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Differential classification of vascular smooth muscle
and endothelial cell 5-HT receptors by use of tryptamine
analogues
P. Leff, 'G.R. Martin & J.M. Morse

Analytical Pharmacology Group, Department ofPharmacology I, Wellcome Research Laboratories, Langley
Court, Beckenham, Kent BR3 3BS

1 In ring preparations of the rabbit external jugular vein contracted with the thromboxane-mimetic
U-46619, submicromolar concentrations of 5-hyd-roxytryptamine (5-HT) and chemically related
analogues produced relaxations that were dependent on the integrity of the vascular endothelium.
2 The receptor mediating endothelium-dependent relaxations was evidently similar to previously
described endothelial 5-HT receptors since relaxation responses to a-methyl-5-HT were not blocked by
atropine, (±)-propranolol, yohimbine, indomethacin, ketanserin or MDL-72222, but were non-

competitively antagonized by methysergide, methiothepin and cyproheptadine.
3 The activities of some tryptamine agonists and antagonists at the endothelial 5-HT receptor in
rabbit jugular vein were compared with their activities at the smooth muscle 5-HT2-receptor in rabbit
aortic rings. Differences in the tryptamines' affinities and relative efficacies showed that the endothelial
5-HT receptor was not of the 5-HT2-type.
4 The high agonist potencies of 5-HT and 5-carboxamidotryptamine, the susceptibility to
antagonism by both methiothepin and methysergide and the resistance to blockade by selective 5-HT2
and 5-HT3 ('M') receptor antagonists implies that the endothelial receptor belongs to the '5-HT,-like'
class. However, the agonist potency order 5-HT = a-methyl-5-HT > 5-carboxamidotryptamine
suggested that the receptor is not the same as the peripheral '5-HT,-like' receptors reported to mediate
directly contraction of the dog saphenous vein or relaxation of vascular and non-vascular smooth
muscles. At these receptors, the potency order is 5-carboxamidotryptamine > 5-HT > a-methyl-5-
HT.
5 These results constitute preliminary evidence that peripheral '5-HT,-like' receptors, like central 5-
HT, recognition sites, are a heterogeneous population. Further comparative studies with a wider range
of receptor probes are necessary to establish whether or not these receptors represent functional
counterparts of the ligand binding sites in the brain.

Introduction

In addition to its well-characterized action at the 5-
hydroxytryptamine (5-HT2) receptor mediating vas-
cular smooth muscle contraction, 5-HT has been
shown to elicit vasorelaxation by an endothelium-
dependent mechanism. Using isolated, endothelium-
intact canine and porcine coronary arteries, Cocks &
Angus (1983) showed that 5-HT2 receptor-mediated
contractions were augmented when the endothelium
was physically removed. In the presence of the 5-HT2
receptor antagonist ketanserin, 5-HT produced
endothelium-dependent relaxation of the porcine
coronary artery. Similar findings in other isolated
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blood vessels have also been reported (Cocks &
Angus, 1984; Griffith et al., 1984; Imaizumi et al.,
1984).
The lack of effect of ketanserin on endothelium-

dependent relaxations implies that the 5-HT receptor
involved is not 5-HT2-like. Indeed it has been sugges-
ted that the receptor is of the 5-HT, type, because both
methysergide and methiothepin antagonize 5-HT-
induced relaxations in canine coronary arteries
(Cohen et al., 1983a, b; Houston et al., 1985). These
agents, but not ketanserin, express a high affinity for
5-HT, as well as 5-HT2 binding sites in rat brain cortex
(Leysen et al., 1981). However, Imaizumi et al. (1984)
showed that 5-HT-induced relaxation of the endoth-
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elium-intact chick jugular vein could be blocked with
cyproheptadine, a potent 5-HT2 receptor antagonist
with only negligible affinity for 5-HT, binding sites
(Peroutka & Snyder, 1979). It is conceivable that such
conflicting results reflect either venous and arterial or
species differences in the endothelial cell 5-HT recep-
tor. Alternatively, the ligands used might be unreliable
receptor probes since, as we have previously shown
(Leff & Martin, 1986; Leff et al., 1986), antagonists
which bear little chemical relation to the endogenous
agonist can provide misleading information for 5-HT
receptor classification.

In our laboratory, we recently identified a vascular
tissue, the rabbit external jugular vein, in which 5-HT
elicits endothelium-dependent relaxations which are
not confounded by concomitant 5-HT2 receptor-
mediated smooth muscle contraction. We have now
used ring preparations of this tissue to compare the

action of some simple tryptamine analogues at the
endothelial 5-HT receptor with their activity at the 5-
HT2 receptor in the rabbit isolated aorta. The aim of
the study was to determine whether mimetics and
antagonists which possess some chemical identity with
the endogenous agonist 5-HT could differentiate 5-
HT2 and endothelial cell 5-HT receptors and thereby
provide a quantitative basis for their classification.

Methods

Vascular tissues were obtained from male New
Zealand White rabbits (2.4-2.9 kg) killed by injecting
pentobarbitone sodium (Sagatal:60 mg kg-') into a
marginal ear vein.
Rabbit aorta: The thoracic aorta was isolated and the
vessel cleared of adhering connective tissue after
mounting on a polypropylene cannula (external
diameter = 2.5mm). Cannulation abolished acetyl-
choline-induced endothelium-dependent relaxations.
Ring segments, approximately 3 mm wide, were
prepared as described by Stollak & Furchgott (1983),
preserving the plane of the circular smooth muscle.
Rabbit jugular vein: Right and left external jugular
veins were removed, cleared of adhering connective
tissue without cannulation and each cut into 3 ring
preparations 3 - 5mm wide.

Vascular ring preparations were suspended between
two wire hooks and immersed in 20 ml organ baths
containing Krebs solution (pH 7.4) of the following
composition (mM); NaCl 118.41, NaHCO3 25.00,
KC14.75, KH2PO4 1.19, MgSO4 1.19, glucose 11.10
and CaCl2 2.50. This was maintained at 37°C and
continually gassed with 95% 02:5% CO2- Changes in
tissue isometric force were measured with Grass
FTO3C force displacement transducers and recorded
on Gould BS-212 pen recorders.

Endothelial denudation ofjugular veins

In some experiments, endothelium-intact and -den-
uded jugular veins were compared using vessels from
the same animal. Denudation was achieved mechan-
ically, by inserting into a vein a shortened plastic
disposable pipette tip which had been serrated using a
scalpel blade. The vein was then rolled back and forth
on tissue paper moistened with Krebs solution. Tis-
sues treated in this way were examined histologically
by the method of Malick & Wilson (1975) to confirm
that the endothelium had been effectively removed
(Figure 1).

Figure 1 Scanning electron micrographs showing the
luminal surface of the rabbit jugular vein (a) with
endothelium intact and (b) after mechanical denudation
as described in the text. The bar represents 10 im.

Definition of endothelium-dependent relaxations

In order to measure endothelium-dependent relaxant
responses, jugular vein rings were contracted with the
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thromboxane A2-mimetic, U-46619. As in isolated
coronary vasculature (Cocks & Angus, 1983), this
agent appeared to be devoid of any endothelium-
dependent component in the jugular vein since
cumulative concentration-effect curves for U-46619
obtained in endothelium-intact and denuded prepara-
tions were not statistically different (Figure 2). From
this study, a concentration of 10 nM U-46619 was
chosen for inducing tissue contracture in subsequent
experiments.

Preliminary experiments in endothelium-intact
jugular veins showed that both 5-HT and a-methyl-5-
HT produced concentration-dependent relaxations in
the range 1-100 nm. However, higher concentrations
of 5-HT, but not x-methyl-5-HT, also elicited endoth-
elium-independent relaxant responses. On the basis of
tryptamine agonist orders of potency obtained in the
endothelium-denuded rabbit jugular vein (i.e. 5-car-
boxamidotryptamine > 5-HT >> a-methyl-5-HT;
unpublished observations), we concluded that this
tissue possesses not only specific endothelial 5-HT
receptors, but also smooth muscle relaxant 5-HT
receptors similar to those previously described by
Feniuk et al. (1983, 1984). Therefore, in order to avoid
the problems associated with receptor heterogeneity,
x-methyl-5-HT was used instead of 5-HT to study
antagonist interactions at the endothelial cell 5-HT
receptor.
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Figure 2 Computer-fitted semi-logarithmic concentra-
tion-effect curves for the thromboxane-mimetic U-46619
obtained by cumulative addition in endothelium-intact
(-) and -denuded (0) rings of rabbit jugular vein. The
slope, p[A.1] and asymptote estimates for the two curves

were not significantly different (P> 0.05). The data are

the average increases in g force obtained from 12 replicate
curves in endothelium-intact tissues and 11 replicate
curves in endothelium-denuded tissues. Vertical lines
show s.e.mean on the maximum response.

Experimental protocols

At the beginning of each experiment a force was
applied to each preparation (aortic rings, 3.0 g:jugular
vein rings, 0.75 g). During a subsequent stabilisation
period, the force was re-established once and tissues
were exposed to pargyline (500 gM) in order to inhibit
monoamine oxidase irreversibly. In experiments with
aortic rings, concomitant 30min exposure to benex-
tramine tetrahydrochloride monohydrate (BHC:
1O pM) also inactivated a,-adrenoceptors, thereby
preventing direct or indirect a,-adrenoceptor stimula-
tion by 5-HT (Innes, 1962; Apperley et al., 1976;
Fozard & Mwaluko, 1976; Marin et al., 1981). At the
end of the stabilization period, the inhibitors were
removed by several exchanges ofthe organ bath Krebs
solution. Only a single concentration-effect curve was
obtained in each tissue preparation, therefore the
number of replicates refers to the number of prepara-
tions.

Agonist experiments in rabbit aorta: Each preparation
was challenged with 5-HT (1OJM) to establish
viability. Then, following washing and restabilization,
a cumulative concentration-effect curve was obtained
for one ofthe following tryptamine agonists: 5-HT, N-
ethyl-5-methoxytryptamine, N-isopropyl-5-methox-
ytryptamine or 5-carboxamidotryptamine. 5-HT
curves were also produced in tissues previously
exposed for 30min to phenoxybenzamine (O.I1JM).
Contractile responses were measured as increases in
grams force.

Agonist experiments in rabbit jugular vein: Agonist
additions were made according to a single exposure
design, because the transient nature of 5-HT and a-
methyl-5-HT responses made cumulative additions
impossible (See Figure 3). Contracture was induced in
each tissue by introducing Krebs solution containing
U-46619 (lOnM). When a steady contracture was
obtained the agonist under study was added, the
maximal response recorded and the agonist removed
by replacing the organ bath buffer with fresh solution.
This cycle was repeated at intervals of 30min, an
interval which was shown independently to avoid
problems of tachyphylaxis.

In each experiment, tissues were challenged initially
with a-methyl-5-HT (0.1 M) until consecutive respon-
ses were consistent (usually 3 or 4 challenges). Thereaf-
ter, the test agonist was applied, successive concentra-
tions increasing in 0.5 log1o increments until the full
concentration-effect curve was defined. In this way,
curves for 5-HT, tryptamine, 5-carboxamidotryp-
tamine, RU-24969, N-ethyl-5-methoxytryptamine
and N-isopropyl-5-methoxytryptamine were
obtained. 5-HT, N-ethyl-5-methoxytryptamine and 5-
carboxamidotryptamine curves were also obtained
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after partial occlusion of the receptor population with
phenoxybenzamine (3 tiM for 30 min). Data used in
operational model-fitting procedures were expressed
as changes in grams force. For potency comparisons,
agonist responses were normalized in each tissue by
scaling them to the average of the last two responses
obtained during the initial challenges with a-methyl-5-
HT (0.1 JM).

Antagonist experiments in rabbit jugular vein: In
antagonist experiments, tissues were exposed to the
drug or vehicle for 60 min before the construction of
an a-methyl-5-HT concentration-effect curve. In each
tissue, agonist responses were normalized, as described
above, by scaling them to the average of the last two
responses obtained during the initial challenges with x-
methyl-5-HT (0.1 JAM).

Data analysis

Analysis of concentration-effect curves: Individual
concentration-effect curves (rabbit aorta) or the
average data from replicate curves (rabbit jugular
vein) were fitted to a logistic function of the form:

E = a [A]' ....(1)
[A0]m + [A]m

in which E is the effect, [A] is the agonist concentration
and a, [A54] and m are the asymptote, location and
slope parameters respectively. Location parameters
were actually estimated as logarithms (- log,0 [AJ).
For the analysis of competitive antagonism this fitting
procedure also performed a one-way analysis of
variance comparing cumputed estimates of a and m
between and within treatment groups. Further
analysis of competitive antagonism was performed by
fitting computed log10 [A50] values to the following
linear form of the Schild equation (Trist & Leff, 1985;
Leffetal., 1986):

logio[A50] = log1o[Amj] + log10 (I + [B]'/KB). .(2)
in which [AmC] is a control [A50] value, [B] is the
concentration of antagonist, KB its dissociation con-
stant and n its order of reaction with the receptor
(unity for simple competition). If n was not significan-
tly different from unity it was constrained to this value
in order to estimate pKB (-log1 KB).

Operational modelfitting: Concentration-effect curve
data measured in grams force were fitted directly to the
operation model of agonism, (Black & Leff, 1983;
Black et al., 1985; Barrett et al., 1986):

in which KA is the agonist dissociation constant,T is the
efficacy of the agonist in a particular tissue, Em is the
maximum possible effect in the receptor system and n
determines the sensitivity of the occupancy-effect
relation.

Drugs

5-Hydroxytryptamine creatinine sulphate (Sigma
Chemical Co., St Louis, MO, U.S.A.); pargyline
hydrochloride (Sigma); benextramine tetrahydro-
chloride monohydrate (Aldrich Chemical Co. Ltd,
Dorset); phenoxybenzamine hydrochloride (Smith,
Kline and French, Welwyn Garden City, Herts.);
ketanserin tartrate (Janssen Pharmaceutica, Beerse,
Belgium); 9, H-dideoxy, 9a, 1 ok-methanoepoxy PGF2C
(U-46619: Cayman Chemical, Denver, Colorado,
U.S.A.); indomethacin (Sigma); atropine sulphate
(Sigma); (±) - propranolol hydrochloride (Sigma);
yohimbine hydrochloride (Sigma); tryptamine hydro-
chloride (Sigma); laH,3a,5xH-tropan-3-yl-3, 5-dichloro-
benzoate methane sulphonate (MDL-72222: Merrell-
Dow, Strasbourg, France); 5-methoxy-3-(l,2,3,6-
tetrahydro-4-pyridinyl)- IH-indole succinate (RU-
24969: Roussel-Uclaf, Paris, France).
(± )x-methyl-5-hydroxytryptamine hydrogen maleate,

5-carboxamidotryptamine hydrochloride, N-ethyl-5-
methoxytryptamine hydrochloride, N-isopropyl-5-metho-
xytryptamine hydrochloride and N-benzyl-5-metho-
xytryptamine hydrochloride were synthesized by Dr
H.F. Hodson, Medicinal Chemistry Department,
Wellcome Research Laboratories, Beckenham, Kent.

Phenoxybenzamine and U-46619 were dissolved in
absolute ethanol. Indomethacin was dissolved initially
in Tris buffer (IM, pH 8.5) and diluted in distilled
water. At their final concentration in the organ bath
(<0.01% v/v) these drug vehicles did not influence
tissue responsiveness. All other drugs were dissolved
and diluted in distilled water.

Results

Characterization ofendothelium-dependent relaxations
in rabbit jugular vein

Figure 3 illustrates typical endothelium-dependent
relaxations to a-methyl-5-HT (I-100 nM) obtained in
rings of rabbit jugular vein. Qualitatively similar
responses (not shown) were obtained with 5-HT (1-
100 nM). In endothelium-denuded preparations res-
ponses to a-methyl-5-HT were abolished, but 5-HT
(> 30 nM) produced endothelium-independent relaxa-
tions. Contractile responses were not observed with
either agonist at concentrations up to 30 AM.
The lack of any involvement of muscarinic recep-

tors, P- or x2-adrenoceptors, 5-HT2 receptors, 5-HT3
(KA + [A])' + I[A]'
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[cx-Me-5-HT] 7.0 7.0 7.0
(-Iog1o M) 0 0 0

0.1 gL 1
1 min

9.0 8.5 8.0 7.5 7.0
0 * 0 0 0

Figure 3 The tracing illustrates typical endothelium-dependent relaxations obtained with ax-methyl-5-HT (x-Me-5-
HT) in rings of rabbit jugular vein contracted with U-46619 (10 nM). The initial challenges with a maximally-effective
concentration (0.1 ;M) of x-methyl-5-HT established a consistent response before the agonist under study, in this case
a-methyl-5-HT itself, was added. Successive agonist additions were made at intervals of 30 min.

('M') receptors or cyclo-oxygenase products was
demonstrated by the failure of the following to modify
the x-methyl-5-HT concentration-effect curve in 2-4
preparations (Ap[AM,], control-test; at.t/acontroI shown
in parentheses): 0.1 JIM atropine (- 0.12; 0.96), 0.3 pM
(± )-propranolol (0.08; 1.11), I.0 jiM yohimbine
(-0.12; 0.96), 0.1 JM ketanserin (-0.08; 0.85),
0.1 pM MDL-72222 (-0.03; 1.06) and 2.8pM
indomethacin (- 0.21; 0.97). In contrast, a-methyl-5-
HT responses were non-competitively antagonised by
methysergide (0.03-0.30 nM), methiothepin (0.3-
3.0 nM) and cyproheptadine (0.03-1 .00 giM). In each
case the antagonism was essentially of the type
illustrated for methiothepin in Figure 4, although the
degree of rightward shift and asymptote depression
differed. Thus, in four preparations exposed to only
0.1 nM methysergide, the x-methyl-5-HT concentra-
tion-effect curve asymptote was decreased to 55% of
the control and the Ap[Aj], as defined above, was
0.36. As shown in Figure 4, a ten fold higher concen-
tration (I nM) of methiothepin reduced the agonist
curve asymptote to a similar extent (56%), but
increased Ap[A50] to 0.64. In three preparations,
cyproheptadine produced proportionately more right-
ward displacement than asymptote depression, a
concentration of 0.3 f&M shifting the agonist concen-
tration-effect curve with a Ap[Aj] of 1.46 and depres-
sing the asymptote to 70% of the control.

Analysis ofagonism with tryptamine analogues in
rabbit aorta and rabbitjugular vein

Changes in tissue isometric force induced by 5-HT and
the agonist analogues N-ethyl-5-methoxytryptamine,
N-isopropyl-5-methoxytryptamine and 5-carbox-

amidotryptamine in the rabbit aorta and endothelium-
intact rabbit jugular vein are shown in Figure 5.
Increases in force ini aortic rings are the averages from
4-9 separate experiments and decreases in force in
jugular vein rings are averages from 6-13 separate
experiments.
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Figure 4 Antagonism by methiothepin of relaxation
responses to a-methyl-5-HT (a-Me-5-HT) in rings of
endothelium-intact rabbit jugular vein. The lines through
the data were fitted by computer to the averages of 3-5
replicate concentration-effect curves. Vertical lines show
s.e.mean. Open symbols denote control concentration-
effect curve and solid symbols denote responses in the
presence of methiothepin (@0.3 nM, A 1.0 nM and
* 3.0nM). Increasing concentrations of antagonist
caused progressive rightward displacement of the agonist
concentration-effect curves and concomitant depression
of their asymptotes.
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For each tissue, agonist affinity (KA) and efficacy (T)
estimates were obtained by fitting each tissue agonist
data set directly to the operational model of agonism
(equation 3). The lines drawn through the data in
Figure 5 are the best-fit lines in each case. In the rabbit
aorta, each of the tryptamine analogues expressed
partial agonism with respect to 5-HT (Figure 5b).
However, 5-HT itself behaves as a partial agonist in
this tissue (Black et al., 1985; Barrett et al., 1986).
Therefore, as discussed previously (Leff et al., 1986),
Em had to be estimated concomitantly with KA and T

1.0o

a

0.81-

0.61-

values. This was achieved using 5-HT response data
obtained after phenoxybenzamine treatment, accord-
ing to the method of Furchgott (1966). 5-HT concen-
tration-effect curves obtained in this way were fitted
simultaneously with the agonist curves shown in
Figure Sb.

In the rabbit jugular vein, N-ethyl-5-methoxytryp-
tamine, 5-carboxamidotryptamine and 5-HT concen-
tration-effect curve data were used to estimate Em, the
phenoxybenzamine-treatment curves obtained for
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Figure 5 Changes in g force produced by 5-HT (0), N-
ethyl-5-methoxytryptamine (*), N-isopropyl-5-methox-
ytryptamine (-) and 5-carboxamidotryptamine (A) in
the endothelium-intact rabbit jugular vein (a) and in the
rabbit aorta (b). Relaxant responses in the jugular vein
are the averages of 6-13 replicate concentration-effect
curves and constrictor responses in the aorta are the
averages of 4-9 replicate curves. Vertical lines show
s.e.mean on the maximum response. The lines through
the data are the results of fitting them to the operational
model (equation 3).
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Figure 6 (a) Decreases in g force produced by 5-HT
(circles), N-ethyl-5-methoxytryptamine (diamonds) and
5-carboxamidotryptamine (triangles) before (solid sym-
bols) or after (open symbols) 30 min exposure of endoth-
elium-intact rabbit jugular vein preparations to phenox-
ybenzamine (3 !M). (b) Increases in g force produced by
5-HT before (0) or after (0) 30 min exposure of rabbit
aortic rings to phenoxybenzamine (0.1 uM). Data are the
averages of 9 replicate curves in the aorta and 6 to 13
replicate curves in the jugular vein. Vertical lines show
s.e.mean on the maximum response. The lines through
the data are the results of fitting them to the operational
model (equation 3).
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each of three agonists being fitted simultaneously with
the curves shown in Figure 5a. For both tissues the
phenoxybenzamine treatment curves are shown
separately in Figure 6. A comparison of the pKA and r
values estimated in the two tissues is given in Table 1.
On the basis of both affinity and relative efficacy
differences it is apparent that the 5-HT receptor type
located on the vascular endothelium is different from
the 5-HT2 receptor in the rabbit aorta.
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effect of the antagonist on the p[A50j values of x-methyl-5-
HT curves. The adherence of the data with the unit slope
line drawn through them is consistent with simple
competitive antagonism. The pKB value estimated using
equation (2) was 7.27 ± 0.16 (4d.f.).

Analysis ofantagonism with N-benzyl-5-
methoxytryptamine in the rabbitjugular vein

We have previously shown that, in rabbit aortic rings,
N-benzyl-5-methoxytryptamine expresses agonism
with a low efficacy but high affinity (pKA = 7.30) (Leff
et al., 1986). In the present study, this tryptamine
analogue showed no agonism in endothelium-intact
jugular vein rings, but behaved as a simple, com-
petitive antagonist of a-methyl-5-HT (Figure 7).
Using equation (2) the Schild plot slope parameter, n,
was estimated to be 0.89 ± 0.08 which was not sig-
nificantly different from unity. When n was con-
strained to unity, the pKB estimate was 7.27 ± 0.16
(4 d.f.).

Potency order ofagonists in the rabbitjugular vein

Average concentration-effect data for some tryp-
tamines.and the indole RU-24969 are shown in Figure
8. The agonist potencies, ranked according to com-
puted p[A50] values, were (number of replicate curves
in parentheses): 5-HT 8.48 ± 0.05 (9); cx-methyl-5-HT
8.42 ± 0.04 (7); 5-carboxamidotryptamine 7.90 ± 0.06
(5); tryptamine 6.94 ± 0.04 (7) and RU-24969
6.64 ± 0.09 (4). In each case the agonist concentration-
effect curve was steeper than a rectangular hyperbola,
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but estimates of the slope parameter, m, which varied
between 1.32 and 1.92 were not statistically different
(P> 0.05). Furthermore, the maximum response to
each agonist was similar, implying that like 5-HT and
5-carboxamidotryptamine (see Figure 5), these com-
pounds behaved as partial agonists.

Table 1 Affinity (pKA) and efficacy (?) estimates
for 5-hydroxytryptamine (5-HT), N-ethyl-5-meth-
oxytryptamine (NEMT), N-isopropyl-5-methox-
ytryptamine (NIMT) and 5-carboxamidotryp-
tamine (5-CT) in the rabbit aorta and endothelium-
intact rabbit jugular vein

Discussion

The results presented here confirm and extend
previous reports concerning the existence of an
endothelial cell 5-HT receptor which mediates,
indirectly, relaxation of arterial and venous smooth
muscle (Cocks & Angus, 1983; 1984; Cohen et al.,
1983a; Imaizumi et al., 1984). Like endothelium-
dependent responses to 5-HT measured in canine and
porcine coronary arteries (Cocks & Angus, 1983; 1984;
Cohen et al., 1983a, b), relaxations of the rabbit
jugular vein were not affected by ketanserin implying
that the receptor is not 5-HT2-like. Nor were the
responses blocked by MDL-72222 suggesting that the
receptor does not belong to the 5-HT3 ('M') receptor
class. On the other hand, methysergide, cyprohep-
tadine and methiothepin each produced non-sur-
mountable antagonism of endothelium-dependent
relaxations. These results are qualitatively consistent
with those reported by Cohen et al. (1983a, b) for
methysergide, Imaizumi et al. (1984) for cyprohep-
tadine and Houston et al. (1985) for methiothepin.
Evidently the 5-HT receptor associated with the rabbit
jugular vein endothelium is similar to the receptor
described previously in a variety of other venous and
arterial preparations.
The different affinity and relative efficacy estimates

(Table 1) obtained for a series of simple tryptamine
analogues in the rabbit aorta and rabbit jugular vein
provide quantitative evidence that the endothelial cell
5-HT receptor is not of the 5-HT2 type. Clancy &
Maayani (1985) have already demonstrated that the
molecular determinants of efficacy and affinity at the
rabbit aorta 5-HT2 receptor are different. For tryp-
tamines, efficacy alone is modified by ethylamine N-
alkyl substitution. We have confirmed this finding in
this and a previous study using aortic rings (Leffet al.,
1986), efficacy decreasing in the order 5-HT (1.0) >
N-ethyl-5-methoxytryptamine (0.62) > N-isopropyl-
5-methoxytryptamine (0.44) > N-benzyl-5-methox-
ytryptamine (0.30), while the affinities of these com-
pounds were similar. At the endothelial cell 5-HT
receptor also, efficacy showed some dependence on
the size of the N-alkyl substituent, N-benzyl-5-meth-
oxytryptamine being a silent competitive antagonist.
However, the overall order and the estimated values of
the relative efficacies were different from those in the
aorta. Furthermore, in the jugular vein preparation,
clear differences in affinity were demonstrated by the

5-HT
NEMT
NIMT
5-CT

Rabbit aorta
PKA T

6.92 1.85 (1.00)
7.11 1.14 (0.62)
6.86 0.82 (0.44)
5.96 0.77 (0.42)

Em= 5.47 g
n = 2.63

Rabbit jugular vein
pKA T

8.36 1.48 (1.00)
6.47 2.13 (1.44)
5.93 1.44 (0.97)
7.51 2.26 (1.53)

Em = 1.06 g
n = 2.04

compounds. The distinction between the aortic
smooth muscle receptor and the jugular vein endoth-
elial receptor on the basis of affinities is emphasised if
the antagonist affiny of N-benzyl-5-methoxytryp-
tamine at the endothelial receptor and the compounds'
agonist affinity at the aortic smooth muscle receptor
(Leffet al., 1986) are included in the comparison. The
affinity orders then read (pKA or pKB): 5-HT (8.36) >
5-carboxamidotryptamine (7.51) > N-benzyl-5-meth-
oxytryptamine (7.27) > N-ethyl-5-methoxytryp-
tamine (6.47) > N-isopropyl-5-methoxytryptamine
(5.93) in the rabbit jugular vein and N-benzyl-5-meth-
oxytryptamine (7.30) > N-ethyl-5-methoxytryp-
tamine (7.11) > 5-HT (6.92) = N-isopropyl-5-meth-
oxytryptamine (6.86) > 5-carboxamidotryptamine
(5.96) in the rabbit aorta. Evidently, while N-benzyl-5-
methoxytryptamine has relatively greater affinity in
the latter case, it is non-selective in the absolute sense.
Unfortunately this limits its utility as an antagonist
probe for the differential classification of 5-HT recep-
tors.

In.both vascular and non-vascular tissues, a 5-HT
receptor mediating directly smooth muscle relaxation
has been described (Feniuk et al., 1983; 1984; Connor
et al., 1986). Like the endothelial 5-HT receptor, this
receptor is resistant to blockade by ketanserin but is
potently antagonized by methiothepin (Connor et al.,
1986). However, in the present study, the potency
order of tryptamine agonists mediating endothelium-
dependent relaxation was 5-HT = a-methyl-5-HT
> 5-carboxamidotryptamine. At the receptor mediat-
ing relaxation of the cat saphenous vein and guinea-
pig ileum, Feniuk et al. (1983; 1984) reported that 5-
carboxamidotryptamine was 30 to 100 fold more
potent as an agonist than 5-HT, while a-methyl-5-HT
was at least 200 times less active. Such discontinuities
in tryptamine agonist potency orders cannot be
attributed to between-tissues variability in receptor
density and/or efficiency of occupancy-effect coupling
and, therefore, constitute evidence for a genuine
difference between the endothelial and smooth muscle
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relaxant 5-HT receptors.
Yet a further 5-HT receptor, which is clearly not of

the 5-HT2 type (Feniuk et al., 1985), has been shown to
mediate contraction of certain cutaneous and cerebral
blood vessels (Apperley et al., 1980; Mfiller-Schweinit-
zer, 1981; Bradley et al., 1986a) and to inhibit release
of noradrenaline from sympathetic nerve terminals
(Feniuk et al., 1979; Engel et al., 1983; Cohen, 1985).
This receptor shares in common with the endothelial
and smooth muscle relaxant 5-HT receptors a suscep-
tibility to blockade by low concentrations ofmethioth-
epin (Apperley & Humphrey, 1986) and a resistance to
blockade by ketanserin (Cohen, 1985; Bradley et al.,
1986a; Feniuk et al., 1985). Using the canine saphen-
ous vein as a representative bioassay for this receptor
type, Feniuk et al. (1985) recently demonstrated that
the potency of tryptamines mediating smooth muscle
contraction decreased in the order 5-carbox-
amidotryptamine > 5-HT > a-methyl-5-HT. Once
again, comparison of this result with the potency order
obtained in the endothelium-intact rabbit jugular vein
implies that different 5-HT receptors mediate these
two types of response.
The increasing evidence for a multiplicity of peri-

pheral 5-HT receptors has resulted in attempts to
identify functional correlates ofthe 5-HT binding sites
which have been found in mammalian brain tissue.
Four apparently distinct binding sites exist, 5-HTA, 5-
HTIB, 5-HT1c and 5-HT2 (Peroutka & Snyder, 1979;
Pedigo et al., 1981; Pazos et al., 1984), but only the 5-
HT2 site has a well established functional identity in
the periphery (Leysen et al., 1984). In a number of
isolated tissues (Feniuk et al., 1983; 1985; Apperley &
Humphrey, 1986; Bradley et al., 1986a) and in vivo
(Kalkman et al., 1984; Sazena et al., 1985; Connor et
al., 1986), the classification of 5-HT receptors as '5-
HT,-like' has so far been based on the high potency of
5-HT, an equally high or even higher potency of 5-
carboxamidotryptamine, the high antagonist potency
of methiothepin and the generally low affinity or
inactivity of conventional 5-HT2 receptor antagonists
(Bradley et al., 1986b). According to these criteria the
endothelial 5-HT receptor could also be provisionally
classified as '5-HT,-like'. However, it remains unclear
whether this receptor can be reconciled with any of the
identified 5-HT, binding sites. None of the
indolamines studied in the rabbit jugular vein

appeared to behave as a 'full' endothelial receptor
agonist, therefore the potency order 5-HT = a-methyl-
5-HT > 5-carboxamidotryptamine > tryptamine >
RU-24969 should reflect the rank order of these
compounds' affinities. Accepting this, the endothelial
receptor is unlikely to be either the 5-HTA or 5-HTB
type since, for the former, the indolamines affinities
decrease in the order 5-carboxamidotryptamine > 5-
HT > RU24969> o-methyl-5-HT> tryptamine and
for the latter, affinities decrease in the order RU-
24969 = 5-carboxamidotryptamine > 5-HT > x-
methyl-5-HT > tryptamine (see Engel et al., 1986).
Furthermore, spiperone, which exhibits a high affinity
for the 5-HTA binding site (Pedigo et al., 1981), is
inactive at the endothelial receptor at a concentration
of 0.1IJM (unpublished observation). Only the 5-HTc
binding site appears to have properties in common
with the endothelial 5-HT receptor, the rank order of
indolamine affinities for this site decreasing in the
order 5-HT = a-methyl-5-HT = tryptamine > 5-
carboxamidotryptamine = RU24969 (Engel et al.,
1986). Obviously, in order to establish whether or not
the endothelial 5-HT receptor shares a common
identity with one of the 5-HT, binding sites in the
brain, a more extensive range of receptor probes
should be studied comparatively in the endothelial
assay, 5-HT, binding assays and claimed functional
correlates of these recognition sites.

In this study we have shown that ring preparations
of the endothelium-intact rabbit external jugular vein
serve as a reliable bioassay for the endothelial 5-HT
receptor which mediates indirectly the relaxation of
vascular smooth muscle. Affinity and relative efficacy
estimates obtained for some analogues of 5-HT
provided quantitative evidence that the endothelial 5-
HT receptor is not the same as the 5-HT2 receptor in
the rabbit aorta. Indeed, excepting the lower potency
of5-carboxamidotryptamine with respect to 5-HT, the
receptor satisfies the current criteria for a '5-HT,-like'
classification (Bradley et al., 1986b). However, the
results suggest that the endothelial 5-HT receptor is
different from other reported '5-HT,-like' receptors
implying that, like the central 5-HT, recognition sites,
functional '5-HT,-Iike' receptors are a heterogeneous
population. Whether or not these receptors represent
functional counterparts of the binding sites in the
brain remains to be elucidated.
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