig trachea®

Spontaneous release

ET-1-induced release (net)

Mediator (g g7") (pg 27" n
Histamine Not detectable® (<0.5% total) Not detectable (<0.5% total) 11
i-LT Not detectable® Not detectable 4
PGD, 496 + 210 4120 £+ 573* 13
9a, 11B-PGF, 76 36+ 12¢ 13
PGE, 565 £ 100 3276 + 381* 13
PGF,, 166 + 35 879 + 113* 13
TxB, 241+ 74 1036 + 168* 13
6-keto PGF, 39769 2632 + 318* 13

*Tracheae were isolated from naive (n = 6) or activity sensitized (n = 7) guinea-pigs (see Methods). The basal release of mediators and
that evoked by the addition of ET-1 (0.3 uM) was quantified. There was no appreciable differences in the release of mediators from
naive and actively sensitized trachea and, therefore, the values were pooled. These data are derived from the results illustrated in

Figures 2a and 2b.

®The amount of histamine and immunoreactive leukotriene C, (i-LT) released from the trachea was below our limits of detection. The
histamine assay is sensitive to about 1 ng per sample (5-10ngg~' in our experiments); the limit of detection for i-LT was about

Sngg-l.

*Statistically significantly different from spontaneous release; P <<0.05.
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Figure 2 (a) Effects of endothelin-1 (ET-1, 10nM or 0.3 uM) on
prostanoid release from epithelium-containing guinea-pig trachea,
and (b) comparison of the effects of ET-1 (0.3 uM) or ovalbumin
(0.0l mgml-') on prostanoid release from paired, epithelium-
containing trachea removed from guinea-pigs actively sensitized with
ovalbumin. Data are given as pgg~' tissue wet weight and are the
mean * s.e.mean. (a) Solid columns: 10nM ET-1, n=3; hatched
columns: 0.3 um ET-1: n= 6. (b) Solid columns: ovalbumin, n =7,
hatched columns ET-1, n=7. Prostanoid levels were measured by
gas chromatography-mass spectrophotometry. Note the different
scales for the y-axes of (a) and (b).

induced the release of 12.9+ 3.2% (n=7) of the total his-
tamine stores. ET-1 (0.3 pM) also failed to elicit i-LT release
from the trachea. However, it should be noted that we could
not detect i-LT release much below 5ngg~! of trachea.
Nevertheless, ovalbumin (0.01 mg mi~') evoked the release of
detectable amounts of i-LT, averaging 12.6*2.6ngg™'
(n=26).

In epithelium-intact guinea-pig trachea, ET-1 (0.3 pM)
stimulated the release of a variety of prostanoids, measured
using GC/MS techniques (Figure 2a, Table 1). The profile of
release was: PGD, = PGE, = 6 keto PGF,, (PGI, metabolite)
>PGF,, = TxB,>>9a, 118 PGF, (PGD, metabolite). The
threshold concentration of ET-1 to elicit prostanoid release
appeared to be about 10 nM, as 1 nM ET-1 was without effect
in two preparations (data not shown), whereas 10 nM elicited
a small but detectable release of most of the postanoids; the
magnitude of the release was less than 10% of that produced
by 0.3uM ET-1 (Figure 2a).

As indicated in Figure 2b a comparison was made of the
ability of ovalbumin (0.01 mgml~', a maximally effective
concentration) and ET-1 (0.3 uM) to stimulate prostanoid
release from trachea taken from guinea-pigs that were
actively sensitized with ovalbumin. Two main observations
were apparent from this study. First, the total prostanoid
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Figure 3 (a) Effect of epithelium removal on prostanoid released
from paired guinea-pig tracheae induced by 0.3 uM endothelin-1
(ET-1) and (b) prostanoid release elicited by 0.3um ET-1 from
epithelium-containing guinea-pig trachea with or without the smooth
muscle (i.e. predominantly cartilage). Data are given as pgg~' tissue
wet weight and are the meants.emean. (a) Solid columns:
+ epithelium, n = 4; hatched columns — epithelium, n = 4. (b) Solid
columns: preparations without smooth muscle, n = 4; hatched col-
umns: preparations containing smooth muscle, » = 4-6. Prostanoid
levels were measured by gas chromatography-mass spectro-
photometry.

release induced by ovalbumin (37,588 pgg~! tissue net
weight) was about three fold higher than that elicited by
ET-1 (11,635 pg g~! tissue net weight). Secondly, the profile
of prostanoid release produced by ovalbumin (PGD,>>
PGE, = TXB,> 6 keto PGF,,> PGF,,>9a, 118 PGF,) was
different from that observed with ET-1 (see above).

The influence of the epithelium on ET-1-induced pros-
tanoid release was analysed. In the four tissues studied,
epithelium removal did not inhibit the prostanoid release
induced by ET-1 (0.3 uM) (Figure 3a); furthermore, the
relative profile of release of the individual prostanoids was
not significantly altered. The total amount of prostanoid
release in epithelium-denuded tissues (22,952 pg g~ tissue net
weight) was more than two fold higher than that observed in
epithelium-containing preparations (10,302 pgg~! tissue net
weight); due to the intraexperimental variability these
differences were not statistically significant, P>0.3.

The influence of the smooth muscle (trachealis) on ET-1-
induced prostanoid release was studied. In preparations from
which the smooth muscle had been carefully removed, ET-1
(0.3 uM) elicited prostanoid release which was very similar,
both in terms of the absolute and relative amounts of the
individual prostanoids, to that observed in preparations con-
taining smooth muscle (Figure 3b).
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Figure 4 Effect of capsaicin (10 uM; 1 h exposure) on endothelin-1
(ET-1) concentration-response curves in guinea-pig trachea in the
presence (a) and the absence (b) of the epithelium. Results are
expressed as a percentage of response to 10 uM carbachol and are the
mean * s.e.mean of 15 experiments; (@) control; (O) plus capsaicin.
Studies were conducted in the presence of SpuMm indomethacin.
*P<0.05.

Effects of the epithelium, capsaicin and tachykinin
receptor antagonists on ET-1-induced contractions

We tested the hypothesis that ET-1 releases tachykinins from
capsaicin-sensitive nerve fibres; these experiments were con-
ducted in the presence of 5puM indomethacin. Addition of
capsaicin (10 uM) resulted in a significant elevation in tone
which returned to baseline after approximately 45—60 min.
Pretreatment for 1h with capsaicin (10 uM), followed by
washout over 30-45 min, abolishes the response to subse-
quent exposure to capsaicin, as well as the response to
stimulation of tachykinin-containing nerves in the trachea
(Ellis & Undem, 1990). Treatment of the tissues with cap-
saicin in this fashion had a slight, but significant inhibitory
effect on ET-1 concentration-response curves in epithelium-
containing tissues with an approximately 20% reduction in
the maximum response to 0.3 uM ET-1. In contrast, capsaicin
had no effect on the ET-l-induced contractions in epi-
thelium-denuded preparations (Figure 4). Capsaicin (10 pM,
1 h pretreatment) had no effect on carbachol concentration-
response curves in either the presence or absence of the
epithelium (data not shown).

It was observed that the combination of the NK,
tachykinin receptor antagonist, CP 96,345 (0.1 uM) and the
NK, tachykinin receptor antagonist, SR48986 (0.1 uM) was
without effect on ET-1 concentration-response curves in
epithelium-containing guinea-pig trachea (Figure 5a). In con-
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Figure 5 Effect of the combination of the NK, tachykinin receptor
antagonist CP 96,345 (0.1 uM) and the NK, tachykinin receptor
antagonist SR 48968 (0.1 uM) on (a) endothelin-1 (ET-1) and (b)
capsaicin concentration-response curves in epithelium-containing
guinea-pig trachea. Results are expressed as a percentage of the
response to 10 uM carbachol and are the mean * s.e.mean of 6
experiments; (@)= control; (O) plus CP 96,345 and SR 48968.
Studies were conducted in the presence of 5uM indomethacin.

trast, the combination of these antagonists virtually abolished
the contractile response to capsaicin (Figure 5b).

Discussion

In a previous paper it was concluded that in guinea-pig
trachea, ET-1 produces contraction predominantly via a
direct mechanism (Hay, 1990). Thus, atropine, mepyramine,
SK&F 104353 (the peptidoleukotriene receptor antagonist)
and SQ 29,548 (the thromboxane receptor antagonist) were
without significant effect on ET-1-induced contraction (Hay,
1990). The data from the present study provide further
evidence in support of the above postulate in that the com-
bination of mepyramine (10 pM) and SK&F 104353 (10 uMm)
did not inhibit the contraction induced by ET-1. This experi-
ment was performed as it had been noted previously that,
either agent alone produced only partial inhibition of the
antigen-induced, mast-cell dependent contraction in guinea-
pig isolated trachea, whereas the combination of the two
antagonists actually abolished the response (Hay et al., 1987).
The lack of effect of the combination of mepyramine and
SK&F 104353 against contraction to ET-1 suggests that the
release of histamine and peptidoleukotrienes from mast cells
are not involved in this response. This is supported by the
lack of ability of ET-1 to stimulate the release of histamine
or peptidoleukotrienes from trachea. The levels of histamine
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or i-LTC, released basally or in the presence of a concentra-
tion of ET-1 which produces the maximum or close to the
maximum contraction, 0.3 uM, contrasted with the substan-
tial release from trachea isolated from actively sensitized
guinea-pigs induced by a maximally effective concentration of
antigen. These data, considered along with our previous
findings that the thromboxane receptor antagonist, SQ
29,548 had no effect, and indomethacin slightly enhanced
ET-induced contractions of the isolated trachea (Hay, 1990)
support the hypothesis that ET contracts the trachea
primarily via a direct effect on the trachealis. Additional
support of this can be found from experiments in which
intra-arterial injection of ET in guinea-pig perfused lung did
not stimulate the release of histamine into the lung effluent
(Touvay et al., 1990). Furthermore, mepyramine did not
influence ET-induced bronchoconstriction in guinea-pigs in
vivo (Lagente et al., 1989; Nambu et al., 1990). In addition,
in the present study, WEB 2086, the potent, selective PAF
receptor antagonist (Casals-Stenzel, 1987a,b) was without
affect on the response produced by ET-1.

In contrast to the above data, there are some reports that
ET-1 produces contraction of guinea-pig trachea, in part, via
an indirect mechanism involving the release of secondary
mediators. For example, a PAF antagonist, BN 52021,
attenuated ET-1-induced contraction of guinea-pig trachea
and also bronchi (Battistini et al., 1990); although no data
were shown, these authors indicated that similar results were
obtained with WEB 2086, the PAF antagonist used in the
present study. Accordingly, it was proposed that PAF may
mediate, in part, ET-induced contraction in guinea-pig air-
ways. It is difficult to envisage a prominent role for PAF in
mediating ET-1-induced contraction of guinea-pig isolated
trachea in view of the unresponsiveness of this preparation to
the contractile effects of PAF that is generally observed
(Vargaftig et al., 1980; Prancan et al., 1982; Cerrina et al.,
1983). Furthermore, autoradiography or binding studies
revealed few if any specific binding sites for PAF in guinea-
pig trachea (Hwang et al., 1983; Goldie et al., 1990). Filep
and co-workers concluded, following studies examining the
effects of various receptor antagonists, that ET-1-induced
contraction and thromboxane release in guinea-pig trachea
were, in part, mediated by the release of peptidoleukotrienes
and PAF (Filep et al., 1991b). It has been reported that a
histamine receptor antagonist alone inhibited ET-induced
contraction in this tissue (Ninomiya et al., 1989; Nomura et
al., 1990). Furthermore, based on the effects of thromboxane
receptor antagonists, there is some discrepancy as to the role
of thromboxane in the response produced by ET-1 in guinea-
pig isolated trachea (Hay, 1990; Filep ef al., 1990). A recent
study indicated that ET-1 stimulated the release of histamine
from guinea-pig pulmonary, but not peritoneal mast cells
(Uchida et al., 1992). The reason(s) for the differences
between some of the findings from the above studies and the
data of the present study is unknown.

ET was an efficacious stimulator of prostanoid production
in the trachea. Interestingly, PGD,, along with PGE,, was the
major prostanoid produced. PGD, is synthesized by mast
cells (Lewis et al., 1982), and is released from the guinea-pig
trachea by antigenic stimulation (Undem er al., 1988). If
ET-1 is stimulating the mast cell to synthesize PGD, it would
appear to be doing so in the absence of degranulation and
histamine release. Alternatively, cells other than mast cells
may be synthesizing the PGD, in the guinea-pig trachea. The
cell types stimulated by ET-1 to synthesize the prostanoids
cannot be discerned from our results. Nevertheless, the find-
ings with epithelium-denuded trachea, and trachealis-free
trachea indicate that neither the cells associated with the
epithelium or the smooth muscle are obligatory for pros-
tanoid production. ET-1 potently stimulates 6-keto PGF,
from cultured bovine aortic endothelial cells with an ECs, of
3nM (Filep et al., 1991a). In contrast, 10 nM ET-1 was
reported to be without effect on the release of PGF,,, and
also histamine, from guinea-pig trachealis smooth muscle

(Nagai et al., 1991), although Filep and co-workers observed
that ET-1 stimulated thromboxane release from guinea-pig
trachea (Filep et al., 1990; 1991b). Furthermore, ET-1
(0.1 pM—10 pM) stimulated the release of the cyclo-oxygenase
products PGD,, PGE, and TxB, and also 15-HETE, but not
6-keto PGF,, or the peptidoleukotrienes, from human cul-
tured nasal mucosa (Wu et al., 1992). It is noteworthy that
the greatest effect was on the release of PGD, and it was also
observed that the ET-1-induced release of eicosanoids was
not affected by a PAF receptor antagonist (Wu et al., 1992).

Notwithstanding the relatively minor effects of the cyclo-
oxygenase inhibitor, indomethacin, on ET-induced contrac-
tions of the isolated trachea (Maggi et al., 1989; Hay, 1990;
Henry et al., 1990; Sarria ez al., 1990), cyclo-oxygenase prod-
ucts may contribute to the effects of ET on the airways in
vivo. Indeed, from the limited in vivo studies conducted to
date, there seems to be a consensus that ET-1 produces
bronchoconstriction in guinea-pigs, in part, indirectly by the
release of secondary mediators, of which the predominant
one appears to be thromboxane. For example, the broncho-
constriction elicited by intravenous administration of ET was
essentially abolished by pretreatment with a cyclo-oxygenase
inhibitor (Payne & Whittle, 1988; Macquin-Mavier et al.,
1989) or a thromboxane A, synthase inhibitor (Nambu et al.,
1990). In addition, indomethacin, or the PAF antagonist, BN
52021, produced approximately 50-60% inhibition of
aerosolized ET-induced bronchoconstriction in guinea-pigs
(Lagente et al., 1989). Furthermore, it is possible that
released prostanoids contribute significantly to effects of the
ETs in airways other than bronchoconstriction.

Previous studies from our laboratory indicated that
epithelium removal potentiates the response to ET-1 in
guinea-pig trachea (Hay, 1989). Phosphoramidon, the NEP
inhibitor (Hudgin et al., 1981), inhibited the potentiating
effect of epithelium removal on endothelin-induced contrac-
tion, suggesting that the phenomenon was due to the removal
of an epithelium-derived phosphoramidon-sensitive pep-
tidase, presumably NEP, that normally metabolizes
endothelin (Hay, 1989). The members of the ET family have
been shown to be good substrates for NEP (Vijayaraghavan
et al., 1990; Fagny et al., 1991). Other researchers have
recently provided further data in support of a modulatory
role for epithelium-derived NEP on ET-1-induced contrac-
tion in guinea-pig isolated trachea (Noguchi ez al., 1991; Di
Maria et al.,, 1992; Yamaguchi et al., 1992). For example,
recombinant human NEP decreased ET-1-induced contrac-
tion (Di Maria et al, 1992). Alternatively, however, the
effects could be, in part, due to ET-1 releasing from the
epithelium a peptide, e.g. a tachykinin such as substance P,
that is metabolized by NEP. Substance P-containing nerves
have been localized in the airway epithelium of several
species including guinea-pigs (Lundberg et al., 1984). To
examine this other postulate the effects of capsaicin, which
depletes afferent sensory neurones (Buck & Burks, 1986;
Maggi & Meli, 1988), on ET-l-induced responses was
examined. Capsaicin pretreatment produced a statistically
significant inhibition of ET-1-induced contraction in guinea-
pig trachea with an intact epithelium but not in preparations
in which the epithelium had been removed. This suggests that
in intact preparations a component of the response to ET-1
is due to the release of a substance from capsaicin-sensitive
nerves. However, the contribution is a relatively minor one as"
capsaicin produced only approximately a 20% reduction in
the maximum contraction produced by ET-1. The lack of
effect of the combination of the potent and selective NK,; and
NK, receptor antagonists, CP-96,345 (Snider et al., 1991) and
SR 48968 (Advenier et al., 1991), respectively, on ET-1-
induced contraction in epithelium-containing guinea-pig
trachea, at concentrations which essentially abolished con-
traction elicited by capsaicin, suggests that the inhibitory
effect of capsaicin in these tissues is not due to the depletion
of a substance (e.g. substance P or neurokinin A) which
activates NK, or NK, tachykinin receptors. It is more likely



that the effect of capsaicin involved the release of another
substance acting through another receptor system. Alterna-
tively, the effect of capsaicin may not be related to its recog-
nized ability to deplete afferent sensory neurones (Buck &
Burks, 1986; Maggi & Meli, 1988); it is not due to a non-
specific action on smooth muscle responsiveness as the
inhibitory effect on responses to ET-1 was observed only in
epithelium-containing tissues and capsaicin was without effect
on carbachol-induced contraction in either the presence or
absence of the epithelium. It is of interest that Yamaguchi
and co-workers reported recently that phosphoramidon
potentiated the response to ET-1 in guinea-pig trachea even
after treatment of tissues with capsaicin (Yamaguchi et al.,
1992).

In summary, the present results provide further evidence
that in guinea-pig isolated trachea, ET-1 produces contrac-
tion predominantly via a direct mechanism; there is no
significant contribution of released histamine, leukotrienes, or
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1 Endotoxin induces nitric oxide synthase in vascular tissue, including rat main pulmonary artery.
Currently available agents that cause inhibition of nitric oxide synthase are relatively non-selective
between the constitutive and inducible forms of the enzyme.

2 Aminoguanidine caused a dose-dependent increase in phenylephrine-induced tension in intact and
endothelium-denuded pulmonary artery rings from endotoxin-treated rats, but had no effect on sham-
treated controls.

3 Contraction caused by aminoguanidine in endothelium-denuded vessels from endotoxin-treated rats
was unaffected by indomethacin (10 uM), and by cimetidine and mepyramine (both 10 uM), excluding an
effect of aminoguanidine mediated by arachidonic acid metabolites or histamine.

4 Contraction caused by aminoguanidine in endothelium-denuded vessels from endotoxin-treated rats
was abolished by L-arginine (2 mM) and L-N®-monomethyl arginine (300 pM), but unaffected by D-
arginine and D-N®-monomethyl arginine, suggesting that its action is mediated by the L-arginine/nitric
oxide pathway.

5 Aminoguanidine had no effect on acetylcholine-induced relaxation of intact vessels from sham-
treated rats. However, relaxation of artery rings from endotoxin-treated rats by L-arginine was com-
petitively inhibited by aminoguanidine.

6 These results in isolated main pulmonary arteries of the rat confirm previous reports that amino-

guanidine is a selective inhibitor of inducible nitric oxide synthase.
Keywords: Nitric oxide; NO synthase; aminoguanidine; endotoxin; pulmonary arteries

Introduction

Endotoxin is an initiator of the sepsis syndrome (Bone,
1991) which is characterized by systemic vasodilatation, a
diminished response to vasoconstrictors and hypotension
(Suffredini et al., 1989; Parrillo er al., 1990). In contrast,
clinical sepsis is associated with pulmonary hypertension
(Zapol et al., 1977) and in animal models endotoxaemia
causes a loss of hypoxic pulmonary vasoconstrictors (Weir et
al., 1976).

Endotoxin leads to induction of a calcium-independent NO
synthase in endothelium (Radomski et al., 1990) and vascular
smooth muscle (Rees et al., 1990; Fleming et al., 1991).
Isolated arteries from rats treated in vivo with E. coli lip-
opolysaccharide show impaired responsiveness to vasocon-
strictors, such as catecholamines and potassium chloride
(Wakabayashi ez al., 1987). Induction of NO synthase with
overproduction of the vasodilator NO has been demonstrated
in the vascular smooth muscle of rat thoracic aorta ex vivo
and is thought to underlie this phenomenon (Julou-Schaeffer
et al., 1991). A combination of three cytokines (interleukin-
1B, interferon y and tumour necrosis factor «) and endotoxin
induce NO synthase in cultured rat pulmonary artery smooth
muscle (Nakayama et al., 1992). In isolated endotoxin-treated
main pulmonary arteries of the rat NO synthase inhibitors
reverse vascular hyporesponsiveness to phenylephrine
(Griffiths et al., 1992).

Aminoguanidine incorporates the guanido group of L-
arginine linked to hydrazine. In cultured pancreatic islet cells,
aminoguanidine and L-N®-monomethyl arginine (L-NMMA)
are equipotent inhibitors of interleukin-1-induced nitrite and
guanosine 3":5'-cyclic monophosphate (cyclic GMP) produc-
tion (Corbett et al., 1992). When [*H}-L-arginine conversion
to citrulline in endotoxin-stimulated cultured macrophages

! Author for correspondence.

was used to assay activity of the inducible enzyme, amino-
guanidine was approximately seven times more potent than
L-NMMA (Tilton et al., 1993). However, L-NMMA was 15
times more potent than aminoguanidine at inhibiting consti-
tutive NO synthase isolated from rat brain (Tilton ez al.,
1993). Aminoguanidine was 40 fold less potent in increasing
mean arterial pressure in anaesthetized rats (Corbett ez al.,
1992) and 30 fold less potent in contracting porcine isolated
splenic arteries (Lot & Wilson, 1992). These observations
suggest significant selectivity for aminoguanidine in inhibiting
the inducible, rather than the constitutive form of neuronal
and vascular NO synthase.

Aminoguanidine has effects on several enzyme systems; it
interferes with non-enzymic glycosylation (Edelstein & Brown-
lee, 1992), leading to its investigation as a potential treatment
for the complications of diabetes. Furthermore, it inhibits
diamine oxidase which contributes to inactivation in vivo of
histamine (Ohrui ez al., 1992), a dilator of rat isolated pul-
monary arteries (Szarek et al., 1992). Recent work in the rat
isolated lung suggests that whilst aminoguanidine inhibits
NO synthase, it also increases angiotensin II-mediated pros-
tacyclin release although the mechanism underlying this is
unclear (Eaton et al., 1993).

The aim of this study was therefore to test the hypothesis
that aminoguanidine is a selective inhibitor of inducible NO
synthase and that this accounts for its actions on endotoxin-
treated tissues.

Methods

Tissue preparation

Male Wistar rats (250-300 g) were treated 4 h before they
were killed by cervical dislocation, with either Salmonella
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enteritidis endotoxin (20 mgkg™!, i.p.) or saline vehicle
(sham: 3 ml kg~'). The main pulmonary arteries were dissec-
ted, cut into rings 2 mm long, mounted over a pair of rigid
wires and suspended in 2 ml organ baths containing warmed
(37°C) oxygenated (95% O,; 5% CO,) Krebs-Henseleit (KH)
solution of the following composition (mM): NaCl 118, KCl
5.9, MgSO, 1.2, CaCl, 2.5, NaH,PO, 1.2, NaHCO, 25.5 and
glucose 5.6. One wire was fixed and the other attached to a
force transducer (FT.03 Grass Instruments, Quincy, U.S.A.).
Changes in isometric force were recorded on a polygraph
(Grass Model 7). After 15 min equilibration the rings were
contracted with KCl (40 mM) and relaxed to a uniform
baseline tension (500 mg) by washing with KH solution.
Rings were left to equilibrate in the bath for a total of
60 min and washed every 20 min.

To test the selectivity of aminoguanidine for vessels from
endotoxin-treated animals

Four rings were obtained from each animal. The endothe-
lium was removed from two by gentle abrasion over a
roughened needle and successful denudation subsequently
confirmed by failure of tissue preparations to relax to acetyl-
choline (100 uM) after contraction with phenylephrine (ECy,
of phenylephrine: 1 uM). After further equilibration (30 min),
aminoguanidine (100 uM) or vehicle (distilled water 20 ul)
were added to an endothelium-denuded and an intact ring;
15 min later a concentration-response curve to phenylephrine
(PE, 1 nM to 10 uM) was constructed. Results are expressed
as a percentage of the pretreatment contraction to PE (1 uM).

To test the hypothesis that aminoguanidine acts by
inhibiting NO synthase

A concentration-response curve to PE was constructed in
endothelium-denuded rings from endotoxin-treated rats and
the ECs, calculated for each ring. One hour later, each ring
was contracted with its ECsy of PE and concentration-
response curves constructed by addition of aminoguanidine
(1 uM to 30 mM) or vehicle. Series of identical experiments
was performed in the presence of indomethacin (10 uM), or
cimetidine and mepyramine (both 100 uM). Cimetidine and
mepyramine (both 100 uM) abolished histamine-induced vas-
odilatation of pre-contracted intact pulmonary arteries (data
not shown).

In a further set of experiments, L-arginine (2 mM), D-
arginine (2 mM), L-N®-monomethyl arginine (L-NMMA 300
puM) or D-N°-monomethyl arginine (D-NMMA 300 uM) were
added to preparations 15min prior to contraction of the
rings with their EC5, of PE. L-NMMA (300 uM) had pre-
viously been shown to produce the maximum increase in tone
of precontracted pulmonary artery rings (data not shown).
Dose-response curves to aminoguanidine were constructed as
before. Results are expressed as a percentage of the contrac-
tion to the ECs, of PE.

To confirm that aminoguanidine has no effect on
constitutive NO synthase

Arterties from untreated rats were incubated for 15 min with
aminoguanidine (300 uM) or vehicle. After preincubation
with PE (1 puM), an acetylcholine concentration-response
curve was constructed (1 nM to 300 uM). Results are ex-
pressed as a percentage of the contraction induced by PE.

To test the hypothesis that aminoguanidine is a
competitive inhibitor of inducible NO synthase in rat
main pulmonary artery

A concentration-response curve to PE was constructed in
endothelium-denuded rings from endotoxin-treated and
sham-treated rats. After an equilibration period (60 min) an
equal number of endothelium-denuded and intact rings were

contracted with PE (1 uM) and the tension produced was
manually adjusted (by minimal stretching of the preparation)
to the maximum tension previously achieved by the phenyle-
phrine contraction-response curve. Relaxation-response curves
were constructed with L-arginine (0.1 uM to 300 um).
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Figure 1 (a) Contraction by phenylephrine in endothelium-denuded
(solid symbols) and intact (open symbols) main pulmonary artery
rings, from sham-treated rats, in the presence (¥,V)) and absence
(M,0) of aminoguanidine (100 pMm). (b) Contraction by phenyleph-
rine in intact main pulmonary artery rings, from endotoxin-treated
rats, in the presence (V) and absence (O) of aminoguanidine
(100 uM). (c) Contraction by phenylephrine in endothelium-denuded
main pulmonary artery rings, from endotoxin-treated rats, in the
presence (V) and absence (M) of aminoguanidine (100 pMm). Results
are expressed as mean * s.e.mean of six observations and indicate
percentage of tension produced by phenylephrine (1 pum). *P <0.05;
**p<0.01.
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Endothelium-denuded vessels from endotoxin-treated rats
were incubated for 15min with aminoguanidine (300 uM)
after equilibration. Aminoguanidine-treated rings were con-
tracted with their ECs, of PE and the tension produced was
adjusted (as above), so that the preparations were under
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Figure 2 (a) Contraction by aminoguanidine (AG) (M) or vehicle
(O) of endothelium-denuded main pulmonary artery rings, from
endotoxin-treated rats, following contraction by the ring’s ECs, of
phenylephrine. (b) Contraction by aminoguanidine of endothelium-
denuded main pulmonary artery rings, from endotoxin-treated rats,
following contraction by the ring’s ECs, of phenylephrine in the
presence of L-arginine (V¥; 2mM) or D-arginine (@; 2mM). (c)
Contraction by aminoguanidine of endothelium-denuded main pul-
monary artery rings, from endotoxin-treated rats, following contrac-
tion by the ring’s ECs, of phenylephrine in the presence of L-N°-
monomethyl-arginine (V; 300 uM) or D-NC-monomethyl-arginine
(®; 300 uM). Results are expressed as mean + s.e.mean of six obser-
vations and indicate percentage of tension produced by an ECs, of
phenylephrine for each ring. *P<<0.05; **P<0.01.

equivalent tension following PE (1 pM) and aminoguanidine
plus their ECs, of PE. Concentration-response curves were
constructed with L- and D-arginine (0.1 pM to 300 pM).
Results are expressed as a percentage of the manually
adjusted precontraction.

Drugs

Acetylcholine chloride, aminoguanidine hemisulphate, D-argi-
nine hydrochloride, L-arginine hydrochloride, indomethacin,
lipopolysaccharide from Salmonella enteritidis (code number
L6011), D-N®-monomethyl-arginine acetate, L-N°-monomethyl-
arginine acetate and L-phenylephrine hydrochloride were
obtained from Sigma, Poole, Dorset, UK; cimetidine hydro-
chloride from Smith-Kline and Beecham, Welwyn Garden
City, UK; and mepyramine mesylate from Rhone-Poulenc,
Dagenham, UK.

Statistics

Results are expressed as mean t s.e.mean. Comparisons be-
tween means are made by Student’s unpaired ¢ test. P <0.05
was considered to be significant for all tests. All values for
ECs and IC,, were obtained from sigmoid logistic curves
(Graph PAD Inplot, Graph PAD Software, San Diego, CA,
US.A)).

Results

Effects of aminoguanidine on phenylephrine-induced
contraction in pulmonary artery rings from sham and
endotoxin-treated rats

Concentration-response curves to PE in arteries with and
without endothelium from sham and endotoxin-treated rats
are shown in Figure 1 and the corresponding ECs and
maximal contraction values are given in Table 1. Amino-
guanidine had no significant effect on vessels from endotoxin-
untreated rats, but enhanced PE-induced contraction in
intact and, to a lesser extent, in endothelium-denuded art-
eries.

Effects of indomethacin, mepyramine and cimetidine, L-
and D-arginine and L- and D-NMM A on aminoguanidine-
induced contraction in endothelium-denuded pulmonary
artery rings from endotoxin-treated rats

Aminoguanidine caused a dose-dependent contraction of en-
dothelium-denuded vessels from endotoxin-treated rats (Fig-
ure 2a). Aminoguanidine-induced contraction required up to
1 h to reach a plateau. Pretreatment with either indomethacin
(10 uM), cimetidine and mepyramine (both 100 uM), D-argi-
nine (2 mM) or D-NMMA (300 uM) had no significant effect
on the response to aminoguanidine (Table 2). Pretreatment
with L-arginine (2 mM) or L-NMMA (300 uM) abolished the
contractile response to aminoguanidine (Figure 2b and c).

Effects of aminoguanidine (300 uM) on acetylcholine-
induced relaxation in rat pulmonary arteries

There was no difference in relaxation to acetylcholine in
vessels from sham-treated rats pretreated with aminoguani-
dine or vehicle (ICs, 7.41 £0.24 X 1078 M cf. 7.94 £ 0.15 X
10~® M; maximal relaxation 93.2+ 1.87% cf. 94.3 * 0.56%,
n =6, Figure 3).

Effects of aminoguanidine (300 pM) on L- and D-arginine-
induced relaxation of intact pulmonary artery rings from
endotoxin-treated rats

L-Arginine caused dose-dependent relaxation of endothelium-
denuded vessels from rats pretreated with endotoxin (ICs
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Table 1 Effects of aminoguanidine (AG; 100 uM) on phenylephrine-induced contraction in endothelium-intact (E + ) and denuded
(E — ) pulmonary arteries from sham and endotoxin-treated (LPS) rats

Rat AG
treatment E (100 pum)
Sham + -
Sham + +
Sham - -
Sham - +
LPS + -
LPS + +
LPS - -
LPS - +

EC50 Tmax

(M) (%)
2.57+0.23 x 108 12911
1.95%0.20 x 10-% 1254

NS NS
9.12+0.07 x 10-° 1256
7.94%0.21 x 10-° 126 £2

NS NS

1.66 £ 0.11 x 10-7 1138
1.58 £0.26 x 108 275+ 57
* *
3.02+0.24 x 10-¢ 11811
2.57+0.26 x 10-* 215+33
NS *

Tmax = maximum tension developed, expressed as a percentage of the pretreatment contraction by phenylephrine (1 pum).

Values are the mean * s.e.mean of six experiments.

*P<0.05, NS not significant (P<0.05) comparing vessels exposed to aminoguanidine with controls.

Table 2 Effects of indomethacin (10 pM), mepyramine and
cimetidine (both 100 um), L- and D-arginine (2 mM) and L-
and D-NC-monomethyl arginine (L- and D-NMMA, 300 um),
on aminoguinadine-induced contraction in endothelium-
denuded pulmonary artery rings from endotoxin-treated rats

EC50 Tmax
Treatment M) (%)
AG 1.51£0.17 x 10~* 196 £ 10
AG + indomethacin 1.35+£0.09 x 10-* 198 £ 11
NS NS
AG + mepyramine and  1.82+0.11 x 10-* 219+ 13
cimetidine NS NS
AG + D-arginine 7.41120.05x10°* 193121
NS NS
AG + D-NMMA 9.77+£0.12x 105 205+ 18
NS NS

Tmax = maximum tension developed, expressed as a percen-
tage of the pretreatment contraction by each ring’s EC;, of
phenylephrine. Values are the mean * s.e.mean of six experi-
ments.

NS not significant; P>0.05 comparing vessels exposed to
aminoguanidine alone with those pretreated as described.

245+ 0.17 x 10~°M; maximal relaxation 58 * 10%; n = 5),
but had no effect on vessels from sham-treated rats (results
not shown). L- but not D-arginine caused dose-dependent
relaxation of arteries from endotoxin-treated rats in the
presence of aminoguanidine (300 uM) [ICs, 2.09 £ 0.25 x
10-5M, P<0.05; maximal relaxation 81 * 5.3% NS; n =5,
compared with L-arginine-induced relaxation in the absence
of aminoguanidine] (Figure 4).

Discussion

Previous studies using an identical rat model have demon-
strated induction of NO synthase with over-production of
NO, in endothelium-denuded thoracic aorta (Julou-Schaeffer
et al., 1990) and main pulmonary artery (Griffiths et al.,
1992). Aminoguanidine had no demonstrable effect on phen-
ylephrine-induced contraction or acetylcholine-induced relax-
ation in arteries from sham-treated rats, providing no evi-
dence of inhibition of the constitutive enzyme in rat main
pulmonary artery. Previous studies have cited an increase in
systemic arterial pressure as evidence of inhibition of vascular
constitutive NO synthase in anaesthetized rats (Corbett e? al.,
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Figure 3 Relaxation by acetylcholine of intact pulmonary artery
rings from sham-treated rats in the absence (O) and presence of
aminoguanidine (300 uM; V). Results are expressed as mean +
s.e.mean of six observations and indicate percentage of tension pro-
duced by phenylephrine (PE, 1 pum).

12514
5 100 .t
3
S
& 754
Q
4
S
(4
Z 504
c
°
[}
&
S 25-
0, T T T g T T T T T —
-7 -6 -5 -4 -3

log [L/D-Arg (m)]

Figure 4 Relaxation by L-arginine (M) or D-arginine (V) of pul-
monary artery rings from endotoxin-treated rats in the presence or
absence (O) of aminoguanidine (300 uM). Results are expressed as
mean * s.e.mean of five observations and indicate percentage of the
adjusted phenylephrine induced precontraction; *P<<0.05, **P<
0.01.
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1992) and have demonstrated inhibition by aminoguanidine
of the constitutive enzyme from rat cerebella (Tilton et al.,
1993). Following endothelial removal, confirmed functionally
by failure of vessels to relax to acetylcholine, maximal
phenylephrine-induced contraction in arteries from endo-
toxin-treated rats was increased by aminoguanidine (100 um)
consistent with inhibition of inducible NO synthase in vascu-
lar smooth muscle. The failure of aminoguanidine to increase
significantly sensitivity to phenylephrine in endothelium-de-
nuded but not intact rings may be due to increased endo-
thelial production of NO following endotoxin treatment. This
may be accounted for by induction of NO synthase in vas-
cular endothelial cells, as has been demonstrated in vitro
(Radomski et al., 1990). Increased production of NO from
the constitutive enzyme has also been demonstrated in the rat
in vivo following intravenous endotoxin administration
(Szabo et al., 1993). Failure of aminoguanidine to penetrate
the endothelial cell and gain access to the constitutive enzyme
cannot be excluded on the basis of these data.
Aminoguanidine produced a slowly-developing dose-de-
pendent increase in tone in endothelium-denuded arteries
from endotoxin-treated animals, consistent with inhibition of
NO that is continuously being produced by the inducible
enzyme. Aminoguanidine infusion in a rat isolated lung
preparation is associated with increased angiotensin II-media-
ted prostacyclin release (Eaton er al., 1993). The lack of effect
of indomethacin (10 pM) on aminoguanidine-induced con-
traction suggests that the latter are unlikely to be mediated or
attenuated by products of cyclo-oxygenase. A significant effect
of histamine on the vascular actions of aminoguanidine may
be suggested because the latter inhibits diamine oxidase,
which inactivates histamine in vivo (Ohrui ez al., 1992). How-
ever, mepyramine and cimetidine (both 100 uM) did not
significantly alter aminoguanidine-induced vasoconstriction.
L-NMMA but not D-NMMA is a specific inhibitor of NO
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formation from L-arginine (Rees et al., 1989). Our aim was
to prevent aminoguanidine from increasing tone by inhibiting
NO synthase maximally with L-NMMA. Whilst L-NMMA
alone abolished the aminoguanidine-induced contraction,
other factors may have a similar maximum increase in
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propose that complete reversal of the effects of aminoguani-
dine by this dose of L-NMMA suggests that the two agents
are acting at the same locus.

L-Arginine, but not D-arginine, is the substrate for NO
synthase (Palmer er al., 1988). An excess of L-arginine
abolished the aminoguanidine-induced contraction, whilst D-
arginine had no effect. In order to demonstrate competition
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oguanidine on L-arginine-induced relaxation of precontracted
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Arginine caused a dose-dependent relaxation of arteries from
endotoxin-treated animals. This is consistent with evidence
from studies in rat thoracic aorta that demonstrated activity
of the inducible enzyme to be limited by the supply of
extracellular L-arginine (Schini & Vanhoutte, 1991; Julou-
Schaeffer et al., 1991). Aminoguanidine (300 uM) significantly
decreased the sensitivity of endotoxin-treated artery rings to
L-arginine-induced relaxation, but had no significant effect on
maximal relaxation. These data suggest that aminoguanidine
inhibits inducible NO synthase.
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Comparison of the effects of EXP3174, an angiotensin II
antagonist and enalaprilat on myocardial infarct size in
anaesthetized dogs

'Vincent Richard, Bijan Ghaleh, Alain Berdeaux & 2Jean-Frangois Giudicelli

Département de Pharmacologie, Faculté de Médecine Paris-Sud, 63 rue Gabriel Péri, 94276 — Le Kremlin Bicétre Cédex, France

1 In order to determine whether the renin-angiotensin system is involved in myocardial ischaemia-
reperfusion injury, we investigated and compared the effects on infarct size of two different drugs which
interfere with this system, i.e., an angiotensin II (AT,) antagonist, EXP3174, and an angiotensin
I-converting enzyme inhibitor (ACEI), enalaprilat in a canine model of ischaemia-reperfusion.

2 EXP3174 (0.1 mgkg™', i.v. followed by 0.02 mgkg='h~! for 5.5 h) and enalaprilat (0.3 mg kg~!, i.v.
followed by 0.06 mg kg' h~! for 5.5 h) were used in doses inducing a similar level of inhibition (87 4
and 91 3%, respectively) of the pressor responses to angiotensin I. Control animals received saline.
3 Infarct size and area at risk were quantified by ex vivo dual coronary perfusion with triphenyltet-
razolium chloride and monastral blue dye. Regional myocardial blood flows (ischaemic and nonis-
chaemic, endocardial, epicardial) were assessed by the radioactive microsphere technique.

4 Both EXP3174 and enalaprilat induced a decrease in mean arterial blood pressure. However, non
significant changes in regional myocardial blood flows, whether ischaemic or nonischaemic, were
observed after administration of either the ACEI or the AT, antagonist.

5 The size of the area at risk was similar in the three groups. By direct comparison, there were no
significant differences between infarct sizes in the three groups. Furthermore, there was a close inverse
relationship between infarct size and transmural mean collateral blood flow in controls, and none of the
treatments altered this correlation. Thus, neither EXP3174 nor enalaprilat limited infarct size.

6 These results indicate that activation of the renin-angiotensin system does not contribute to myocyte
death in this canine ischaemia/reperfusion model.

© Macmillan Press Ltd, 1993
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Introduction

Among the numerous factors contributing to ischaemia-
induced myocardial damage during coronary artery occ-
lusion, the increase in sympathetic tone and the release of
catecholamines are known to play a major role (Schomig et
al., 1984; Heusch, 1990). However, ischaemia-induced activa-
tion of the renin-angiotensin system may also contribute
(Ertl, 1987; Ambrosioni & Borghi, 1989). Indeed, angiotensin
IT has potent coronary vasoconstrictor properties (Heyn-
drickx et al., 1976) as well as mild positive inotropic effects
(Kobayashi et al., 1978) which may jeopardize the ischaemic
myocardium by reducing the oxygen supply while increasing
the myocardial oxygen demand.

It has been shown that blockade of the renin-angiotensin
system by captopril (Ertl es al., 1982), enalapril (Lefer &
Peck, 1984; Hock et al., 1985), and ramipril (Martorana et
al., 1990) produces a beneficial effect in myocardial ischae-
mia. However, this cardioprotective effect of angiotensin I-
converting enzyme inhibitors (ACEIs) is not universally
recognized, as Liang et al. (1982) and Daniell et al. (1984)
have failed to demonstrate any myocardial protection with
ACEIs. But, it must be stressed that the pharmacological
approach using ACEIs to investigate the effects of the renin-
angiotensin system on myocardial ischaemia is indirect and
non specific. Indeed, it is not known whether the results
obtained are the direct consequence of the blockade of
angiotensin II production, or rather that of some of the
indirect effects of ACEIs. For example, ACEIs might en-

! Present address: Département de Pharmacologie, UFR de Méde-
cine et de Pharmacie de Rouen, Avenue de I'Université, BP 97,
76803, St Etienne due Rouvray, France.

2 Author for correspondence.

hance the cardioprotective effects of endogenous bradykinin
(Linder & Heusch, 1990; Martorana et al., 1990; Baumgarten
et al., 1993). In addition, sulphydryl containing ACEIs such
as captopril may exert cardioprotective effects during ischae-
mia and reperfusion through their capacity to scavenge oxy-
gen-derived free-radicals (Westlin & Mullane, 1988; Przy-
klenk & Kloner, 1989; Grover et al., 1991). Thus, the role of
the renin-angiotensin system in the myocardial damage
induced by ischaemia and reperfusion cannot be evaluated on
the sole basis of the results obtained with ACEls. In this
regard, the recent development of non-peptide angiotensin II
receptor antagonists should provide a more direct tool for
the investigation of the role of this system in myocardial
ischaemia/reperfusion injury.

Losartan (DuP 753) is a recently developed nonpeptide
angiotensin II (AT,) antagonist which, unlike peptide antag-
onists such as saralasin, does not appear to possess partial
agonist properties (Chiu et al., 1991). In the rat, losartan
generates an active metabolite, EXP3174, which is most
likely to be responsible for part of the pharmacological
effects of the drug (Wong er al., 1990). In contrast, the
haemodynamic effects of losartan in the dog are limited,
probably as a result of the weak biotransformation of losar-
tan into EXP3174 in this species (Wong et al., 1991).

The aim of the present study was to evaluate more directly
the role of the renin-angiotensin system in ischaemia-reper-
fusion injury in dogs. For this purpose, we investigated the
effects of EXP3174, the active metabolite of losartan, on
infarct size in a model of ischaemia-reperfusion. Further-
more, these effects were compared to those of an ACEI,
enalaprilat, in order to determine whether the nonspecific
properties of ACEIs do or do not add to the potential
beneficial effects of renin-angiotensin system blockade on
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infarct size. Since the renin-angiotensin system plays only a
minimal role in the control of vascular tone in normotensive
dogs, this study was carried out in dogs pretreated with
frusemide in order to activate their renin-angiotensin systems.

Methods

The animal instrumentation and the ensuing experiments
were performed in accordance with the official regulations of
the French Ministry of Agriculture. Furthermore, in order to
assess regional myocardial blood flow and infarct size, we
followed the recommendations of the NHLBI cooperative
study (Reimer et al., 1985).

Experimental preparation

Experiments were performed on mongrel dogs of either sex,
weighing 15-25 kg and in which the renin-angiotensin system
was activated by prior treatment with frusemide (two sep-
arate i.v. bolus doses of 20 mg kg~! per day for two consecu-
tive days before the experiment). Animals were anaesthetized
with 35mgkg~' i.v. sodium pentobarbitone and ventilated
by a Harvard respirator with room air supplemented with
low-flow oxygen. Arterial blood gases were maintained with-
in physiological range by adjusting ventilatory variables as
needed. A saline-filled catheter was inserted into the right
femoral artery and advanced in the ascending thoracic aorta
for measurement of arterial blood pressure and for with-
drawal of reference arterial blood samples required for deter-
mining tissue flow. Another catheter was inserted in the right
femoral vein for injection of drugs. A left thoracotomy was
performed in the fourth intercostal space and the heart was
suspended in a pericardial cradle. A saline-filled catheter was
placed into the left atrial appendage for subsequent injections
of radioactive microspheres. The left circumflex coronary
artery was isolated distal to the atrial appendage but prox-
imal to its first marginal branch and was encircled with a silk
suture so that the artery could be occluded with an atrau-
matic Schwartz vascular clamp. Any dog that developed
ventricular fibrillation during either occlusion or reperfusion
was cardioverted, if possible, using a Lifepack 8 defibrillator
(Physiocontrol, Redmond, WA, U.S.A.). Arterial blood pres-
sure and lead II of the electrocardiogram were continuously
monitored on a Gould Recorder 2200 S (Gould Instruments
Inc., Cleveland, OH, U.S.A.). Heart rate was calculated from
the blood pressure recordings. The animals were allowed to
rest at least 20 min before the first microsphere injection.

Measurement of regional myocardial blood flows

The distribution of regional myocardial tissue flow was
assessed by the radioactive microspheres technique. At the
times indicated in the experimental protocol, approximately
2 % 10° microspheres (diameter 15 £ 3 um), labelled with “Sc,
BRu or "'Ce (New England Nuclear, Boston, Massachu-
setts, U.S.A.), were injected through the catheter into the left
atrial appendage, followed by a 10 ml saline flush. Beginning
just before and continuing for 60 s after injection, a reference
sample of arterial blood was withdrawn from the femoral
artery at a rate of 9 ml min~'. Reference blood samples were
collected in 6 separate aliquots in order to ensure that all
radioactivity had been cleared from the circulation at the end
of the sampling.

Experimental protocol

Infarcts were produced by a 90 min occlusion of the left
circumflex coronary artery followed by a 4 h reperfusion.
Regional myocardial blood flow was measured before drug
administration, 10 min into occlusion and 60 min into reper-
fusion. At the completion of the surgical preparation, anim-
als were randomly assigned to one of the three experimental

groups (saline, enalaprilat or EXP3174). Ten minutes before
the end of reperfusion, the pressor response to i.v. adminis-
tration of angiotensin 1 (300 ng) (Sigma Chimie, la Verpil-
lére, France) was assessed, then the heart was excised.

Postmorten studies

Area at risk and infarct size The anatomical boundaries of
the previously ischaemic and nonischaemic vascular beds
were defined by dual perfusion of dyes at physiological pres-
sure (120 mmHg) in the left main coronary artery and in the
previously occluded circumflex artery (Reimer et al., 1985).
The perfusion fluid was sodium phosphate buffer (pH = 7.4)
plus 7% dextran (87.000 mol. wt., Sigma Chimie) to which
either 1% triphenyltetrazolium chloride (TTC, Sigma Chi-
mie) (for the previously occluded circumflex artery), or 3%
monastral blue dye (Sigma Chimie) (left main artery) was
added. The heart was then fixed by immersion for 3 days in a
large volume of phosphate-buffered formalin. The fixed left
ventricle was then sectioned into eight transverse slices which
were weighed. Five slices were used for the measurements of
area at risk (previously occluded vascular bed) and of infarct
size. The boundaries of the area at risk and infarct (TTC
negative area) were then traced; the tracings were digitized
using a HP scanner (Hewlett-Packard, Les Ulis, France)
interfaced to a Macintosh computer, and the area at risk and
infarct were quantitated with image analysis software.

Regional blood flows Flow measurements were made in the
three remaining slices. These slices were divided into nonis-
chaemic and central ischaemic zones. Lateral and septal
border zones were eliminated to avoid measurements from
samples containing a mixture of nonischaemic and ischaemic
tissue. Each sample was further subdivided into subendocar-
dial, midmyocardial and subepicardial thirds. Regional myo-
cardial blood flows were calculated according to the formula:

Qm = (Q r X Cm)/Cr

where Q m = myocardial blood flow (mlmin='); Q r = refer-
ence blood flow (mlmin~'); Cm =counts min~! in tissue
sample; Cr = counts min~! in reference blood sample. Myo-
cardial blood flows were expressed relative to the tissue
sample weight (mlmin~'g™").

Drugs

EXP3174 and enalaprilat were a gift of Merck Sharp and
Dohme Research Laboratories, West Point, PA, U.S.A.
Enalaprilat was dissolved in sterile saline and EXP3174 was
dissolved in a mixture of 5% NaHCO; and 5% dextrose.
EXP3174 (0.1 mgkg™') and enalaprilat (0.3 mgkg™') were
administered as an i.v. bolus immediately after the first
microsphere injection (i.e. 30 min before ischaemia), followed
by a continuous i.v. infusion (0.02 and 0.06 mgkg~'h-! for
EXP 3174 and enalaprilat, respectively) which lasted until the
end of the experiment. The doses of EXP3174 and enalaprilat
used in the present study were chosen on the basis of our
prior experiments in anaesthetized dogs, as those inducing a
similar decrease in mean arterial pressure and a similar
inhibition of the pressor response to angiotensin I (Richard
et al., 1993).

Statistical analysis of data

All values are expressed as mean * s.e.mean. Comparisons of
regional myocardial blood flows, heart rate and mean arterial
pressure values were made by a one-way analysis of variance
for repeated measures, followed by a Student-Newman-Keuls
test for multiple pairwise comparisons. Comparisons of area
at risk and infarct size (expressed as percentage of the area at
risk as well as percentage of the left ventricle) were made by
a one-way analysis of variance. Furthermore, in order to
control for the variability in infarct size due to collateral



flow, infarct size was compared among groups by an analysis
of covariance with size as a dependent variable and collateral
flow as a covariate. A P value <0.05 was considered statis-
tically significant.

Results

Thirty-two dogs initially entered this study. Eight dogs had
to be excluded (n =1, 2 and 5 in the control, enalaprilat and
EXP3174 groups, respectively) because they developed intrac-
table ventricular fibrillation. Consequently, results are pres-
ented for 24 dogs (n=8 in each group).

Effect of intravenous angiotensin I on mean arterial
pressure

Intravenous injection of angiotensin I (300 ng) increased
mean arterial pressure by 17+3% in control dogs. This
pressor response was reduced by 87 + 4% and 91 £ 3% by
EXP3174 and enalaprilat, respectively.

Haemodynamic data

Table 1 shows heart rate values measured in the three groups
throughout this study. Baseline heart rate values which were
similar in the three groups, were not affected by any of the
three treatments.

Table 1 also shows mean arterial pressure values measured
in the three groups throughout the study. There were no
significant differences between the baseline values of mean
arterial pressure in the three groups. In control dogs, no
significant change occurred at any time. Before coronary
occlusion, enalaprilat and EXP3174 induced a decrease in
mean arterial pressure which was reinforced by ischaemia.
However, at the end of occlusion and during reperfusion,
there were no significant differences in mean arterial pressure
values between animals treated with saline, enalaprilat or
EXP3174.
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Regional myocardal blood flows

Table 2 shows regional myocardial blood flow values in the
nonischaemic zones. These regional blood flows were not
significantly different between the three groups at any time.
However there was a small trend toward higher regional
flows during occlusion and reperfusion in the animals treated
with EXP3174 and during reperfusion in the animals treated
with enalaprilat.

Table 3 shows regional myocardial blood flow values in
the ischaemic zones. Coronary occlusion significantly reduced
regional blood flows in the three groups. At reperfusion,
regional blood flows returned to values that were not
significantly different from the preocclusion ones, except in
EXP3174-treated dogs were epicardial blood flow values were
significantly greater (P <0.05). However, there was never any
significant difference between regional myocardial blood flow
values among the three groups of animals.

Infarct size

The size of area at risk, an important baseline predictor of
infarct size, was similar in the three groups and averaged
38.2 £ 1.4% of the left ventricle in controls, 38.7 £ 1.6% in
the enalaprilat-treated group, and 39.9* 1.1% in the EXP
3174-treated group (Figure 1). Analysis of infarct size (Figure
1), expressed either as a percentage of the left ventricle
(14.5 £ 2.8% in the control group, 16.5 = 3.0% in the enal-
aprilat-treated group, 20.1 *3.5% in the EXP3174-treated
group) or as a percentage of the area at risk (36.9 £ 6.6% in
the control group, 42.1 £7.0% in the enalaprilat-treated
group, 49.8 + 8.5% in the EXP3174-treated group) indicated
no significant differences among the three groups. Thus, by
direct group comparison, neither of the treatments was able
to limit infarct size. Inasmuch as it is well known that
variations in infarct size may be due to variations in col-
lateral blood flow (Reimer et al., 1985), we also investigated
the relation between infarct size and collateral blood flow
(Figure 2). There was a close inverse relation between infarct

Table 1 Heart rate and mean arterial pressure values at baseline, before ischaemia, 10 and 90 min into ischaemia and 60 min into

reperfusion in the three groups of animals

Before 10 min 90 min 60 min
Group Baseline ischaemia ischaemia ischaemia reperfusion

Heart Saline 1337 13327 1335 12938 1236
rate Enalaprilat 137138 132138 133+38 1319 123+9
(beats min~") EXP3174 134+ 4 128+ 6 1355 140t 15 12727
Mean Saline 896 88+6 83+7 7717 768
arterial Enalaprilat 9% t£5 72+ 6* 59 £ 4+ 717 73%5
pressure (mmHg) EXP3174 8612 76 + 4* 63 + 4** 76+ 6 757

Values are mean t s.e.mean.

Value significantly different (*P <0.05; **P<<0.01) from corresponding saline value.

Table 2 Regional (Endo: endocardial, mid: middle, Epi: epicardial) and transmural (Trans) myocardial blood flows (ml min-'g-"')
values in the nonischaemic zones before ischaemia, 10 min into ischaemia and 60 min into reperfusion in the three groups of animals

Endo

Before ischaemia 0.69 + 0.05

Saline 10 min ischaemia 0.82 £ 0.06
60 min reperfusion 0.76 £ 0.10

Before ischaemia 0.89 £ 0.08

Enalaprialt 10 min ischaemia 0.85+0.13
60 min reperfusion 0.98 £ 0.10

Before ischaemia 0.76 £ 0.07

EXP3174 10 min ischaemia 0.93 £0.09
60 min reperfusion 1.00 + 0.04

Values are mean * s.c.mean.

Mid Epi Trans
0.62 + 0.05 0.57 £0.05 0.63 £ 0.05
0.71 £ 0.05 0.66 £ 0.05 0.73 £ 0.06
0.68 + 0.09 0.62 +0.08 0.69 £ 0.09
0.84 +0.08 0.77 £ 0.09 0.83 £ 0.08
0.81 £ 0.13 0.79 £ 0.13 0.82+0.13
0.98 +0.11 0.98 +£0.13 0.98 £ 0.11
0.70 £ 0.07 0.66 + 0.06 0.71 £ 0.07
0.85 % 0.08 0.84 £0.07 0.88 + 0.08
0.93 £ 0.03 0.89 +0.03 0.94 + 0.03
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Table 3 Regional (Endo: endocardial, mid: middle, Epi: epicardial) and transmural (Trans) myocardial blood flows (mlmin-'g-")
values in the ischaemic zones before ischaemia, at 10 min into ischaemia and at 60 min into reperfusion in the three groups of animals

Mid Epi Trans
0.71 £0.08 0.68 £ 0.10 0.73 £ 0.08
0.08 + 0.02* 0.16 £ 0.03* 0.09 + 0.02**
0.85%0.12 0.79 £0.13 0.84 + 0.08
0.87 £ 0.07 0.80 £ 0.07 0.87 £ 0.07
0.08 = 0.02*° 0.15 £ 0.03* 0.09 + 0.02=*
1.17£0.25 0.86 £0.12 1.09+£0.21
0.82 £0.08 0.72 £ 0.08 0.79 £0.07
0.06 + 0.02*° 0.11 £ 0.03® 0.06 + 0.02*°
0.96 £ 0.11 1.17 £ 0.08* 0.93 £ 0.09

Endo

Before ischaemia 0.78 £ 0.08

Saline 10 min ischaemia 0.04 £ 0.01*®
60 min reperfusion 0.86 £ 0.16
Before ischaemia 0.93 £0.07

Enalaprialt 10 min ischaemia 0.04 £+ 0.02*°
60 min reperfusion 1.27£0.36
Before ischaemia 0.86 £ 0.08

EXP3174 10 min ischaemia 0.04 £ 0.02*
60 min reperfusion 0.69 £ 0.19

Values are mean t s.e.mean.

*Value significantly different (P <<0.01) from before occlusion value.
®Value significantly different (P<<0.01) from 60 min reperfusion value.
“Value significantly different (P<<0.01) from 60 min reperfusion value in saline- and enalaprilat-treated dogs.
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Figure 1 Area at risk and infarct size (expressed as percentage of
area at risk and as percentage of left ventricle). Open columns,
control; hatched columns, enalaprilat; solid columns, EXP3174.
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Figure 2 Plot of transmural collateral blood flow versus infarct size
in saline (O)- enalaprilat (M)- and EXP3174 (A)-treated dogs.

size and collateral blood flow in controls. Neither enalaprilat
nor EXP3174 altered this relationship, suggesting that none
of these treatments affected infarct size. This visual observa-
tion was confirmed by an analysis of covariance with col-
lateral blood flow as an independent variable and infarct size

as a dependent variable (F=0.35; P=NS). Thus clearly
neither of the treatments limited infarct size, even when the
variation due to collateral flow was controlled.

Discussion

In this study, intravenous administration of enalaprilat in-
duced a marked inhibition (91%) of the pressor response to
angiotensin I, indicating an almost complete angiotensin-
converting enzyme inhibition. Similarly, administration of
EXP3174 resulted in a strong inhibition (87%) of the res-
ponse to angiotensin I, demonstrating an almost complete
blockade of the AT, receptor responsible for the pressor
effects of angiotensin II, in agreement with the results of
Wong et al. (1991) in conscious dogs. In addition, the fact
that a similar blockade of angiotensin I pressor responses
was achieved with EXP3174 and with enalaprilat indicates
that the effects of the two drugs were investigated at an
identical level of inhibition of the renin-angiotensin system.

The renin-angiotensin system plays a minor role in the
regulation of mean arterial pressure (Laubie et al., 1984) and
coronary blood flow (Noguchi et al., 1985; Gerard et al.,
1990) in normal dogs. Thus in this study this system was
activated by a frusemide-pretreatment. As a result, EXP3174
and enalaprilat decreased mean arterial pressure whereas at
the same doses and for the same level of inhibition of the
renin-angiotensin system, these compounds do not exhibit
any effect in non frusemide-pretreated dogs (Richard et al.,
1993). The decrease in mean arterial pressure induced by
both EXP3174 and enalaprilat is related to the inhibition of
the vasoconstrictor (Liang et al., 1982) and sympathetic
system facilitating (Clough et al., 1982) properties of
angiotensin II. This hypotension induced by both treatments
was reinforced after 10 min of coronary occlusion, whereas in
control dogs ischaemia did not induce any modification of
mean arterial pressure. Thus, this result confirms the role of
the renin-angiotensin system in the control of blood pressure
in frusemide-treated dogs. In contrast, Ertl et al. (1983)
reported that the renin-angiotensin system does not cont-
ribute importantly to the control of blood pressure following
coronary artery occlusion. However, it must be stressed that
the latter experiments were performed with saralasin, a pep-
tide angiotensin II antagonist which exhibits a significant
intrinsic partial agonist activity, mimicking the actions of
angiotensin II itself (Chiu et al., 1991).

In our experiments, the hypotension induced by either
EXP3174 or enalaprilat was transient. At the end of the
ischaemic period, no significant difference in arterial pressure
was seen among the three groups. Comparison of the values
obtained after 10 and 90 min of ischaemia revealed that this
was due both to a decrease in blood pressure in controls and
to an increase in blood pressure in treated animals. The
reason for the increase in arterial pressure (despite persistent



blockade of the pressor response to angiotensin II) is not
clear, but could be due to ischaemia-induced compensatory
mechanisms (such as sympathetic stimulation), which could
compete with the decrease in arterial pressure resulting from
the inhibition of the renin-angiotensin system.

In our experimental model, no significant changes in
regional myocardial blood flows were observed after adminis-
tration of either the ACEI or the angiotensin II AT, antag-
onist. Furthermore, and despite the decrease in mean arterial
pressure observed after 10 min of coronary artery occlusion,
neither drug induced a decrease in collateral blood flow. The
lack of effects of EXP3174 and enalaprilat on regional
myocardial blood flows is in agreement with previous studies
which showed (a) that these regional flows and their distribu-
tion (between epicardial and endocardial layers and between
nonischaemic and iscahemic zones) are not modified by four
ACEIs in anaesthetized dogs submitted to repeated coronary
occlusions (Berdeaux er al., 1987), and (b) that in anaes-
thetized open-chest dogs with or without activation of the
renin-angiotensin system, no change in regional myocardial
blood flow occurs after intravenous administration of enalap-
rilat and EXP3174 in nonischaemic conditions (Richard et
al., 1993). Thus our present data indicate that the renin-
angiotensin system does not play a major role in the regula-
tion of myocardial blood flows in the canine model of
ischaemia-reperfusion in confirmation of what has been
observed in the above mentioned studies.

The fact that neither enalaprilat nor EXP3174 limited
infarct size in our study demonstrates that angiotensin II is
not importantly involved in myocardial ischaemia-
reperfusion injury. In this respect, our results are in agree-
ment with those of other studies performed with ACEIs
(Liang et al., 1982; Daniell et al., 1984; De Lorgeril et al.,
1992). In contrast, other investigators have reported an inc-
rease in regional myocardial blood flows and a limitation of
infarct size with captopril in dogs (Ertl et al., 1982). How-
ever, several experiments suggest that the anti-ischaemic
effect of the sulphydryl-containing ACEI captopril could be
due to non specific effects of this drug, such as an inhibition
of oxygen free radical-dependent reperfusion injury (Westlin
& Mullane, 1988; Chopra et al., 1992) and/or an interference
with arachidonic acid metabolism (Van Gilst et al., 1987).
However, in some experimental models of ischaemia, acute
administration of non sulphydryl-containing ACEIs also
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Time-related increases in cardiac concentrations of
doxorubicinol could interact with doxorubicin to depress

myocardial contractile function
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& *Richard D. Olson
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School of Medicine, Nashville, TN 37232 and **College of Pharmacy, Idaho State University, Pocatello, ID 83209, U.S.A.

1 The present study evaluated the time-dependency of acute anthracycline cardiotoxicity by varying the
duration of exposure of rabbit isolated atria to doxorubicin and determing changes (1) in contraction
and relaxation and (2) in atrial concentrations of doxorubicin and its C-13 hydroxy metabolite,
doxorubicinol.

2 Following addition of doxorubicin (175 uM) to atria, contractility (dF/dt), muscle stiffness (resting
force, RF) and relaxation (90% relaxation time, 90% RT) were monitored for a 3.5h period.

3 Doxorubicin (175 uM) progressively diminished mechanical function (decreased dF/dt, increased RF
and prolonged 90% RT) over 3 h. Doxorubicinol (1.8 uM), however, failed to produce time-related
cardiac dysfunction; it depressed contractile function and increased muscle stiffness during the first
30 min without causing additional cardiac dysfunction during the remaining 3 h of observation. Dox-
orubicinol had no effect on 90% RT.

4 During treatment with doxorubicin, atria contained considerably more doxorubicin than dox-
orubicinol (ratio of doxorubicin to doxorubicinol ranged from 778 to 74 at 0.5 and 3 h, respectively).
Elevations of doxorubicin and doxorubicinol in atria paralleled the degree of dysfunction of both
contraction and relaxation; increases in muscle stiffness, however, were more closely associated with
increases of doxorubicinol than doxorubicin.

5 To probe the relation between cardiac doxorubicinol and myocardial dysfunction further, without
confounding effects of cardiac doxorubicin, concentration-response experiments with doxorubicinol
(0.9-7.2 uM) were conducted.

6 Plots of doxorubicinol concentrations in atria vs contractility indicated that the cardiac concentra-
tion of doxorubicinol, at which contractility is reduced by 50%, is five fold lower in doxorubicin-treated
than in doxorubicinol-treated preparations. Thus, doxorubicin and doxorubicinol appear to interact to
depress contractile function.

7 Cardiac concentrations of both doxorubicin and doxorubicinol, as observed in these studies, were
found to stimulate markedly Ca?* release from isolated SR vesicles, but 3 uM doxorubicinol promoted a
15 fold greater release rate than 3 uM doxorubicin.

8 Our observations coupled with the previously reported finding that doxorubicinol inhibits Ca?*
loading of SR, suggests that doxorubicinol accumulation in heart contributes to the time-dependent
component of doxorubicin cardiotoxicity, through a mechanism that could involve perturbations of

Ca?* homeostasis.
Keywords:
tion of contraction and relaxation

Doxorubicin; doxorubicinol; cardiotoxicity; sarcoplasmic reticulum; Ca?* release; Ca’* loading; kinetics; dysfunc-

Introduction

Myocardial preparations are highly susceptible to the car-
diotoxic effects of anthracyclines such as doxorubicin and
daunorubicin. In vitro studies, while clearly demonstrating
the concentration-related nature of the toxicity, also suggest
that duration of exposure to an anthracycline may be a
major determinant of cardiac dysfunction. Studies in rat
Langendorff preparations (Miwa et al., 1986; Pelikan et al.,
1986) and in guinea-pig isolated atria (Hagane et al., 1988)
showed progressively greater inhibition of cardiac function
following doxorubicin treatment during 60 or 180 min obser-
vation periods. The above-mentioned studies, however, were
not designed to characterize or address the time-dependent
component of doxorubicin cardiotoxicity; the relation be-
tween exposure time to anthracyclines and acute cardiac
dysfunction remains to be investigated.

! Author for correspondence.

The demonstration by Olson er al. (1988) that cardiac
tissue can metabolize doxorubicin to a highly potent cardio-
toxin, doxorubicinol, has raised the possibility that anthra-
cycline toxicity over time could be related to this myocardial
metabolism. Thus, it is important to determine whether (1)
the heart synthesizes sufficient concentrations of doxoru-
bicinol to impair contraction and relaxation and whether (2)
the rate of doxorubicinol synthesis parallels the rate of
development of myocardial dysfunction. It is also relevant to
determine if treatment with doxorubicinol alone produces
time-dependent cardiotoxic effects, as would be expected if
doxorubicin and doxorubicinol exert toxicities by similar
mechanisms. Differing mechanisms of toxicity could result in
antagonistic or synergistic interactions between parent anth-
racycline and metabolite.

To address such issues, our study investigated the relation
between time-dependent alterations in atrial contraction and



976  P.S. MUSHLIN et al.

relaxation and rates of change of doxorubicin or doxoru-
bicinol in isolated atria treated with either doxorubicin or
doxorubicinol. Abilities of these compounds to affect Ca?*
release from sarcoplasmic reticulum (SR) vesicles were also
compared, to provide additional information about how dox-
orubicin or its metabolite, doxorubicinol, could impair car-
diac function. This paper describes major differences between
cardiac effects of doxorubicin and doxorubicinol, which were
especially prominent during prolonged exposure to the
agents.

Methods

Isolated atria preparations

Experiments were conducted in accordance with the Declara-
tion of Helsinki and the Guide for Care and Use of Lab-
oratory Animals as adopted by the National Institutes of
Health. Adult (2.5-3.5kg) New Zealand white rabbits of
either sex were killed by captive bolt discharge to the cra-
nium. Immediately, a median sternotomy was performed,
and the heart removed within 30 s. After placing the heart in
iced Krebs-bicarbonate buffer (see below), the left atrium was
dissected free, and divided into two thin strips (100 mg each);
each muscle strip was placed in a thermojacketed, 25 ml,
muscle bath (maintained at 30°C) containing Krebs-
bicarbonate buffer composition, mM: NaCl 127, CaCl, 2.5,
KCl12.3, NaHCO; 25, KH,PO, 1.3, glucose 5.6; the buffer
was continuously bubbled with 95% O, and 5% CO, to
maintain a pH of 7.4.

The muscle was attached to an isometric force transducer
and stretched to a resting tension of 0.5g. Muscles were
electrically stimulated (S88 stimulator, Grass Medical Instru-
ments, Quincy, MA, U.S.A.) with a square wave pulse (3 ms
in duration) at a voltage 10% above threshold voltage of the
muscle. Atrial strips were stimulated at 1 Hz and allowed to
stabilize for 90-180 min. Experiments were conducted with
muscles contracting at a frequency of 2 Hz. Cardiac func-
tional variables examined for each muscle preparation were
resting force (RF; mg), maximal rate of rise of force (dF/dt;
gs™'), and 90% relaxation time (90% RT; time for peak
developed force to decrease by 90%; ms). Variables evaluated
were recorded using high speed (100 mm s~') oscillographic
tracings (Gould 4200S oscillographic recorder) and data
analyzed using a Buxco Pulsatile Analyzer (Buxco Elec-
tronics, Inc., Sharon, CT, U.S.A)).

Experimental design

Atrial effects of doxorubicin or doxorubicinol were deter-
mined 30, 90 and 150 and 210 min after addition of dox-
orubicin (175 uM) or doxorubicinol (1.8 uM) to the bath.
Preliminary trials had shown that the above concentration of
either agent produced only a slight, but statistically
significant depression of contractile function during a 30 min
treatment period, thereby allowing sufficient latitude for each
agent to express its ability to compromise cardiac function
further during the final 3 h of the experiment. Concentration-
response relationships to doxorubicinol were investigated by
increasing the concentration of doxorubicinol in the bath in a
stepwise fashion (0.9, 1.8, 3.6, 7.2 uM) and measuring func-
tional variables 30 min after each increase (i.e., doxorubinicol
was added at times 0, 60, 120 and 180 min; cardiac function
was assessed 30, 90, 150 and 210 min after beginning the
experiment).

Cardiac concentrations of doxorubicinol were determined
at various bath concentrations (i.e., 0.9, 1.8, 3.6, 7.2 uM) in
atrial strips treated as described above for concentration-
response studies. Each strip was removed for assay after a
30 min exposure to a specific doxorubinicol concentration.
Cardiac concentrations of doxorubicin and doxorubicinol

were determined at 30 min intervals (for 210 min) after
adding doxorubicin (175 uM) to atrial strips.

Assay for doxorubicin and doxorubicinol

After removal from the bath, the atrial strip was
homogenized with a polytron (Brinkman) for 30 s in 3 ml of
iced saline saturated with ammonium sulphate; daunorubicin
(500 ng) was then added as an internal standard. The homo-
genate was extracted with chloroform:isopropanol (5 ml of a
50:50 (v/v) mixture), vortexed for 3 min, and centrifuged at
1000 g for 10 min. The organic phase (which contained the
anthracycline) was removed and evaporated under N, at
room temperature. The residue was resuspended in 500 pl
methanol and analyzed with a high performance liquid chro-
matography (h.p.l.c.) system that included a phenyl reversed
phase column (4 micron, Radial-Pak, Waters), a program-
mable infusion pump to control the gradient of the mobile
phase, and a fluorescent detector (Kratos; excitation wave-
length = 470 nm, emission wavelength = 550 nm). The mobile
phase, which initially contained 72% ammonium formate
buffer (16 mM; pH4.0) and 28% acetonitrile (v/v), was
changed to 66% ammonium formate and 34% acetonitrile at
6.5 min, and returned to 72% ammonium formate and 28%
acetonitrile at 11.5 min. Concentrations of doxorubicin and
doxorubicinol were determined from standard curves gener-
ated by adding known amounts of doxorubicin and dox-
orubicinol to atrial tissue treated exactly as above.

Preparation of cardiac SR vesicles

Canine cardiac sarcoplasmic reticulum (SR) vesicles were
prepared by a modification of the method of Harigaya &
Schwartz (1969). Mongrel dogs of either sex were killed with
sodium pentobarbitone. The heart was rapidly removed from
the chest and perfused with ice-cold saline. Fat, atrial and
right ventricular tissues were discarded. The remaining tissue
(i.e., left ventricular free wall and septum) was minced in a
food processor (Waring); 40 g of minced tissue was added to
120 ml of buffer (0.9% NaCl, 10 mM Tris maleate, pH 6.8).
The buffered tissue was vortexed, homogenized (Brinkman
polytron; three 20 s intervals, setting of 4) and centrifuged
for 20 min at 4000g at 4°C. Supernatant was collected,
filtered through 2 layers of cheesecloth and centrifuged at
8000 g for 20 min. The resulting supernatant was centrifuged
at 40,000 g for 30 min. The pellet (40,000 g) was resuspended
in buffer (pH 6.8, 0.9% NaCl, 10 mM Tris maleate, 0.3 M
sucrose) to achieve a final concentration of approximately
20-25mg protein ml~', then stored in liquid N,. Protein
concentrations were determined as described by Lowry et al.
(1951).

Assay for SR calcium release

The metallochromic indicator, antipyralazo III, was used to
measure calcium release according to the technique of Palade
& Vergra (1982). Ca®* concentration was determined by
subtracting absorbences measured simultaneously at two
different wavelengths (absorbence at 710 nm minus absor-
bence at 790 nm) with an HP 8450A u.v./visible diode array
spectrophotometer (Hewlett Packard, Avondale, PA, U.S.A.).
Procedures were performed at 32°C; 15pul (338 pug) cardiac
microsomes (22.5 mg protein ml~') were added to 0.985 ml of
a buffered (pH 7.0) solution containing (mM): antipyralazo
II1 0.3, MOPS (3-[N-morpholino]propanesulphonic acid) 20,
KH,PO, 50, KC15, MgCl,2 and ATP 2. Thereafter, calcium
chloride (5nmol Ca?*) was added to load the microsomes
with Ca®*; the process was repeated 15 times. Loaded micro-
somes were then exposed to varying concentrations of doxo-
rubicin or doxorubicinol and rates of calcium release were
determined.

To compare effects associated with atrial tissue levels of
anthracyclines (doxorubicin or doxorubicinol) with effects of



anthracyclines in isolated subcellular preparations, we con-
verted tissue levels from pg anthracycline per g wet weight to
pmol anthracycline per pl of aqueous solution. Because car-
diac tissue has a density very similar to that of water
(1 gml™!), a tissue doxorubicinol concentration of 1pugg™'
wet weight is assumed to be equivalent to 1pgml~' or
1.8 uM (molecular weight of doxorubicinol is 540).

Materials

Doxorubicin was obtained from Sigma Chemical Company
(St. Louis, MO, U.S.A.). Doxorubicinol was synthesized
from doxorubicin according to the technique of Takanashi &
Bachur (1976). Identity and purity were confirmed by h.p.l.c.
as previously described (Olson et al., 1988).

Statistics

One way analysis of variance for unpaired data or ran-
domized block analysis of variance for paired data was used
to analyze effects of doxorubicin or doxorubicinol on cardiac
mechanical variables as a function of duration of exposure or
concentration of anthracycline. Specific contrasts among
groups (comparisons at different time points) were made by
Duncan’s New Multiple Range test. ECsy’s (tissue concenta-
tion of anthracycline associated with a 50% reduction in
measured effect) were compared by probit analysis. Pro-
babilities less than 5% were considered statistically significant
(P<0.05).

Results

Effect of anthracycline vehicle on cardiac function

Rabbit atria contracting at 2 Hz were stable following addi-
tion of 0.9% NaCl to the muscle bath during the 210 min
study period (control; Table 1); no substantial changes occur-
red in any cardiac functional variables at any of the times
studied. The largest reductions noted in mean dF/dt were a
6% diminution at 150 min and a 13% decrease at 210 min.

Time-related effects of doxorubicin on cardiac function

Doxorubicin (175 puM) decreased myocardial contractility (dF
/dt), impaired cardiac relaxation (90% relaxation time; 90%
RT), and increased muscle stiffness (resting force; RF) in a
time-related manner (Figures 1 and 2). There was little
change in mean dF/dt after a 30 min exposure to doxorubicin
(86 £ 11% of pre-doxorubicin value); however, a 90 min
exposure decreased dF/dt by more than 50% (48 £ 12% of
pre-doxorubicin value), and a 210 min exposure reduced dF/
dt by 67 * 6%. Myocardial relaxation was markedly impair-
ed; 90% RT more than doubled (220 + 12% of pre-doxo-

Table 1 Changes in dF/dt, RF and 90% RT as a function
of time after adding vehicle (0.9% NaCl) to isometrically
contracting rabbit atria

Cardiac Time of exposure to vehicle

variable 30 min 90 min 150 min 210 min
dF/dt 106 %5 101 £8 94+ 10 87+ 11
RF 1012 9+2 99+2 100 £ 2

90% RT 1022 101 £3 9+4 98 +4

Values are mean *s.e.mean of 7 experiments and are
expressed as percentages of pre-vehicle values. dF/dt,
maximum rate of rise of force; RF, resting force-force
exerted by atria when not actively contracting (at rest); 90%
RT, 90% relaxation time (time for peak developed force to
decrease by 90%); for additional information, see Methods.
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rubicin value) during exposure to doxorubicin for 210 min
(Figure 2). Resting force, which was not increased after
treatment with doxorubicin for 90 min, was significantly
elevated at 150 min and further increased at 210 min (136
12% of pre-doxorubicin values) (Figure 2).

100

dF/dt (% of basal values)

0 i 1 A 1 A 1 A J

0 60 120 180 240
Time (min)

Figure 1 Effects of doxorubicin (Dox H; 175um) and doxoru-
bicinol (Doxol O; 1.8 uM) on cardiac contractility (dF/dt) as a
function of time after adding either agent to isometrically contracting
rabbit atria. The x-axis shows duration of treatment with Dox or
Doxol; the y-axis shows dF/dt, expressed as percentages of pre-Dox
or pre-Doxol values. Data are mean * s.e.mean (n=4). *P<0.05
(for Dox vs Doxol, using l1-way analysis of variance and Duncan’s
New Multiple Range test).

145 }
135 |
125 |
s b

105 P

RF (% of basal values)

95 -

85

o

235
215

T2 0

195 |-
175 |
155

135 |

115 |

90% RT (% of basal values)

95 | Qrecccccccccce Qrecccceccccce oQrecccccccccce -Q

75 i A A A A A A )
0 60 120 180 240

Time (min)

Figure 2 Effects of doxorubicin (Dox H; 175um) and doxoru-
bicinol (Doxol O; 1.8 pm) on resting force (RF, a) and 90% relaxa-
tion time (90% RT, b) as a function of time after adding either agent
to isometrically contracting rabbit atria. The x-axis shows duration
of treatments; the y-axis shows RF and 90% RT, expressed as
percentages of pre-Dox or pre-Doxol values. Data are mean *
s.e.mean (n = 4). *P <0.05 (for Dox vs Doxol, via 1-way analysis of
variance and Duncan’s New Multiple Range test).
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Table 2 Atrial doxorubicin and doxorubicinol levels following

treatment with doxorubicin

30 60
Dox 70 110
(s.e.mean, n=23) 26 24
Doxol 0.09 0.60
(s.e.mean, n=15) 0.05 0.04
Dox/Doxol 778 183
% Dox 99.9 99.5
% Doxol 0.13 0.54
% Dox max 24 40
(s.e.mean, n = 3) 8 6
% Doxol max 4 18
(s.e.mean, n=15) 2 3

Doxorubicin (dox) concentration expressed as pug per g wet weigh
wet weight of tissue.

max Dox = Dox concentration at each time/highest concent
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Figure 3 Relationship of atrial doxorubicin (Dox) concentration
and changes in cardiac variables (dF/dt, a; resting force, RF, b; 90%
relaxation time, 90% RT, c) in rabbit atria treated with 175 uM Dox.
The x-axis shows mean (» = 3) atrial Dox concentrations; the y-axis
shows mean * s.e.mean (n=4) values of cardiac mechanical vari-
ables after 30, 90, 150 and 210 min of treatment with Dox; me-
chanical variables are expressed as percentages of pre-Dox values.

Time (min)
90 120 150 180 210
207 183 240 229 239
20 24 32 37 34
0.72 1.57 191 3.09 2.62
0.10 0.20 0.35 0.81 043
287 116 126 74 91
99.7 99.1 99.2 98.7 98.9
0.34 0.87 0.79 1.34 1.08
78 68 98 100 100
4 5 8 0 0
20 47 57 81 100
2 7 11 12 0

t of tissue, doxorubicinol (doxol) concentration expressed as ug per g

Dox = % of anthracycline that is Dox (% Dox = Dox/(Dox + Doxol)).
Doxol = % of anthracycline that is Doxol (% Doxol = Doxol/(Dox + Doxol)).

ration of Dox. during each time course.

max Doxol = Doxol concentration at each time/highest concentration of Doxol during each time course.

Time-related effects of doxorubicinol on cardiac function

Unlike doxorubicin, no substantial time-related effects were
observed during treatment with doxorubicinol (1.8 pM) for
210 min. Doxorubicinol (1.8 puM) treatment did decrease dF/
dt by 25 2% at 30 min and by 32 £ 4% at 90 min, but no
further decrease in dF/dt occurred over the next 120 min (i.e.,
between 90 and 210 min, mean dF/dt decreased by 2%)
(Figure 1). Similarly, doxorubicinol significantly increased
RF (4 £ 2%; P<<0.05) after 30 min, without further increas-
ing RF during the ensuing 180 min (between 30 and 210 min)
(Figure 2). In contrast to the ability of doxorubicin to pro-
long 90% RT, doxorubicinol did not alter 90% RT (Figure
2).

Effects of time on atrial concentrations of doxorubicin
and doxorubicinol following exposure to doxorubicin

Treatment of atrial strips with doxorubicin (175 puM) for
210 min produced a time-related increase in atrial concentra-
tions of doxorubicinol (Table 2). Atrial doxorubicin level
attained 78% of peak value during the first 90 min of
exposure to doxorubicin and increased only 3.4 fold between
30 and 210 min of exposure to doxorubicin (70 to 239 pug g~!
wet weight; Table 2). By contrast, doxorubicinol concentra-
tion increased 35 fold between 30 and 180 min of exposure
(0.088 ug g~! wet weight at 30 min to 3.09 pug g~! wet weight
at 180 min), with the most rapid rate of increase occurring
between 30 and 90 min (i.e., doxorubicinol level increased
more than 8 fold; from 0.088 to 0.715ugg™! wet weight).
During the course of study, the concentration of doxo-
rubicinol increased approximately 10 fold relative to the
concentration of doxorubicin ([doxorubicin]/[doxorubicinol]
decreased from 778 at 30 min to 74 at 180 min). Nonetheless,
on an absolute basis, doxorubicin always predominated over
doxorubicinol, never constituting less than 98.7% of the
anthracycline (doxorubicin and doxorubicinol) present in car-
diac tissue.

Relation between atrial concentrations of doxorubicin
and doxorubicinol and changes in cardiac function

Treatment with doxorubicin for 210 min produced alterations
of cardiac functional variables (dF/dt, RF, 90% RT) that
were directly related to cardiac concentrations of both dox-
orubicin and doxorubicinol (Figures 3 and 4). The most
pronounced effects on functional variables were observed
when tissue doxorubicin levels were between 100 and 300
pg g~ wet weight. At a tissue level of 200 pg doxorubicin g~!
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Figure 4 Relationship of diastolic dysfunction and atrial doxo-
rubicinol (Doxol) concentration. Changes in diastolic function (90%
relaxation time, 90% RT, a; resting force, RF, b) were evaluated in
rabbit isolated atrial strips following exposure to either doxorubicin
(Dox; B; 175uM) or to doxorubicinol (Doxol; O). Atrial Doxol
concentrations were measured in similarly treated atrial strips. The
x-axis shows mean atrial Doxol concentrations (expressed as pg
Doxol g~! wet weight) resulting from exposure to Dox for 30, 90,
150 and 210 min (M, n = 3) or from treatment with a range of Doxol
concentrations (0.9, 1.8, 3.6 and 7.2 um; O, n = 3); the y-axis shows
corresponding mean values of RF and 90% RT, expressed as a
percentage of the value immediately prior to addition of Dox (n = 4)
or Doxol (n=7) to the muscle bath. Data are mean % s.c.mean.

wet weight, dF/dt had already declined by 50%, whereas RF
and 90% RT were just beginning to rise sharply.

Exposure of atria to various concentrations of doxoru-
bicinol (0.5, 1.0, 2.0 and 4.0pgml~") led to increases of
doxorubicinol in the atrial strips (0.66 £ 0.10, 1.53 % 0.20,
2.68 £ 0.52 and 5.72 £ 0.71 pg g~! wet weight, respectively).
These data allowed determination of the relation between
mechanical dysfunction and concentration of doxorubicinol
in heart, without the confounding influence of doxorubicin
concentration (Figures 4 and 5). Cardiac doxorubicinol con-
centration, while unrelated to 90% RT (Figure 4), paralleled
the depression of dF/dt (Figure 5) and increase in RF (Figure
4) observed during treatment with doxorubicinol. The func-
tional variable that appeared most sensitive to cardiac dox-
orubicinol level was dF/dt, which was inhibited by 18 + 5%
(P<0.05) when the atrial doxorubicinol level was 0.66
0.10pgg~" wet weight (Figure 5). Resting force was not
significantly increased until the doxorubicinol level was 2.3
fold higher (1.53 £0.20 ug g~! wet weight; RF increased by
11 £4%; P<<0.05). By contrast, treatment with doxoru-
bicinol never increased 90% RT (Figure 4), not even when
atrial doxorubicinol level reached 572X 0.71pgg™! wet
weight (a level associated with a 54 * 8% decrease in dF/dt
and a 33 £ 11% increase of resting force).
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Figure 5 Relationship of contractile dysfunction and atrial dox-
orubicinol (Doxol) concentration. Changes in contractile function
(dF/dt) were measured in isometrically contracting rabbit atrial strips
following exposure to either doxorubicin (Dox; H) or to dox-
orubicinol (Doxol; O). Atrial Doxol concentrations were measured
in other similarly treated atrial strips. The x-axis shows mean atrial
Doxol concentrations (expressed as pg Doxol g~' wet weight) result-
ing from exposure to Dox (175 pm) for 30, 90, 150 and 210 min (M,
n=3) or from treatment with a range of Doxol concentrations (0.9,
1.8, 3.6 and 7.2 uM; O, n = 3); the y-axis shows corresponding mean
values of dF/dt, expressed as percentages of values obtained immed-
iately prior to addition of Dox (n=4) or Doxol (n=7) to the
muscle bath. Data are mean * s.e.mean.

The degree of contractile dysfunction associated with any
particular concentration of cardiac doxorubicinol depended
upon whether the level was elevated by treatment with dox-
orubicin or treatment with doxorubicinol (Figure 5). The two
treatments produced parallel tissue concentration-response
relations, allowing for comparisons of ECs, (atrial concentra-
tion of doxorubicinol associated with a 50% reduction in
dF/dt); ECs, associated with doxorubicinol treatment was 5
fold greater than the ECs, due to doxorubicin treatment (0.7
vs 3.5pug g™! wet weight).

Effects of doxorubicin and doxorubicinol on SR Ca’*
release

Atrial levels of doxorubicin and doxorubicinol resulting from
incubation with 175 uM doxorubicin (Table 2) provided the
basis for selecting anthracycline concentrations (3 and 10 uMm)
to study in our experimental model of sarcoplasmic reticulum
(SR) calcium release. Doxorubicinol and doxorubicin both
caused a concentration-related release of calcium from iso-
lated SR vesicles (Table 3). Doxorubicinol, however, was
more potent than doxorubicin, producing a 3 and 15 fold
greater stimulation of calcium release at 10 and 3 puM, respec-
tively (P <<0.01).

Because anthracyclines can enhance the sensitivity of the
Ca’* release channel of SR to Ca?* (increase Ca?* induced-

Table 3 Effects of doxorubicin or doxorubicinol on
maximum rates of calcium release from sarcoplasmic
reticulum vesicles (SR) from canine cardiac muscle

Concentration
Anthracycline 3 um 10 uM
Doxorubicin 0.8+04 59+7
Doxorubicinol 12.0 + 1.4* 165 + 29*

Values (nmol Ca’?* mg~' protein min~') are mean ts.e.
mean; n=6 at 3uM; n =4 at 10 upM. Amount of free Ca®*
(nmol) in reaction cuvettes did not differ at the time that the
anthracycline was added to release SR Ca?*.

*Indicates significant differences (P <<0.01) between doxo-
rubicin and doxorubicinol at each concentration.
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Table 4 Doxorubicin (Dox) and doxorubicinol (Doxol) contributions' to sarcoplasmic reticulum (SR) dysfunction in Dox-treated
atria: estimates based on atrial concentrations of Dox and Doxol and their abilities to cause subcellular dysfunction

Dox or Doxol contribution to Ca’* release by SR in working atria

Atrial concentration-ratio Percentage
Potency factor’ (Dox/Doxol)* or (Doxol/Dox)} contribution’
Anthracycline (SR Ca release) 30 min 180 min 30 min 180 min
Dox 0.07 778* 74* 100% 96%
Doxol 15 1/778% 1/74% 0% 4%

Dox or Doxol contributions to inhibition of SR Ca’* ATP-ase in working atria

Atrial concentration-ratio Percentage
Potency factor’ (Dox|/Doxol)* or (Doxol/Dox)} contribution’®
Anthracycline (ATP-ase inhibition) 30 min 180 min 30 min 180 min
Dox 0.01 778* 74* 98% 35%
Doxol 100 1/778% 1/74% 2% 65%

'Assumes direct relationship between cardiac concentration of Dox or Doxol in working atria and effects of these agents on subcellular
function.

Potency factors (PF) (ratios of relative potencies to stimulate Ca?* release (data from Table 3) or to inhibit Ca?* ATP-ase (data from
Boucek et al., 1987b)); PFp,, = potency of Dox/potency of Doxol; PFp,,, = potency of Doxol/potency of Dox.

3Percentage contribution (PC) for Dox or Doxol was computed as follows: PCpe = RCpox/(RCpox + RCpoxo) X 100.
PCpoxot = RCpoxal/(RCpoxol + RCpoy) X 100. (RC, in above formula, is defined as the product of potency factor and atrial
concentration-ratio. For example, RC for Dox on Ca?* release at 180 min is 0.07 X 74 = 5).

Ca’* release; Pessah et al., 1990), it was necessary to control
carefully the concentration of free Ca’* during introduction
of anthracyclines; no significant differences occurred among
groups (nmol free Ca?* =1.70+0.12, 1.60 £ 0.09, 1.57
0.05 and 1.56 £ 0.07 in doxorubicin 3 pM, doxorubicinol 3
uM, doxorubicin 10 uM and doxorubicinol 10 uM groups,
respectively).

Non-anthracyclines that alter Ca’* handling by SR:
contractile effects over time

To determine whether non-anthracyclines that affect SR Ca?*
availability also cause time-related inhibition of contraction,
we added 1 mM caffeine or 20 uM ruthenium red to isolated
atria and monitored the cardiac mechanical effects over time
(protocol identical to studies with doxorubicin and dox-
orubicinol). Both caffeine and ruthenium red decreased con-
tractility from pre-drug values by 30min (25% 5% and
17 £ 3%, respectively). Neither agent, however, caused fur-
ther time-related effects on contraction (13 + 6% and 14 £
4% decrease in contractility from pre-drug values 210 min
after addition of caffeine and ruthenium red, respectively).

Discussion

Doxorubicinol, the C-13 OH metabolite of doxorubicin, was
considerably more potent that doxorubicin in depressing
mechanical function of rabbit isolated atria. Within the first
30min of treatment, both doxorubicin (175puM) and dox-
orubicinol (1.8 uM) produced a similar degree of contractile
depression. However, only doxorubicin caused progressive
myocardial dysfunction during the remaining 3h of the
experiment; doxorubicinol failed to produce time-dependent
cardiodepressant effects.

Treatment with doxorubicin for 30 min lowered dF/dt by
14%, and lengthened 90% RT by 19%, without changing
RF (Figures 1 and 2), whereas a 3.5h exposure reduced
dF|dt by 67%, prolonged 90% RT by 220% and elevated RF
by 36%. By contrast, treatment with doxorubicinol (1.8 uM)
decreased dF/dt by 25% (no major effect on RF or 90% RT)
within 30 min, without further altering cardiac variables dur-
ing the final 3 h of the experiment (Figures 1 and 2). Thus,
despite nearly identical chemical structures (dissimilar only at
C-13 moeity—doxorubicin contains a ketone, doxorubicinol
an OH group), doxorubicin and doxorubicinol differed mark-

edly in their abilities to produce time-related cardiotoxic
effects.

Time-dependent dysfunction could possibly reflect progres-
sive destabilization of in vitro preparations. Isolated hearts,
for example, may be susceptible to hypoxia or acidosis,
owing to ineffective delivery of oxygen or removal of meta-
bolic waste. Such problems, however, would be unlikely in
thin strips of muscle (atrial preparations less than 1 mm
thick). Also, at 30°C, our muscle preparations are quite
stable over time (Table 1); higher temperatures are associated
with greater mechanical instability, perhaps owing to imbal-
ances in oxygen supply and demand.

The relationship between time-dependent dysfunction and
alteration of cytoplasmic Ca?* needs to be considered. For
example, increases in cytoplasmic Ca?* have been reported to
provoke myocardial ischaemia (Hearse et al., 1977; Nayler et
al., 1979; Carter et al., 1986). However, in our preparation,
caffeine (1 mM), which rapidly depressed contractility, failed
to produce significant time-related changes, despite its well-
known ability to release SR Ca?* (Palade, 1987; Pessah et al.,
1987) and increase muscle stiffness (Sutko ez al., 1986; Schou-
ten, 1990). Similarly, ruthenium red, a negatively inotropic
agent that inhibits Ca?* release from SR (Zimanyi & Pessah,
1991), inhibited contractility within 30 min but failed to
depress contractility further over time (Results). Thus, it
appears that neither continuous impairment of SR function
nor negative inotropic actions alone can account for the
time-dependent cardiotoxicity of doxorubicin.

Time-dependency could arise from effects of doxorubicin
at multiple subcellular sites (Boucek et al., 1987b; Olson et
al., 1981; Floreani & Carpandeo, 1989; Averbuch er al., 1988;
Olson & Mushlin, 1990; Gaudiano & Koch, 1991), as a result
of differences in time-constants for events mediated by
doxorubicin-receptor interactions. Cardiac functional status
at any particular time would then reflect a dynamic blending
of early, intermediate, and delayed toxic effects of dox-
orubicin. Influences of anthracyclines on gene expression
(selective decrease in synthesis of myofibrillar proteins) have
been postulated to contribute to the time-dependent nature
of chronic anthracycline cardiotoxicity (Ito et al., 1990), but
genetic lesions would seem unlikely to contribute to the
pattern of acute cardiotoxicity observed in our preparation.

Our data indicate that doxorubicinol would not be expec-
ted to mediate time-related components of doxorubicin car-
diotoxicity if such effects were merely caused by SR Ca?*
release. Concentrations of doxorubicinol in heart were always
quite low, 74 fold—778 fold lower than cardiac concentra-



tions of doxorubicin (Table 2). On this basis, for doxorubicin
and doxorubicinol to make equal contributions to dysfunc-
tion associated with doxorubicin treatment, doxorubicinol
would need to be 74 fold to 778 fold more potent than
doxorubicin to impair subcellular functions (Table 4). Our
studies with isolated SR, however, indicate that at most,
doxorubicinol is 3 to 15 fold more potent than doxorubicin
as a stimulator of Ca?* release (Table 3). Therefore, we
would not expect the metabolite to disrupt mechanical func-
tion via releasing Ca?* from SR, even after prolonged
exposure to doxorubicin. Instead, we would predict that
doxorubicin, the levels of which in working heart can mark-
edly alter the ability of SR to release Ca?* (Tables 3 and 4),
may account for more than 96% of any toxic effect due to
enhanced release of SR Ca?* (Table 4).

Doxorubicinol, on the other hand, is an extremely potent
inhibitor of various ATPase activities, being nearly 100 times
more potent than doxorubicin in inhibiting Ca?*-Mg ATPase
and Ca’* loading activities of SR (Boucek er al., 1987b).
Such subcellular actions of doxorubicinol (e.g., inhibition of
cytoplasmic Ca?* uptake by SR) may lead to mechanical
dysfunction (impaired relaxation or diminished contractility)
in the working heart, especially as cardiac levels of metabo-
lite increase 8 to 10 fold during prolonged exposure to dox-
orubicin (Table 2). The analysis in Table 4 suggests that
doxorubicinol could be as important as doxorubicin in med-
iating dysfunction caused by an impairment of Ca’* uptake
into SR. Based on this reasoning, we would predict that
rising concentrations of C-13 hydroxy metabolite in heart
could progressively amplify mechanical effects related to
doxorubicin-induced release of SR Ca?*, accounting, at least
in part, for the time-dependent component of doxorubicin
cardiotoxicity.

Degree of muscle stiffness (RF) was more clearly asso-
ciated with the cardiac concentration of doxorubicinol than
doxorubicin (Figure 4). Indeed, the source of doxorubicinol
(whether from treatment with doxorubicin or doxorubicinol)
was relatively unimportant as a predictor of the degree of
muscle stiffness occurring at any particular concentration of
doxorubicinol in heart. The largest increases in RF in
doxorubicin-treated preparations, occurred after levels of
doxorubicin had peaked and while levels of doxorubicinol
were progressively rising. The subcellular basis for the in-
creases in RF is unclear, but our data militate against
enhanced release of SR Ca?* as the single, predominant
mechanism. Because muscle stiffness reflects the amount of
Ca?* at the myofibrillar apparatus during quiescence, agents
that interfere with the clearance of Ca?* from cytoplasm can
readily influence RF. As mentioned above, doxorubicinol, at
least in subcellular systems, inhibits the three primary mech-
anisms involved in clearing Ca?* from the myofibrils; namely
sarcolemmal Ca?* ATPase (Harada et al.,, 1990), Na/Ca’*
exchange (Boucek et al., 1987a) and SR Ca’*-Mg ATPase
(Boucek et al., 1987b). Thus, doxorubicinol may decrease
cardiac compliance by inhibiting sequestration of Ca?* into
SR and/or by interfering with processes that translocate Ca?*
from intracellular to extracellular sites.

Impairment of myocardial relaxation (90% RT) appeared
to be closely related to the cardiac concentration of doxoru-
bicin but not doxorubicinol (Figure 4). Consistent with this
finding, treatment with doxorubicin (175 pM) markedly increas-
ed the duration of contraction, whereas doxorubicinol (0.9 pM—
7.2puM) never altered contractile duration (Figure 2). (The
highest doxorubicinol concentration that could be used in our
study, however, was nearly 25 fold below the doxorubicin
concentration because doxorubicinol was a much more potent
negative inotrope than doxorubicin.) From a mechanistic view-
point, impairment of relaxation following treatment with dox-
orubicin appears to be either (1) independent of the level of
doxorubicinol in heart or (2) dependent upon an interaction
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between doxorubicinol and doxorubicin in heart (Figure 4). In
addition, the ability of an anthracycline to impair cardiac
relaxation seems to depend more upon its ability to stimulate
Ca’* release from SR than upon its propensity to inhibit
mechanisms that remove Ca2* from the vincinity of the contrac-
tile apparatus (Table 4).

Contractile dysfunction (decreased dF/dt) was directly re-
lated to the concentration of doxorubicinol in heart (Figure
5). The degree of contractile depression, however, was highly
dependent on the source of cardiac doxorubicinol (Figure 5).
The tissue concentration-response curve for doxorubicinol,
using data from doxorubicin-treated preparations, was shif-
ted to the left relative to the curve obtained from dox-
orubicinol treated muscles (ECs,=0.75 vs 3.5pugg™' wet
weight). This concentration-response analysis suggests that
doxorubicin and doxorubicinol may interact to depress con-
tractility. Such an interaction may occur as doxorubicin
diminishes the SR pool of activator Ca’* by enhancing SR
Ca’* release, and doxorubicinol decreases the amount of
activator Ca®* through inhibition of cytoplasmic Ca’* up-
take into SR.

While the knowledge of tissue concentrations of drugs or
metabolites (e.g., doxorubicinol) may provide critical inform-
ation about pharmacological mechanisms, basing inferences
exclusively on tissue levels can be misleading. Such inform-
ation, for example, tells us nothing about the intracellular
location or distribution of doxorubicinol or the concentration
of doxorubicinol at putative sites of toxicity (e.g., sarcoplas-
mic reticulum, sarcolemma, or mitochondria). Cardiac dox-
orubicinol levels measured after doxorubicinol treatment,
could reflect intramyocardial doxorubicinol as well as dox-
orubicinol adsorbed to nonmyocardial tissue or to outer
surfaces of myocytes, whereas cardiac doxorubicinol levels
measured after treatment with doxorubicin most likely repre-
sent intracellular doxorubicinol, generated by intracardiac
anthracycline reductase. As a result, a component of the
myocardial dysfunction observed during treatment with dox-
orubicinol could arise from effects on the exterior surface of
the sarcolemma (e.g., ion channels) rather than from (or in
addition to) effects at intracellular sites. Further studies will
be needed to identify specific, functionally important recep-
tors for doxorubicin and doxorubicinol and to quantify the
anthracycline present at such receptors following treatment
of cardiac preparations with doxorubicin or doxorubicinol.

In conclusion, our data suggest that the time-related for-
mation of the potent cardiotoxin, doxorubicinol, may con-
tribute to the time-dependency of doxorubicin cardiotoxicity
in an isolated, working heart preparation. Owing to its
relative abundance in heart, doxorubicin would appear to
make a much larger contribution than doxorubicinol to
mechanical dysfunction resulting from anthracycline-induced
release of Ca’* from SR. On the other hand, doxorubicinol,
being considerably more potent that doxorubicin to inhibi-
ting processes that remove Ca?* from the contractile appar-
atus, could play a role in myocardial dysfunction stemming
from impaired clearance of cytoplasmic Ca’*. Thus, our data
indicate that time-related increases of doxorubicinol in heart,
even in the presence of an unchanging cardiac concentration
of doxorubicin, could conceivably amplify the functional
impact of doxorubicin-induced release of SR Ca?*. Dox-
orubicin and doxorubicinol may thereby act in concert to
promote cardiac dysfunction in vitro.
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Intracellular calcium in canine cultured tracheal smooth muscle
cells is regulated by M; muscarinic receptors

!Chuen Mao Yang, Ying-Ling Yo & Yen-Yi Wang

Cellular and Molecular Pharmacology Laboratory, Department of Pharmacology, Chang Gung Medical College, Kwei-San,

Tao-Yuan, Taiwan

1 The regulation of cytosolic Ca?* concentrations ([Ca®*];) during exposure to carbachol was measured
directly in canine cultured tracheal smooth muscle cells (TSMCs) loaded with fura-2. Stimulation of
muscarinic cholinoceptors (muscarinic AChRs) by carbachol produced a dose-dependent rise in [Ca2*};
which was followed by a stable plateau phase. The ECs, values of carbachol for the peak and sustained
plateau responses were 0.34 and 0.33 puM, respectively.

2 Atropine (10 uM) prevented all the responses to carbachol, and when added during a response to
carbachol, significantly, but not completely decreased [Ca?*]; within 5 s. Therefore, the changes in [Ca?*};
by carbachol were mediated through the muscarinic AChRs.

3 AF-DX 116 (a selective M, antagonist) and 4-diphenylacetoxy-N-methylpiperidine (4-DAMP, a
selective M; antagonist) inhibited the carbachol-stimulated increase in [Ca?*]; with pKjp values of 6.4 and
9.4, respectively, corresponding to low affinity for AF-DX 116 and high affinity for 4-DAMP in
antagonizing this response.

4 The plateau elevation of [Ca?*]; was dependent on the presence of external Ca?*. Removal of Ca?*
by the addition of 2 mM EGTA caused the [Ca*}; to decline rapidly to the resting level. In the absence
of external Ca’*, only an initial transient peak of [Ca?*]; was seen which then declined to the resting
level; the sustained elevation of [Ca*]; could then be evoked by the addition of Ca?* (1.8 mM) in the
continued presence of carbachol.

5 Ca?* influx was required for the changes of [Ca?*], since the Ca?*-channel blockers, diltiazem
(10 uM), nifedipine (10 pM), verapamil (10 pM) and Ni** (5 mM), decreased both the initial and sustained
elevation of [Ca’*]; in response to carbachol. These Ca?*-channel blockers also decreased the sustained
elevation of [Ca?*]; when applied during the plateau phase.

6 In conclusion, we have demonstrated that the initial detectable increase in carbachol-stimulated
[Ca?*); is due to the release of Ca?* from internal stores, followed by the flux of external Ca’* into the
cells. This influx of extracellular Ca?* partially involves an L-type Ca’*-channel. M; muscarinic

receptors appear to mediate the Ca’* mobilization in canine TSMCs.
Keywords: Tracheal smooth muscle cells; Ca?*; muscarinic receptors; Ca’*-channel blockers

Introduction

Stimulation of muscarinic cholinoceptor (muscarinic AChRs)
by agonists evokes a contractile response in several smooth
muscles. The mechanism of stimulus-response coupling has
been extensively studied in tracheal smooth muscle (Farley &
Miles, 1978; Park & Rasmussen, 1986; Grandordy et al.,
1986; Gunst & Bandyopadhyay, 1989; Yang et al., 1991a). In
the trachea, stimulation of muscarinic AChRs activates phos-
pholipase C, via a cholera toxin-sensitive G-protein (Gp)
(Yang et al., 1991a), which hydrolyzes phosphoinositide,
leading to the formation of inositol-1,4,5-triphosphate (IP;)
(Baron et al., 1984; Grandordy et al., 1986; Meurs et al.,
1988; Chilvers et al., 1989; Roffel et al., 1990; Yang et al.,
1991a,b). This in turn stimulates the release of Ca’* from its
internal stores, triggering contraction of tracheal smooth
muscle (Hashimoto et al., 1985). Therefore, IP;-mediated
Ca’* release appears to be an important fact in the contrac-
tile response, particularly during the developmental stage of
force in the tracheal smooth muscle. There is a high meta-
bolic flux of phosphoinositide during contraction (Baron et
al., 1989). Muscarinic agonists induce increases in intracel-
lular Ca®* ([Ca?*];) concentration and in force in the tracheal
smooth muscle under Ca’*-free conditions (Takuwa ez al.,
1987), but muscarinic-induced contractions are markedly
slower to develop under conditions where phosphoinositide
hydrolysis and IP; accumulation are inhibited by phorbol
ester (Baba et al., 1989).

! Author for correspondence.

In contrast, entry of Ca?* from the external environment
into the vascular smooth muscle during agonist stimulation
plays an important role in maintaining the plateau phase of a
prolonged contraction. This plateau phase disappears in a
Ca’*-free medium (Cauvin & Van Breemen, 1985). Other
studies also indicate that the initial increase of [Ca®*]; is
indeed transient, but that the decline does not fall to the
resting level in the presence of external Ca?* (Merrit & Rink,
1987; Shieh et al., 1991). Therefore, other mechanisms may
operate during the prolonged response. Putney (1986) pro-
posed that the two phases of increase in [Ca’*], may be
intimately linked: IP; first stimulates the release of Ca?* from
the internal stores and the depletion of these stores then
becomes the signal for the entry of Ca’* from outside the
cell.

In our laboratory, both M, and M; receptor subtypes have
been shown to exist in canine TSMCs (Yang, 1991) that are
coupled to the inhibition of adenosine 3':5’-cyclic monophos-
phate (cyclic AMP) formation and to inositol phosphate (IP)
accumulation, respectively (Yang et al., 1991a). Furthermore,
the M; receptor subtype has been demonstrated to couple to
Ca?* mobilization in SH-SYSY and Lan-1 human neuroblas-
toma cells (Murphy et al., 1991; Fatatis et al., 1992). There-
fore, these experiments were carried out to determine whether
activation of M; receptors in canine TSMCs results in an
increase of [Ca’*].

Defining the cellular mechanisms that mediate a prolonged
muscle contraction is important in understanding tracheal
smooth muscle function; therefore we have undertaken these
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studies to clarify in part the nature of changes in [Ca’*];
during continued exposure to carbacahol. The purpose of the
present study was two fold: to investigate the changes in
[Ca?*}; during exposure to carbachol and to assess the contri-
bution of Ca?* from various sources to these changes in
[Ca?*}; in cultured TSMCs. The results show that the changes
in [Ca?*}; during the occupation of muscarinic AChRs by
carbachol are due to an immediate, but transient release of
Ca?* from the internal stores as well as to the entry of Ca**
from outside the cells, persisting as long as the muscarinic
AChRs are continuously exposed to carbachol. The extent of
Ca®* influx through Ca’*-channels, depends, in part, on the
Ca?* concentration outside the cells. Furthermore, we have
pharmacological evidence that the muscarinic AChR subtype
which is coupled to Ca?* mobilization is the M; receptor
type in canine TSMCs.

Methods

Animals

Mongrel dogs, 10-20 kg of either sex were purchased from a
local supplier and used throughout this study. Dogs were
housed indoors in the animal facilities under automatically
controlled temperature and light cycle conditions and were
fed standard laboratory chow and tap water ad libitum. Dogs
were anaesthetized with pentobarbitone (30 mgkg~', intra-
venously) and were ventilated mechanically via an orotrach-
eal tube. The tracheae were surgically removed.

Isolation of tracheal smooth muscle cells

The TSMCs were isolated according to the methods pre-
viously reported (Yang, 1991; Yang er al., 1991a,b). The
trachea was cut longitudinally through the cartilage rings and
the smooth muscle was dissected. The muscle was minced
and transferred to the dissociation medium containing 0.1%
collagenase IV, 0.025% DNase I, 0.025% elastase IV, and
antibiotics in physiological solution. The physiological solu-
tion contained (mM): NaCl 137, KCl 5, CaCl, 1.1, NaHCO;
20, NaH,PO, 1, glucose 11 and HEPES 25 (pH 7.4). The
tissue pieces were gently agitated at 37°C in a rotary shaker
for 1 h. The released cells were collected and the residual
material was again digested with fresh enzyme solution for
an additional hour at 37°C. The released cells were washed
twice with DMEM/F-12 medium. The cells, suspended in
DMEM/F-12 containing 10% FBS, were plated onto a
60 mm culture dish and incubated at 37°C for 1 h to remove
fibroblasts. The cells were counted and diluted with DMEM/
F-12 to a final concentration of 5 X 10° cells ml~!. The cells
(2 ml/well) were plated onto 6-well culture plates containing
glass coverslips coated with collagen. The medium was
changed after 24 h and then every 3 days. After 5 days in
culture, the cells were moved to DMEM/F-12 containing 1%
FBS for 24h at 37°C. Then, the cells were cultured in
DMEM/F-12 containing 1% FBS supplemented with IGF-I
(10 ng ml~?) and insulin (1 pgml~!) for 12-14 days.

In order to characterize the isolated and cultured TSMCs
and to exclude contamination by epithelial cells and fibro-
blasts the cells were identified by an indirect immunofiuo-
rescence method (Gown et al., 1985). Over 95% of the cells
were smooth muscle cells.

Measurement of intracellular Ca’* levels

[Ca**], was measured in confluent monolayers with the
calcium-sensitive dye fura-2/AM as described by Grynkiewicz
et al. (1985). Upon confluence, the cells were cultured in
DMEM/F-12 with 1% FBS for one day before measure-
ments were taken. The monolayers were covered with 1 ml of
DMEM/F-12 with 1% FBS containing S uM fura-2/AM and
were incubated at 37°C for 45 min. At the end of the loading

period, the coverslips were washed twice wth the physio-
logical buffer solution (PBS) containing (mM): NaCl 125,
KCl 5, CaCl, 1.8, MgCl, 2, NaH,PO, 0.5, NaHCO; 5,
HEPES 10 and glucose 10, pH 7.4. The cells were then
incubated in PBS for another 30 min to complete dye de-
esterification. The coverslip was inserted into a quartz cuvette
at an angle of approximately 45° to the excitation beam and
placed in the temperature controlled holder of a SLM 8000C
spectrofluorometer. Continuous stirring was achieved with a
magnetic stirrer.

Fluorescence of Ca?*-bound and unbound fura-2 was
measured by rapidly alternating the dual excitation wave-
lengths between 340 and 380 nm and electronically separating
the resultant fluorescence signals at emission wavelength
510 nm. The autofluorescence of each monolayer was sub-
tracted from the fluorescence data. The ratios (R) to the
fluorescence at the two wavelengths was computed and used
to calculate changes in [Ca?*).. The ratios of maximum (R,,)
and minimum (R.;,) fluorescence of fura-2 were determined
by lysing the cells with ionomycin (10 uM) in the presence of
PBS containing 5mM Ca?* and by adding 5mM EGTA at
pH 8 in a Ca’*-free PBS, respectively. Values obtained were
14.09, 0.96, and 22.07 for R,,,, R, and B, respectively. The
Ky of fura-2 for Ca’* was assumed to be 224 nM (Gryn-
kiewicz et al., 1985).

Analysis of data

The ECs, of carbachol for stimulating [Ca’*]; was estimated
by Graph Pad programme (Graph Pad, San Diego, Califor-
nia, U.S.A.). The dissociation constants (Kg) of muscarinic
antagonists were estimated by the method of Furchgott
(1972), from their ability to antagonize carbachol-mediated
increase in [Ca2*].

The data are expressed as the mean t s.e.mean of at least
four experiments with statistical comparisons based on a
two-tailed Student’s paired ¢ test at a P<<0.01 level of
significance.

Chemicals

DMEM/F-12 medium and FBS were purchased from J.R.
Scientific (Woodland, CA, U.S.A.). Insulin and IGF-I were
obtained from Boehringer Mannheim (Germany). Fura-2/
AM was ordered from Molecular Probes Inc (Eugene, OR,
U.S.A)). AF-DX 116 (11-{[-2[(diethylamino)methyl]-1-piperi-
dinyl) acetyl }-5, 11-dihydro-6H-pyrido [2,3-b] [1,4]benzodiaze-
pine-6-one) was a gift from Dr K. Noll at Dr Karl Thomae,
Germany. 4-Diphenylacetoxy-N-methylpiperidine (4-DAMP)
was purchased from Research Biochemicals Inc (Natick,
MA, U.S.A.). Enzymes and other chemicals were from Sigma
Co (St Louis, MO, U.S.A)).

Results

Effects of carbachol on [Ca®* ],

Stimulation of muscarinic AChRs by carbachol (100 uM)
rapidly generated a peak and then a sustained increase in
[Ca®*], as measured directly in cultured canine TSMCs
loaded with fura-2 in the presence of external Ca?* (Figure
1). The calculated resting value of [Ca?*]; was 105 + 28 nM
(n=136). The initial transient [Ca’*]; peak (318 *25nM,
n=18) was reached within 30s and was followed by a
sustained elevation of [Ca?*] for at least Smin in the
presence of carbachol. During prolonged carbachol applica-
tion, [Ca’*); was significantly higher (282 £29nM, n =18,
P<<0.001) than its resting value. When the potent muscarinic
antagonist, atropine (10 uM), was added during the plateau
phase, the [Ca?*]; decreased to 165 % 30 nM (n = 20) within
60 s. This level is substantially higher than that of the resting
level (P<0.01). Both the peak and plateau of [Ca’*}, in-
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Figure 1 Effect of carbachol on [Ca?*]; in canine tracheal smooth
muscle cells (TSMCs). Confluent cultures of canine TSMCs on glass
coverslips were loaded with 5 uM fura-2 and fluorescent measurement
of [Ca?*]; was carried out in a dual excitation wavelength spectro-
fluorometer, with excitation at 340 and 380 nm. Trace (a) cell cul-
tures were added with carbachol (100 uM) at 5 min after incubation.
The initial transient [Ca?*}; rose from 95 nM to 298 nM in 30s. This
level was sustained with only a slight decline during the presence of
carbachol. After 5 min of carbachol exposure, atropine (10 pM) was
added, whereupon the [Ca?*]; decreased from the plateau level to
165 nM within 60s. Trace (b) atropine (10 uM) was added at the
beginning. After 5 min incubation, carbachol (100 uM) was added, no
change in [Ca’*]; was seen.
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Figure 2 Competitive antagonism of carbachol-mediated increase in
[Ca?*); by (a) control, (b) AF-DX 116, and (c) 4-DAMP. Tracheal
smooth muscle cells (TSCMs) were incubated in the presence of
AF-DX 116 (10 pMm) or 4-DAMP (10 nM) for 5 min before the addi-
tion of increasing concentrations of carbachol as indicated for each
trace. For abbreviations, see text.
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crease were abolished when atropine was added before car-
bachol, suggesting that the increase of [Ca?*]; after carbachol
exposure required occupation of muscarinic AChRs.

Effect of muscarinic antagonists on [Ca’* ],

The carbachol-stimulated effect on [Ca*]; was dose-depen-
dent (Figure 2). The biphasic responses became less pro-
nounced as the carbachol concentration was reduced (Figure
2). The half-maximal effect of carbachol (ECsy) for the initial
peak was 0.33 uM (Figure 3) and 0.34 pM for the sustained
phase.

In order to differentiate the muscarinic AChR subtype that
is coupled to changes in [Ca®*];, we compared the affinity of
selective M, and M; antagonists, AF-DX 116 and 4-DAMP,
on the inhibition of carbachol-induced increase in [Ca’*]. As
shown in Figure 2, preincubation of fura-2-loaded TSMCs
with these antagonists inhibited both the initial peak and the
sustained phase of changes in [Ca?*}. The concentration-
effect relationship of carbachol was shifted to the right in a
nearly parallel fashion, upon addition of AF-DX 116 (10 uMm)
and 4-DAMP (10 nMm) (see Figure 3). The ECs, values of
carbachol were increased from 0.33 uM to 12 and 16 uM in
the presence of AF-DX 116 and 4-DAMP, respectively. The
pKg values of AF-DX 116 and 4-DAMP for antagonizing the
carbachol-induced [Ca?*], were 6.4 and 9.4, respectively,
which were in good agreement with the low affinity for
AF-DX 116 and high affinity for 4-DAMP in this response
(see review, Hulme et al., 1990).
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Figure 3 The concentration-response curves of carbachol for the
increase in [Ca?*}; by (@) control, (O) AF-DX 116, 10 uM, and (A)
4-DAMP, 10 nM. Each point represents the mean * s.e.mean of ten
measurements.
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Effect of external Ca’*

To define the mechanisms of the changes in the initial and
sustained elevation of [Ca’*]; in response to carbachol,
experiments were carried out to examine the changes in
[Ca®*]; induced by carbachol with or without external Ca?*.
As shown in Figure 4. Trace a indicates the increase in
[Ca?*}; when TSMCs were exposed to carbachol (100 uM) in
the presence of external Ca?* (1.8 mM). As soon as carbachol
was added, an immediate increase in [Ca’*]; was seen and
reached a peak (297 * 35nM, n=9) within a few seconds.
The peak was followed by a short, but sharp decline (249 *
42 nM, n=9) which became gradual during the continuous
exposure to carbachol. Removal of the external Ca?* by the
addition of 2mM EGTA during the sustained phase of
[Ca?*}; caused an abrupt decline to its resting level within
10s. Trace b represents the response of TSMCs exposed to
carbachol in the absence of external Ca?*. The profile shows
an immediate transient increase in [Ca*); similar to trace a,
but of a lesser magnitude (197 17nM, n=9). The peak
rapidly decayed within 10 s to the resting level. There was no
sustained elevation of [Ca®*]; in the absence of external Ca?*
during exposure to carbachol. When Ca’* (1.8 mM) was
added 10 min after the addition of carbachol to the solution,
an immediate and sustained increase in [Ca?*]; (255 + 30 nM,
n=9) was observed, reaching a level equal to the sustained
elevation of [Ca?*]; in TSMCs of trace a. These results
suggest that the changes in [Ca’*]; caused by carbachol in
canine TSMCs required two sources of Ca’*: (1) stored
intracellular Ca?* that is immediately but transiently
mobilized upon receptor occupation; and (2) an influx of
external Ca?* into the cells that accounts for the sustained
high level of [Ca?*]. These processes occur simultaneously
but may also be separated under appropriate conditions, as
shown in Figure 4.

Because the sustained increase of [Ca?*); required external
Ca?*, we explored this effect as a function of the external
Ca’* concentration. Typical results are shown in Figure 5,
where TSMCs were exposed to carbachol in the presence of
1.8 (trace a), 1.0 (trace b), 0.2 (trace c) and 0 (Ca’*-free;
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Figure 4 Effect of external Ca?* on carbachol-stimulated changes in
[Ca2*),. Trace (a): cells were stimulated by adding carbachol (100 um)
to the buffer containing 1.8 nM Ca?*. An immediate increase in
[Ca2*}); was seen which was followed by a sustained plateau level of
[Ca?*};. The plateau level decreased sharply when 2 mM EGTA was
added during the sustained plateau level in the presence of carbachol.
Trace (b): cells were incubated in the absence of external Ca?* and
stimulated by carbachol (100 pm). The profile shows an initial tran-
sient increase of [Ca?*); similar to trace (a) but to a substantially
smaller degree. The sustained plateau [Ca’*}; was not seen in the
absence of the external Ca?*. However, when Ca’* (1.8 mM) was
added 10 min after the addition of carbachol, a sustained increase of
[Ca?*); occurred, reaching a level equal to the sustained elevation of
[Ca**]; in tracheal smooth muscle cells observed in trace (a).
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Figure 5 Carbachol-induced changes in [Ca’*]; in tracheal smooth
muscle cells (TSMCs) vary with external Ca?* concentrations. Traces
were obtained when TSMCs were stimulated with carbachol
(100 M) in the presence of external Ca?* equal to 1.8 mM (trace a),
1.0 mM (trace b), 0.2 mM (trace c), or Ca?*-free (trace d). All traces
show a similar trend except for the changes in [Ca?*]; levels which
are dependent on the external concentrations.

trace d) mM Ca?*, respectively. All traces showed a similar
trend, although the level was dependent on the external Ca’t
concentration. These results suggest that Ca’* influx during
the occupation of muscarinic AChRs is both immediate and
persistent.

Effects of calcium-channel blockers on [Ca’* ],

Such a sustained elevation in [Ca?*]; probably involves Ca?*-
channels which may be operated by depolarization (Takuwa
et al., 1987). We therefore assessed the effect of Ca’*-channel
blockers on the carbachol-stimulated changes in [Ca®*]. The
Ca?*-channel antagonists, diltiazem, nifedipine, and verap-
amil, were added either before or after carbachol (Table 1).
The carbachol-stimulated initial transient increase of [Ca’*};
was significantly reduced by diltiazem (10 uM), nifedipine
(10 uM), or verapamil (10 pM). The initial transient increase
of [Ca’*], decreased from 318 £25nM in the control to
226 + 18 nM with diltiazem, to 180 X 23 nM with nifedipine,
and to 2321+ 20nM with verapamil (n=09), as well as
decreased the plateau phase of [Ca’*]; from 282 £ 29 nM to
196 £ 15, 151 £ 17, and 185 % 17 nM, (n=9), respectively,
when the Ca2?*-channel blockers were applied before the
addition of carbachol. When diltiazem, nifedipine, or vera-
pamil was added to the solution during the sustained plateau

Table 1 Effects of diltiazem, nifedipine, verapamil, and
Ni?* on carbachol-stimulated changes in [Ca?*);

Carbachol[Blocker  Blocker/Carbachol
Drug Peak  Plateau  Peak  Plateau
Control 318+25 282+29
Diltiazem 315116 248+ 13 226+ 18* 196 £ 15*
Nifedipine 323+ 19 184+ 19* 180 £ 23* 151 £ 17*
Verapamil 302+ 21 192+ 18* 232+ 20* 185+ 17*
Ni2+ 295+32 153 £ 11* 188 £ 15* 151 + 16*

TSMCs were incubated in the presence of external Ca?*
(1.8 mMm). Diltiazem (10 pM), nifedipine (10 uM), verapamil
(10 uM) and Ni?* (5mMm) were added to the buffer before
(Blocker/Carbachol) or during response (Carbachol/Blocker)
to carbachol (100 pm). Data are expressed as concentration
of [Ca’*]; in nM.

*P<0.01 as compared with non-treated cells induced by
carbachol.



phase, the sustained elevation of [Ca?*]; decreased from
282+ 29 nM to 248 + 13 nM with diltiazem, to 185 % 19 nM
with nifedipine, and to 192 * 18 nM with verapamil (n =9).
Ni?* (5 mM), a transition metal ion that blocks voltage-gated
Ca’*-channels, also decreased the initial transient [Ca®*};
from 31825 to 188 £ 15nM (n=11) as well as the sus-
tained elevation of [Ca?*}, from 282%£29 to 151 % 11l nM
(n=11) (Table 1), when added before carbachol. Addition of
5mM Ni’* during the plateau phase abolished the sustained
[Ca?*]; level evoked by carbachol. If Ni** was added before
carbachol, the response resembled that seen in a Ca?*-free
solution in Figure 4 (Table 1).

Discussion

Smooth muscle contraction is initiated by agonists which
bind to a receptor and induce an increase in [Ca?*];. Calcium
release from internal stores and influx from external sources
play an important role in the regulation of [Ca®*}; (Bolton,
1979; Van Breeman & Saida, 1989). The present study dem-
onstrates that muscarinic AChR-mediated increase in [Ca?*};
is also due to calcium release from the internal stores and to
an influx from the external source. Although both influx and
intracellular release of calcium appear to be initiated simul-
taneously, intracellular release triggers a rapid peak in [Ca’*);
which is transient even in the continued presence of car-
bachol. In contrast, the influx component of [Ca’*]; reaches
its maximum more slowly, is of lower magnitude, and per-
sists as long as carbachol is present. These changes in [Ca?*];
were directly determined in cultured canine TSMCs by use of
the calcium-sensitive dye, fura-2.

Carbachol produced a dose-dependent, biphasic increase in
[Ca?*}; which displayed an initial transient peak and a sus-
tained plateau phase. However, the peak is only apparent at
higher concentrations of carbachol. The differences in Ca?*
mobilization can be due to varying extents of receptor
occupancy by muscarinic agonists (Al-Hassani et al., 1993).
Thus low concentrations of agonists may not be potent
enough to stimulate the release of [Ca?*], leaving extracel-
lular Ca?* influx as the primary source of Ca?* for activation
of tracheal smooth muscle contraction. Both the initial peak
and the plateau phase were prevented by the addition of the
muscarinic antagonist, atropine. However, once [Ca%*) is
initiated by carbachol, even atropine did not completely
reverse the effect (Figure 1), while depletion of external Ca?*
did (Figure 4). Thus it appears that some event is initiated by
carbachol and is continuing to occur in the presence of
atropine. This event still involves an influx of extracellular
Ca?* since EGTA completely abolishes this response. This
clearly indicates that these changes in [Ca?*]; were due to the
association of carbachol with specific muscarinic AChRs.

Our results demonstrate that the muscarinic AChRs
coupled to [Ca’*], have a low affinity for AF-DX 116
(pKz =6.4) and high affinity for 4-DAMP (pKz=9.4).
Therefore, they can be classified as M; muscarinic receptors
(Hulme e al., 1990). These results are consistent with an M;
receptor being linked to the rise in [Ca?*]; (Murphy et al.,
1991) and are in good agreement with our previous report
that activation of M; muscarinic receptors leads to genera-
tion of IPs and muscle contraction (Yang et al., 1991a).

In the absence of external Ca?*, carbachol produced a
rapid increase in [Ca’*]; which declined to the resting level
within 10s. An initial transient elevation of [Ca?*}; still
occurred in the absence of any external Ca’* but to a sub-
stantially smaller extent than that measured in the presence
of external Ca?*. This smaller elevation of [Ca?*] can be
taken as representative of the IP;-mediated release of Ca?*
from intracellular stores (Berridge & Irvine, 1989). In
tracheal smooth muscle, it is known that stimulation of
muscarinic AChRs by agonists results in the activation of
phospholipase C which hydrolyzes phosphoinositide and
leads to the formation of IP; (Baron et al., 1984; Grandordy
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et al., 1986; Meurs et al., 1988; Chilvers et al., 1989; Roffel et
al., 1990; Yang et al., 1991a,b). Carbachol-stimulated IP,
accumulation was maximized occuring within 5 to 10s and
then fell to or below the basal levels within 60 s. This profile
is very simliar to the time course described for the initial
transient [Ca?*}; induced by carbachol in canine TSMCs.

An important observation was that the addition of 1.8 mM
external Ca?* to the Ca?*-free medium rapidly brought
[Ca?*] to the sustained plateau level after [Ca’*]; had
returned to the resting level as the cells continued to be
exposed to carbachol. It appears that muscarinic AChR
occupation by carbachol and the presence of external Ca’*
are necessary and sufficient conditions for Ca?* influx. How-
ever, the mechanism regulating this influx was obscure. Our
data provide evidence that the two phases of the carbachol-
stimulated increase in [Ca?*}; are mediated by two different
mechanisms. An increase in intracellular Ca?* concentration
is generally caused by its release from internal stores or by
entry through the cell membrane from an external source
(Bolton, 1979; Van Breemen & Saida, 1989). Calcium entry
through the cell membrane can be mediated via voltage- and
receptor-operated calcium channels. The initial transient
[Ca®*]; has been shown to be dependent on both internal and
external Ca?* since it was attenuated but not abolished by
calcium channel blockers. These organic Ca’*-channel
blockers did not attenuate the rise in [Ca?*]; induced by
carbachol at a concentration of 1pM, though at a 30uMm
concentration they caused a reduction of both the peak and
plateau phase of [Ca®*]; (Fatatis et al., 1992). In this study,
diltiazem, nifedipine, and verapamil only partially attenuated
and Ni’* completely reversed the plateau phase at a concent-
ration of 10 uM, when they were applied after the initiation
of [Ca*]; response by carbachol. Not only Ni2*, but all other
Ca’*-channel antagonists inhibited the plateau phase of
[Ca®*], when these antagonists were added before the addi-
tion of carbachol. This indicates that the sustained plateau of
[Ca’*]; is mediated by Ca?* influx through those L-type
calcium channels which are sensitive to calcium channel
blockers. These changes in [Ca?*]; implicated in the regula-
tion of smooth muscle contraction have been demonstrated
(Bolton, 1979; Takuwa et al., 1987; Baba et al., 1989; Al-
Hassani et al., 1993). It has been suggested that the initial
rise in [Ca2*); which occurs during force development is due
to the release of intracellular Ca%*, whereas the plateau phase
of [Ca2*];, and of tension in tracheal smooth muscle result
from an interplay between increases in the influx of extracel-
lular Ca?* and the release of Ca?* from internal stores
(Takuwa et al., 1987).

A number of other characteristics of the sustained eleva-
tion of [Ca?*]; were observed. Ni** appears to block both
voltage-sensitive Ca?* channels (Tsien, 1983) and receptor-
operated Ca’* entry in platelets (Hallam & Rink, 1985).
When Ni’* is added before carbachol, it is able to abrogate
the sustained plateau of [Ca?*], but the initial transient
[Ca?*); is not completely abolished. Addition of Ni** during
the sustained plateau of [Ca®*]; evoked by carbachol caused
the [Ca?*]; to decline immediately to the resting level and was
consistent with blockage of Ca’* entry (Tsien, 1983).

In conclusion, our data show that muscarinic receptor-
stimulated canine tracheal smooth muscle contraction is
mediated by Ca’* release from the internal stores and by the
entry of extracellular Ca?* through calcium channels. These
results suggest that the initial peak results from IP;-mediated
Ca’* release from intracellular stores and that sustained
elevation of [Ca?*]; is due to an agonist-dependent influx of
Ca’* from external sources. These changes in [Ca’*]; relate to
the generation of tension in the canine tracheal smooth mus-
cle (Takuwa et al., 1987; Al-Hassani et al., 1993).

This work was supported by grants CMRP-340 and 273 from Chang
Gung Medical Research Foundation and NSC82-0412-B182-007



988 C.-M. YANG et al.

from National Science Council, Taiwan. The authors are greatly
indebted to Drs Anthony Herp and Jonathan T. Ou at Chang Gung
Medical College as well as Dr Craig C. Malbon at SUNY, Stony

References

AL-HASSANI, M.H., GARCIA, J.G.N. & GUNST, S.J. (1993). Differ-
ences in Ca?* mobilization by muscarinic agonists in tracheal
smooth muscle. Am. J. Physiol., 264 (Lung Cell. Mol. Physiol.,
8), L53-L59.

BABA, K., BARON, C.B. & COBURN, R.F. (1989). Phorbol ester effects
on coupling mechanisms during cholinergic contractions of swine
tracheal smooth muscle. J. Physiol., 412, 23-42.

BARON, C.B., CUNNINGHAM , M. III, STRAUS, J.F. & COBURN, R.F.
(1984). Pharmacomechanical coupling in smooth muscle may
involved phosphatidylinositol metabolism. Proc. Natl. Acad. Sci.
U.S.A., 81, 6899-6903.

BARON, CB., PRING, M. & COBURN, R.F. (1989). Inositol lipid
turnover and compartmentation in canine trachealis smooth mus-
cle. Am. J. Physiol., 256 (Cell Physiol., 25), C375-C383.

BERRIDGE, M.J. & IRVINE, R.F. (1989). Inositol phosphates and cell
signalling. Nature, 341, 198-205.

BOLTON, T.B. (1979). Mechanisms of action of transmitter and other
substances on smooth muscle. Physiol. Rev., 59, 606—718.

CAUVIN, C. & VAN BREEMAN, C. (1985). Different Ca?* channels
along arterial tree. J. Cardiovasc. Pharmacol., 7, S4-S10.

CHILVERS, E.R., BARNES, P.J. & NAHORSKI, S.R. (1989). Charac-
terization of agonist-stimulated incorporation of myo-[*Hlinositol
into inositol phospholipids and [*HlJinositol phosphate formation
in tracheal smooth muscle. Biochem. J., 262, 739-746.

FARLEY, JM. & MILES, P.R. (1978). The source of calcium for
acetylcholine-induced contractions of dog tracheal smooth mus-
cle. J. Pharmacol. Exp. Ther., 207, 340-346.

FATATIS, A., BASSI, A, MONSURRO, M.R., SORRENTINO, G., MITA,
G.D, DI RENZO, G.F. & ANNUNZIATO, L. (1992). Lan-1: A
human neuroblastoma cell line with M; and M; muscarinic recep-
tor subtypes coupled to intracellular Ca?* elevation and lacking
Ca?* channels activated by membrane depolarization. J. Neuro-
chem., 59, 1-9.

FURCHGOTT, R.F. (1972). The classification of adrenoceptors
(adrenergic receptors). An evaluation from the standpoint of
receptor theory. In Catecholamines, Handbook of Experimental
Pharmacology, Vol.33, ed. Blaschko, H. & Muscholl, E.
pp. 283-335. Berlin, Heidelberg, New York: Springer.

GOWN, AM., VOGEL, AN, GORDON, D. & LU, P.L. (1985). A
smooth muscle-specific monoclonal antibody recognizes smooth
muscle actin isozymes. J. Cell Biol, 100, 807-813.

GRANDORDY, B.M., CUSS, F.M., SAMPSON, AS., PALMER, JB. &
BARNES, P.J. (1986). Phosphatidylinositol response to cholinergic
agonists in airway smooth muscle: relationship to contraction
and muscarinic receptor occupancy. J. Pharmacol. Exp. Ther.,
238, 273-279.

GRYNKIEWICZ, G., POENIE, M. & TSIEN, R.Y. (1985). A new genera-
tion of Ca?* indicators with improved fluorescence properties. J.
Biol. Chem., 260, 3440-3450.

GUNST, S.J. & BANDYOPADHYAY, S. (1989). Contractile force and
intracellular Ca?* during relaxation of canine tracheal smooth
muscle. Am. J. Physiol., 257 (Cell Physiol., 26). C355-C364.

Brook for their critical reading of the manuscript and suggestions.
Appreciation is also expressed to Dr Delon Wu for his encourage-
ment.

HALLAM, TJ. & RINK, T.J. (1985). Agonists stimulate divalent cation
channels in the plasma membrane of human platelets. FEBS
Lett., 186, 175-179.

HASHIMOTO, T., MIRATA, M. & ITO, Y. (1985). A role for inositol
1,4,5-triphosphate in the initiation of agonist-induced contrac-
tions of dog tracheal smooth muscle. Br. J. Pharmacol., 86,
191-199.

HULME, E.C, BIRDSALL, N.JM. & BUCKLEY, NJ. (1990). Mus-
carinic receptor subtypes. Annu. Rev. Pharmacol. Toxicol., 30,
633-673.

MERRITT, J.E. & RINK, T.J. (1987). Regulation of cytosolic free
calcium in Fura-2-loaded rat parotid acinar cells. J. Biol. Chem.,
262, 17362-17369.

MEURS, H.,, ROFFEL, A F., POSTEMA, J.B., TIMMERMANS, A, ELZ-
INGA, C.R.S., KAUFFMAN, H.F. & ZAAGSMA, J. (1988). Evidence
for a direct relationship between phosphoinositide metabolism
and airway smooth muscle contraction induced by muscarinic
agonists. Eur. J. Pharmacol., 156, 271-274.

MURPHY, N.P, VAUGHAN, P.F.T.,, BALL, S.G. & MCCORMACK, J.G.
(1991). The cholinergic regulation of intracellular calcium in the
human neuroblastoma, SH-SYS5Y. J. Neurochem., 57, 2116—2123.

PARK, S. & RASMUSSEN, H. (1986). Carbachol-induced protein phos-
phorylation changes in bovine tracheal smooth muscle. J. Biol.
Chem., 261, 15734-15739.

PUTNEY, J.W. (1986). A model for receptor-regulated calcium entry.
Cell Calcium, 7, 1-12.

ROFFEL, AF., MEURS, H., ELZINGA, C.R.S. & ZAAGSMA, J. (1990).
Characterization of the muscarinic receptor subtype involved in
phosphoinositide metabolism in bovine tracheal smooth muscle.
Br. J. Pharmacol., 99, 293-296.

SHIEH, C.-C., PETRINI, M.F., DWYER, T.M. & FARLEY, J.M. (1991).
Contraction-dependence of acetylcholine-induced changes in cal-
cium and tension in swine trachealis. J. Pharmacol. Exp. Ther.,
256, 141-148.

TAKUWA, Y., TAKUWA, N. & RASMUSSEN, H. (1987). Measurement
of cytoplasmic free Ca?* concentration in bovine tracheal smooth
muscle using aequorin. Am. J. Physiol., 253 (Cell Physiol., 22):
C817-C827.

TSIEN, R.W. (1983). Calcium channels in excitable cell membranes.
Annu. Rev. Physiol., 45, 341-358.

VAN BREEMEN, C. & SAIDA, K. (1989). Cellular mechanisms regulat-
ing [Ca?*}; smooth muscle. Annu. Rev. Physiol., 51, 315-329.

YANG, CM. (1991). Characterization of muscarinic receptors in dog
tracheal smooth muscle cells. J. Auton. Pharmacol., 11, 53-63.

YANG, C.M., CHOU, S.-P. & SUNG, T.-C. (1991a). Muscarinic recep-
tors subtypes coupled to generation of different second mes-
sengers in isolated tracheal smooth muscle cells. Br. J. Phar-
macol., 104, 613-618.

YANG, CM,, CHOU, S.-P. & SUNG, T.-C. (1991b). Regulation of
functional muscarinic receptor expression in tracheal smooth
muscle cells. Am. J. Physiol., 261 (Cell Physiol. 30), C1123-
C1129.

( Received March 29, 1993
Revised May 25, 1993
Accepted July 6, 1993)



Br. J. Pharmacol. (1993), 110, 989-994

© Macmillan Press Ltd, 1993

Capsaicin-induced relaxation in the rat isolated external
urethral sphincter: characterization of the vanilloid receptor

and mediation by CGRP

Massimo Parlani, Bruno Conte, Cristina Goso, Arpad Szallasi & 'Stefano Manzini

Menarini Ricerche Sud, Pharmacology Department, via Tito Speri 10, 00040, Pomezia, (Rome), Italy

1 The potential role of capsaicin-sensitive nerves in the relaxation of the rat external urethral sphincter
(REUS) was evaluated by demonstrating the existence of specific vanilloid (capsaicin) receptors and by
investigating the sensory neurotransmitter(s) putatively involved in this relaxation.

2 Capsaicin (1 pM) relaxed REUS strips precontracted with noradrenaline (NA) (0.1 mM). This effect
underwent desensitization and it was absent in preparations taken from adult capsaicin-pretreated rats.

3 Capsaicin-induced relaxation of NA-precontracted REUS was mimicked by calcitonin gene-related
peptide (CGRP, 0.3-10 uM), but not by substance P (1 uM), vasoactive intestinal polypeptide (VIP,
1 uM), a-B methylene ATP (10 uM), y-aminobutyric acid (GABA, 3 mM) or galanin (1 pM). A cross-
tachyphylaxis between capsaicin (1 uM) and CGRP (1 pM) was observed. Both capsaicin and CGRP-
induced relaxation were partially antagonized by the proposed CGRP antagonist, CGRP (8-37) (10 pM).

4 Electrical field stimulation (EFS, 2.5 Hz, 60 V, 1 ms, trains of 5s every 5 min) of REUS evoked a
contraction characterized by a largely adrenergic slowly developing tonic contraction with superimposed
fast twitches due to the striated component of the strips. Both capsaicin (1 uM) and CGRP (0.01-1 pm)
produced an almost complete inhibition of EFS-induced tonic contraction. A cross-tachyphylaxis
between capsaicin and CGRP was observed. Furthermore, these inhibitory actions were unaffected by
CGRP (8-37) (10 uM).

5 [*H)-resiniferatoxin displayed specific, saturable binding to rat urethral membranes. Data were
consistent with a single site with a K; of 105 pM and a By, of 40 fmol mg~' protein. This binding was
inhibited by capsaicin with a K; of 0.6 uM and it was reduced by approximately 80% in preparations
taken from rats that had undergone surgical ablation of the major pelvic ganglion 4 days earlier.

6 In conclusion we have demonstrated the existence of vanilloid receptors on capsaicin-sensitive nerves
innervating the rat urethra mainly through the major pelvic ganglion. The activation of this set of nerves
could lead to a local release of CGRP that in turn elicits a remarkable urethral relaxation. Such a
mechanism could be of relevance in physiological conditions to facilitate urine expulsion during
micturition and in pathological conditions to help removal of noxious stimuli following mechanical/

chemical irritation of the lower urinary tract.

Keywords: Neurogenic inflammation; sensory neuropeptides; micturition; resiniferatoxin

Introduction

The rat urethra has a rather complex anatomical organiza-
tion with bundles of striated muscle fibres interlaced with
smooth muscle (El-Badawi & Schenk, 1974) and a dense
network of autonomic and somatic innervation (Watanabe &
Yamamoto, 1979). Noradrenergic nerves are thought to be
the major excitatory input to the urethra (Levin & Wein,
1979; Gosling, 1986; Chen & Brading, 1992) determining the
continence of the bladder outlet in the periods between mic-
turitions. However, during urination, the urethral sphincter
has to relax to allow urine expulsion and a series of neural
mechanism(s) should be targeted to contrast sympathetic
tone. Recent reports indicate that one of these mechanisms
could be the generation and release of nitric oxide from
nonadrenergic-noncholinergic nerves (Persson et al., 1992;
Parlani et al., 1993). Immunohistochemical studies combined
with retrograde tracing techniques indicate the presence in
the urethral wall of nerves containing substantial amounts of
calcitonin gene-related peptide (CGRP) and tachykinins (Su
et al., 1986). These nerves have their cell bodies in dorsal
root ganglia (L6-S1) and their CGRP content is substantially
reduced following systemic capsaicin desensitization (Su et
al., 1986). Activation of these capsaicin-sensitive primary
afferents can be involved in the neurogenic inflammation that
follows mechanical irritation of the urethral meatus (Nord-

! Author for correspondence.

ling et al., 1990; Abelli et al., 1991). The aims of this inves-
tigation were: (a) to assess whether or not the activation of
capsaicin-sensitive nerves can relax urethral strips pre-
contracted by exogenous noradrenaline or electrical field
stimulation of sympathetic nerves; (b) to investigate the
putative neurotransmitter involved in such inhibitory effects
and (c) to demonstrate the existence of vanilloid (capsaicin)
receptors in rat urethral tissues by using a binding assay with
the tritiated ultrapotent capsaicin analogue, resiniferatoxin
(RTX) (Szallasi & Blumberg, 1990).

Methods

Organ bath studies

Male albino rats (Wistar-Morini strain, 360-400 g) were
killed by cervical dislocation. An incision was made in the
lower abdomen; the bladder was exposed and the proximal
urethra was freed from the surrounding tissues. The pubic
bone was cut and then the external urethral sphincter (EUS)
was disconnected from the perineal muscles and removed in
toto. Thereafter, the preparation was placed in oxygenated
Krebs solution and strips (approximately 7mm by 3 mm)
were taken from the middle region of the EUS (Parlani et al.,
1992). Samples were mounted in a 5 ml organ bath contain-
ing Krebs solution (37°C) continuously aerated with a mix-



990 M. PARLANI et al.

ture of 96% O, and 4% CO,. The Krebs solution contained
(mM): NaCl 119, NaHCO, 25, KCl 4.7, MgSO, 1.2, CaCl,
2.5, KH,PO, 1.2 and glucose 11. The preparations were
connected with a silk thread to an isometric strain gauge
under a constant load of 1g. Contractile activity was
recorded by means of a Basile 7050 unirecord polygraph. The
preparations were allowed to equilibrate for at least 60 min.
Based on preliminary experiments assessing the concen-
tration-response curve to the motor effect of noradrenaline
(NA), 0.1 mM was chosen as a supramaximal concentration
of the adrenoceptor agonist. Exposure to NA (0.1 mM) pro-
duced a contraction that reached a steady state within
5-15min and then lasted for at least an additional
30-45 min. The effect of drugs was studied when a stable
tone was established. The inhibitory actions were measured
as mg of relaxation or % of inhibition of the NA (0.1 mm)-
induced contractile response before exposure to drugs. In
other experiments electrical field stimulation (EFS) of the
EUS was carried out by means of two platinum wire elec-
trodes placed at the top and at the bottom of the organ bath
and connected to a Grass S11 stimulator. Square wave pulses
were delivered at 60 V, 2.5 Hz (trains of S s every 5 min). The
pulse width was 1ms. A scale of the frequency (range
between 1.5 and S Hz) revealed that 2.5 Hz was the fre-
quency triggering maximal responses. This frequency of EFS
was selected to evaluate the effect of pharmacological
interventions. After three consecutive reproducible responses
(accepted variation <10%) had been obtained, drugs were
added to the organ bath. The effect of drugs was evaluated
on the subsequent response (5 min later) and expressed as %
inhibition of the basal contraction.

To prevent desensitization, CGRP concentration-response
curves were carried out in a non-cumulative manner. In each
preparation a maximum of three concentrations was tested.

An incubation time of 10 min was selected to study the
effect of the putative CGRP antagonist, CGRP (8-37). In
each preparation the effect of the antagonist was tested on
“one type of contraction (NA or EFS) and one type of agonist
(capsaicin or CGRP or papaverine). Statistical comparison
was performed between control and treated group.

Surgical procedures

Denervation of the EUS was carried out by bilateral removal
of the major pelvic ganglion, as described previously (Conte
et al., 1989). After the surgical operation, the rats were kept
for 4 days in separate cages to allow nerve degeneration. To
prevent infections, each rat received amikacin (2.5 mgkg~!,
i.m.) and gentamicin (2 mgkg~!, i.p.) once daily.

Systemic capsaicin desensitization

Capsaicin (50 mg kg~!, dissolved in a vehicle containing 10%
Tween 80, 10% ethanol and 80% saline) was administered
subcutaneously 4 days before the experiment. Control rats
received the vehicle as described previously (Santicioli et al.,
1985).

[H]-RTX binding assay

Binding experiments were carried out with a crude, post-
nuclear membrane fraction obtained from wurethra of
Sprague-Dawley rats as described for other tissues (Szallasi &
Blumberg, 1990; 1992). Briefly, the urethra was disrupted by
the aid of a Polytron tissue homogenizer in ice-cold buffer
(pH 7.4), containing (in mMm): KCl 5, NaCl 5.8, MgCl, 2,
CaCl, 0.75, sucrose 137 and HEPES 10. The homogenate
was centrifuged for 10 min at 1000 g (4°C), the pellet dis-
carded, and the supernatant was then centrifuged at 35,000 g
for 30 min. The resulting pellet was resuspended in the above
described buffer and stored at — 20°C until assayed. Aliquots
(100 pg) of the membrane protein in 0.5ml of this buffer
containing 0.25 mg ml~! bovine serum albumin (Sigma, Cohn

fraction V) were incubated in triplicate with [*H}-RTX and
nonradioactive ligands at 37°C for 30 min. Nonspecific bin-
ding was determined in the presence of 100 nM nonradioac-
tive RTX. After the binding reaction had been terminated by
chilling the assay mixture on ice, 100 ug alpha,-acid glyco-
protein was added to each tube to reduce nonspecific binding
(Szallasi et al., 1992). Bound and free PH}]-RTX were then
separated by centrifuging the membranes in a Beckman 12
microfuge, and the counts in the resulting pellet determined
by scintillation counting.

Binding data from saturation experiments with increasing
concentrations (7—500 pM) of radioactive ligand were analysed
by the collection of computer programmes LIGAND
(Biosoft Cambridge, UK); inhibitory constants were deter-
mined by the Cheng-Prusoff equation (Cheng & Prusoff,
1973).

Drugs

Drugs used were: noradrenaline, atropine sulphate (Fluka),
acetylcholine, papaverine, GABA, L-NOARG, a,8-methylene
ATP (Sigma), capsaicin (Serva), CGRP, SP, NKA, VIP,
galanin, hCGRP(8-37) (Peninsula), phentolamine (Ciba
Geigy), tetrodotoxin (Sankyo), amikacin (Bristol), gentamicin
(Shering), pentothal sodium (Abbott). A stock solution
(10 mM) of capsaicin was prepared in absolute ethanol and
then appropriate dilutions in distilled water were made; all
other drugs were dissolved directly in distilled water.

(*H]-RTX (37 Ci mmol-') was synthesized by the Chemical
Synthesis and Analysis Laboratory; NCI-FCRDC, Frederick,
MD, U.S.A. Nonradioactive RTX and resiniferonol 9,13,14-
orthophenylacetate (ROPA) were purchased from LC Ser-
vices (Woburn, MA, U.S.A)).

Statistics

All data in the text are means * s.e. Statistical evaluation was
performed by using Student’s ¢ test for paired or unpaired
data when applicable or by analysis of variance (ANOVA)
followed by Tukey’s test.

Results

Effect of capsaicin on noradrenaline-induced tonic
contraction of rat external urethral sphincter

In basal conditions specimens of rat external urethral sphin-
cter were either quiescent (about 30%) or displayed a small-
amplitude (20-100 mg) contractile activity (about 70%).
After 30 min of incubation all preparations exhibited no
spontaneous contractile activity. In these conditions, the
administration of capsaicin (1 pM) or CGRP (0.3 uM) pro-
duced a small relaxation of 42 12mg (n=7) and 35% 8
mg (n=6), respectively. On the other hand, substance P
(10 pM) was ineffective (n = 4), while neurokinin A (10 pM)
elicited a small and transient contraction the amplitude of
which was 61 £ 10 mg (n = 6).

The administration of noradrenaline (NA) (0.1 mM)
elicited a contraction with an amplitude of 351 * 20 mg
(n=25) reaching a steady-state within 5—15min. The NA-
induced tonic contraction remained stable for at least
30-45min (n=6) and it was abolished by phentolamine
(3 uM, n = 4), but was unaffected by atropine (3 uM, n =4) or
tetrodotoxin (0.6 uM, n = 4).

Administration of capsaicin (1 uM) during NA-induced
tonic contraction resulted in a rapid relaxation reaching a
maximal effect (82 £ 5 mg corresponding to an inhibition of
32+ 3%, n=13) within 1-2min (Figure 1). Capsaicin-
induced relaxation lasted for at least 15—-20 min and then the
urethral tone slowly returned toward the previous contracted
level. A second (or in one case a third) administration of
capsaicin (1 uM) was without any relaxant effect, suggesting
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Caps Caps CGRP
1 pum 1pm 0.3 um
L4 | ‘ 4
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b Capsaicin
Caps densensitized CGRP
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4
¢ ¢
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Figure 1 Typical tracings showing the effect of capsaicin (Caps) and
calcitonin gene-related peptide (CGRP) on noradrenaline (NA)-
induced tonic contraction of control (a) and systemic capsaicin-
desensitized (b) rats. In (a) is also shown the desensitization that
occurred with a second application of capsaicin. Tension and time
scales apply to all tracings. In the left upper tracings the two bars
indicate a lag of about 20 min.

desensitization (n=4) (Figure 1). Capsaicin-induced relaxa-
tion was unaffected by atropine (3 uM, n = 4) or tetrodotoxin
0.6 uMm, n = 4).

In some experiments, external urethral sphincters obtained
from adult capsaicin-pretreated rats (50 mg kg=', s.c., 4 days
before) were used. In these preparations the motor responses
to NA were normal (396 * 47 mg, n= 6, NS as compared to
control), while the administration of capsaicin (1 pM) pro-
duced only negligible relaxation (13 £ 8 mg corresponding to
3+ 2% inhibition, P<<0.001 as compared to control rats,
n=6) (Figure 1). In urethral preparations from capsaicin-
pretreated rats, capsaicin (1 puM) had no effect on basal tone
n=17).

In a further set of experiments the ability of capsaicin to
relax NA-precontracted urethral strips taken from rats in
which the major pelvic ganglia had been surgically removed 4
days before, has been evaluated. Capsaicin (1 pM)-induced
relaxation was significantly reduced as compared to urethral
tissues taken from normal rat (41+ 19mg and 16t 3%
inhibition n=4; P<0.001 vs. control rats, n=4). On the
other hand the motor response to NA and the relaxation
induced by CGRP (0.3 uM) or papaverine (10 uM) were
similar in control and in denervated preparations (n=4).

Mimicking by CGRP of capsaicin-induced relaxation of
NA-precontracted EUS: antagonism by CGRP(8-37)

To obtain some insight into the neurotransmitter(s) involved
in capsaicin-induced relaxation of NA-precontracted rat
external urethral sphincter, the potential relaxant properties
of various putative neurotransmitters were assessed. No
relaxation of NA-induced tone was obtained with vasoactive
intestinal polypeptide (VIP, 1 uM, n = 4), substance P (1 uM,
n=4), a-p-methylene-ATP (10 pM, n=4), (y-aminobutyric
acid) GABA (3 mM, n=4) or galanin (1 uM, n=4). On the
other hand a clear and remarkable relaxation (114 * 24 mg
corresponding to an inhibition of 35 % 7%) was elicited by
CGRP (0.3 M, n = 5) (Figure 1). CGRP-induced relaxation
was concentration (0.3—1-10 uM)-dependent with an EDs, of
0.94puM (0.91-0.97) (n=6). Relaxant response to CGRP
(0.3 uM) was also observed in preparations taken from adult
capsaicin pretreated rats (Figure 1). CGRP (1 pM)-induced
relaxation underwent desensitization and a second applica-
tion on the same NA-induced hypertone was without effect
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(n=4) (Figure 2). Interestingly, a cross-tachyphylaxis be-
tween CGRP and capsaicin (1 pM) also occurred the latter
drug being ineffective when administered following CGRP
(1 pM) (Figure 2a) (n=4). Control experiments indicated
that a previous similar relaxation of NA-induced tone with
papaverine (10 uM) did not prevent the relaxant effect of
capsaicin (1 pM) (Figure 2b, n = 3).

The proposed selective CGRP antagonist, CGRP (8-37)
(10 pM) (Chiba et al., 1989) significantly reduced the relaxa-
tion induced by CGRP (0.3 uM) or by capsaicin (1 uM), but
not that by papaverine (10 or 100 uM), of NA-induced tonic
contraction (Table 1).

Effect of capsaicin or CGRP on electrical field
stimulation induced tonic contraction of EUS

Electrical field stimulation (2.5 Hz, 60 V, 1 ms, trains of 5s
every 5 min) induced a contractile response characterized by
two components (Figure 3): a slowly developing tonic con-
traction on which were superimposed a series of twitches due
to the activation of the striated component of the sphincter.
The tonic component was abolished by tetrodotoxin (0.3 uM,
n=4) and largely reduced (84 £ 7% inhibition) by phen-
tolamine (3 puM, n=Y5).

Capsaicin (1 pM) or CGRP (1 uM) produced an almost
complete inhibition of EFS-induced tonic contraction (95 +
6%, n=8, and 81 * 8%, n=4, for capsaicin and CGRP,
respectively, Figure 3a,b). Capsaicin-induced inhibition could
be evoked only once in each preparation (n = 4) and it was
significantly reduced in rats desensitized to capsaicin (16
7%, n=6, P<0.001, Figure 3c). In these latter preparations
the inhibitory action of CGRP (1 uM) was normal (91 £ 5%
of inhibition; n =4, Figure 3d). The inhibitory effect of
CGRP (1 uMm) on EFS-induced tonic contraction underwent
desensitization and a cross-desensitization with capsaicin
(1 uM) was observed (Figure 4, n = 4). CGRP-induced relaxa-

a CGRP
TemM  CGRP
) 1 pm Caps
¢
¢
NA 0.1 mm
0.25g
5 min
b Papaverine
10 pm
' Caps
1 um
'
¢
NA 0.1 mm

Figure 2 Typical tracings showing the desensitization of the cal-
citonin gene-related peptide (CGRP) relaxant response and the cross-
desensitization with capsaicin (Caps) (a). Panel (b) shows the
specificity of this cross-desensitization: papaverine (at an equieffective
concentration to CGRP) did not modify capsaicin-induced relaxa-
tion. Tension and time scales apply to all tracings.



992 M. PARLANI et al.

Table 1
induced by CGRP, capsaicin or papaverine

Effect of calcitonin gene-related peptide (CGRP (8-37)) (10 uM) on relaxation of noradrenaline (NA)-precontracted EUS

Control

Drug (™M) n Relaxation (mg)
CGRP 0.3 4 110+ 18
Capsaicin 1 6 88+4
Papaverine 10 6 153+ 23

+ hCGRP (8-37)

% inhibition Relaxation (mg) % inhibition

38+38 44+ 13* 13+ 3+
303 36 £ 4>+ 14 £ 2%+
456 152£25 3711

Inhibition relate to the % reduction of the amplitude of the contraction. Each value is the mean * s.e.mean.

*P <0.05 vs control; **P<<0.01 vs control.

Controls
a
—— 025g
J\ —-‘— b
Caps 1 pm
b
L] ——
~ _W_
CGRP 1 um
Capsaicin desensitized
c
_—— L]
[
Caps 1 pm
d
-_— L]
CGRP 1 um

Figure 3 Inhibitory effect of capsaicin (Caps) (a) and calcitonin
gene-related peptide (CGRP) (b) on EFS-induced contraction of rat
external urethral sphincter. In (c) and (d) the effects obtained in
systemic capsaicin-pretreated rats are shown. EFS (2.5Hz, 60V,
1 ms, trains of Ss every 5min) was applied at the black horizontal
bars. Tension and time scales apply to all tracings.

tion was concentration (0.01-0.1-1 pM)-dependent with an
EDs, of 44nM (16-120) (n=6). The inhibitory effect of
capsaicin (1 pM) or CGRP (0.3-1puM) were unaffected by
CGRP (8-37) at a concentration of 10uM (n=4 for each
substance). CGRP (8-37) was also ineffective against a con-
centration of CGRP (0.01 uM) that produced an inhibition of
EFS-induced contraction (30 £ 2%) similar to that exerted
by CGRP (0.3 uM) on NA-induced contraction (n = 4).

Characterization of vanilloid (capsaicin) receptor in rat
urethral tissues

[P*H]}-RTX displayed specific, saturable binding to rat urethral
membranes. Nonspecific binding at the K, value represented
approximately 30% of the total. Scatchard analysis of the
data was consistent with a single component possessing a Ky
of 105+ 26pM and a B, of 40+ 6 fmol mg~' protein (3
determinations; mean f s.e.mean, Figure 5). The Hill co-
efficient was approaching 1, suggesting that the binding sites
are not cooperative. The curvilinear analysis of the data by
the LIGAND programme confirmed the one-site model sug-
gested by the Scatchard plot. Capsaicin inhibited binding
with a K; of 0.6+ 0.3 uM (range) indicating a 6000 fold
lower potency than that of RTX (not shown). Resiniferonol
9,13,14-orthophenylacetate (ROPA), the C-20 de-esterified
parent compound of RTX which lacks vanilloid-like activity
(Szallasi et al., 1989), by contrast, did not inhibit binding up
to 1 pM. In the urethra of rats that had undergone surgical
ablation of major pelvic ganglia 4 days earlier, specific [’H]-
RTX binding was reduced by approximately 80% (2 deter-
minations).

Discussion

In the rat urethra the existence of capsaicin-sensitive
neuropeptide-containing sensory nerves have been firmly
established by immunohistochemical techniques (Su et al.,
1986). Capsaicin-sensitive primary afferents subserve a dual
sensory and efferent function with potential physiological and
pathological relevance (Maggi & Meli, 1988). Stimulation of
these urethral sensory nerves can trigger a series of reflexes
important for the urethra-bladder coordination during mic-
turition (Conte et al., 1989; Maggi, 1993). At the same time
the local release of sensory neuropeptides can produce
neurogenic inflammation (Abelli et al., 1991) and relax the
bladder outlet thus facilitating urine expulsion (Andersson et
al., 1990). Following excessive mechanical or chemical irrita-
tion of the urethral meatus a hyperreactivity of this neural
system could, at least in principle, lead to dyssynergia
between bladder and urethral function and to incontinence
due to reduced tone of the urethral sphincter.

In the present study, we have characterized further this
sensory innervation of the EUS with a binding and func-
tional pharmacological approach. The functional analysis
was carried out on EUS precontracted by increasing the
sympathetic tone by stimulation at pre- (EFS) or post-
(exogenous NA) junctional level.

First, we have demonstrated the existence in urethral mem-
branes of specific binding sites for PH}-RTX. RTX is an
ultrapotent analogue of capsaicin that allowed the charac-
terization of vanilloid (capsaicin) receptors in the soma
(dorsal root ganglia) and central arms (spinal cord) of this
subgroup of sensory nerves (Szallasi & Blumberg, 1990).
Recently, using a modified assay in which the nonspecific
binding is reduced by adding alpha-lacid glycoprotein, a
plasma protein that binds RTX to the assay mixture (Szallasi
& Blumberg, 1992), we have been able to demonstrate vanil-
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Figure 4 Typical experiment showing the cross-desensitization between calcitonin gene-related peptide (CGRP) and capsaicin
(Caps)-induced inhibition of EFS-induced tonic contraction of EUS. In (a) is shown the control response that was completely
abolished by a first application of CGRP (b). In these conditions a normal response to EFS could be readily restored by addition
of L-NC-nitro-arginine 100 pM (c). At this point a second application of CGRP (d) or of capsaicin (e) had no inhibitory effects.

[3H]-RTX; bound/free (fmol mg~"/pm)
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[3H]-RTX; bound (fmol mg™)

Figure 5 Scatchard plot of specific [*H]-resiniferatoxin ([*H}-RTX)
binding by rat urethral membranes. Points represent mean values
from a single experiment. An additional two experiments gave
similar results. The line was fitted using the LIGAND programme.

loid receptors (i.e. specific PH]-RTX binding sites) in the
urinary bladder (Szallasi et al., 1993) and in the rat urethra
(this study). The specificity of the [PH)-RTX binding sites is
confirmed by their competitive displacement by capsaicin but
not by ROPA, a diterpene derivative of RTX that is devoid
of stimulating properties for the vanilloid receptor (Szallasi ez
al., 1989). Moreover, specific PH]-RTX binding was largely
reduced (by approximately 80%) in urethral samples taken
from rats that underwent resection of the major pelvic gang-
lion. This finding suggests that the majority of vanilloid
receptors in the urethra are expressed on nerves that travel
through the major pelvic ganglion. The remaining approx-
imately 20% of specific [*H]-RTX binding suggests that
vanilloid receptors could also be present on some fibres of
other nerves projecting to the urethra such as the pudendal
and/or the hypogastric.

The affinity of the vanilloid receptor for RTX and cap-
saicin in the urethra (105pM and 0.5 uM respectively) is
similar to that determined in the urinary bladder (30 pM and
0.5 uMm) (Szallasi et al., 1993). Likewise, both urethral and
urinary bladder membranes bound [PH}-RTX in a non-
cooperative fashion. This behaviour contrasts to the apparent
positive cooperativity of [PH]-RTX binding in dorsal root
ganglia, as well as dorsal horn membranes (Szallasi &
Blumberg, 1993). These findings suggest that vanilloid recep-
tors in the bladder and the urethra are probably identical.

In good agreement with binding data, capsaicin at a con-
centration of 1 uM (that is, about two times the K for the
vanilloid receptor) elicited a remarkable relaxation of EUS
precontracted by adding exogenous noradrenaline or by EFS.
Similar results were obtained in the female rat urethra

(Andersson et al., 1990) and in the male rat proximal urethra
(Maggi et al., 1987). Specificity of this relaxant effect of
capsaicin was confirmed by its desensitization (the response
could be evoked only once in each preparation), by its
absence in preparations taken from systemic capsaicin-
pretreated animals and by its reduction in urethral strips
from ganglionectomized animals. Experiments designed to
identify the putative neurotransmitter(s) that mediates these
inhibitory responses to capsaicin ruled out the involvement
of VIP, GABA, galanin, purines and substance P, since none
of these endogenous substances exerted relaxant effect on
NA-precontracted EUS. On the other hand, exogenous
CGRP mimicked the capsaicin inhibitory response both on
NA- and on EFS-induced urethral hypertone as well as in
resting conditions. As expected, the inhibitory effects of
exogenous CGRP (that should be unrelated to the presence
of sensory nerves) were unaffected in EUS obtained from
capsaicin-pretreated or ganglionectomized rats.

Since CGRP is usually co-stored with tachykinins in sen-
sory nerves (Maggi & Meli, 1988), it could be hypothesized
that the functional response to capsaicin could be the resul-
tant of the corelease of several sensory neuropeptides.
However, substance P has been shown to contract slightly
longitudinal and circular strips of female rat urethra (Anders-
son et al., 1990) and in our hands neurokinin A, but not
substance P, had a small contractile effect on basal tone (this
study). These motor responses to tachykinins could, in prin-
ciple, slightly counteract the CGRP-induced relaxation and
explain the tendentially minor action of capsaicin, as com-
pared to CGRP, on NA-induced contraction. However, when
the urethral tone was increased by means of EFS, a complete
inhibition of the tonic response was obtained either with
capsaicin or with CGRP. In the female rat urethra, CGRP
was equieffective with capsaicin in circular but not in lon-
gitudinal urethral strips (Andersson et al., 1990). As a whole,
we believe that tachykinins have a very marginal (if any) role
and that CGRP release can fully explain capsaicin-induced
relaxation of NA-precontracted EUS. This hypothesis is
further indicated by two other evidence: (a) a cross-
desensitization was noticed between CGRP and capsaicin-
induced relaxation and (b) CGRP (8-37) inhibited in a
significant manner both capsaicin- and CGRP-induced relax-
ation of NA-contracted REUS. The peptide fragment CGRP
(8-37) has been characterized as a competitive antagonist of
at least a subclass of CGRP receptor (Chiba et al., 1989;
Maggi et al., 1991; Bartho et al., 1991). It is interesting to
note that CGRP (8-37) had no antagonist action on the
inhibition by capsaicin or CGRP (either 0.01, 0.3 or 1 uM) of
EFS-induced tonic contraction. CGRP is significantly more
effective in relaxing EFS- than NA-induced contraction of
EUS. It is tempting to speculate that CGRP could
antagonize EFS-induced contraction also through prejunc-
tional (CGRP (8-37) resistant) receptors. Further experiments
are obviously necessary to assess the potential involvement in
EFS- (but not NA-)induced motor responses of a CGRP
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(8-37)-resistant receptor, such as the proposed CGRP, sub-
type (Quirion et al., 1993).

In conclusion we have demonstrated the existence of vanil-
loid receptors on capsaicin-sensitive nerve endings (mainly
passing through major pelvic ganglia) in the rat EUS. We
postulate that their activation leads to CGRP release, that in
turn elicits a remarkable urethral relaxation. Such a
mechanism could be of relevance in functional antagonism of
sympathetic tone during micturition and could help in
removal of noxious stimuli following chemical or mechanical
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