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ABSTRACT—S5-Hydroxytryptamine (5-HT)-receptor subtypes on pig basilar arteries were investigated by
measuring the contractile responses to 5-HT agonists, the effects of antagonists on the responses and by carry-
ing out a radioligand binding assay with [’H]5-HT. The rank order of contractile agonist potency (accord-
ing to the pEC,, values) was S5-carboxamidotryptamine = 5-HT > g-methyl-5-HT > (=*)-8-hydroxy-
dipropylaminotetralin. The contractile responses were not affected by endothelial denudation, and the 5-HT-
induced contractions were antagonized competitively by ketanserin. Methiothepin shifted the 5S-HT concen-
tration-response curves to the right and downwards in a concentration-dependent manner. In the presence
of ketanserin (10~ ° M), however, methiothepin antagonized the 5S-HT-induced contractions competitively.
Specific [PH]5-HT binding to 5-HT receptors was saturable, reversible and showed high (K4, 2.5 nM) and
low (K4, 710 nM) affinities, with respective B,,,, values of 29.5 and 1950 fmol/mg protein. These results
indicate that both 5-HT, and 5-HT, receptors are present on pig basilar arterial smooth muscle cells,
and their stimulation results in contraction.
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Characterization of 5-Hydroxytryptamine Receptors on the Isolated Pig

It is well known that serotonin (5-hydroxytryptamine;
5-HT) is a highly potent constrictor of basilar arteries.
However, the nature of the 5-HT-receptor subtypes in
various species has been reported to differ. The 5-HT-in-
duced contractions of the basilar artery are mediated via
stimulation of 5-HT, receptors in guinea pigs (1, 2), rab-
bits (3) and humans (4); 5-HT, receptors in rats (1, 2, 5)
and monkeys (Cercopithecus aethiops) (6); and both in
dogs (7, 8), sheep (9) and monkeys (Macaca fascicularis)
(8). Shimokawa et al. (10) reported that contraction of
the pig basilar artery is mediated via stimulation of 5-HT,
receptors. Recently, we found that 5-HT-induced contrac-
tions of pig basilar arteries were inhibited by the 5-HT,-
receptor antagonist, ketanserin.

Therefore, the aim of this study was to clarify the distri-
bution of 5-HT-receptor subtypes and their functional
roles in the pig basilar artery by measuring the effects of
5-HT-receptor agonists and antagonists on this tissue in
vitro and specific binding of [*H]5-HT to membrane frac-
tions.

* To whom correspondence should be addressed.

MATERIALS AND METHODS

Basilar arteries from freshly slaughtered pigs were ob-
tained at a local slaughterhouse and transferred to our
laboratory immersed in ice-cold physiological salt solu-
tion (119 mM NaCl, 4.7mM KCl, 1.6 mM CaCl;, 1.2
mM MgCl,, 25 mM NaHCO,, 1.2 mM KH,PO, and 10
mM glucose) aerated with a mixture of 95% O, and 5%
CO,. Each basilar artery was dissected free and cleaned of
adhering tissues, and two rings (outer diameter: 0.5-0.9
mm), about 4 mm in length, were cut from it. One ring
was mounted vertically between two L-shaped stainless
steel holders, fixing the upper region to an isometric force
transducer (TB-611T; Nihon Kohden Kogyo, Tokyo) and
suspended in a 5-ml water-jacketed organ bath containing
oxygenated salt solution at 37°C (pH 7.4). The other ring
was subjected to endothelial denudation by gentle rub-
bing of the intimal surface with a stainless steel rod
having a diameter equivalent to the lumen of the artery,
and then it was mounted as above. The presence or ab-
sence of endothelial cells was determined by testing the
relaxant response to bradykinin (10~ %-10~® M), which is
abolished by endothelial denudation (10), and morpholog-
ically by scanning and transmission electron microscopy
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after the experiments. Rings mounted in the organ bath
were left to equilibrate for at least 120 min under a resting
tension of 7.5 mN, which was optimal for inducing the
maximal contraction. KCi (60 mM) solution was applied
every 30min until the amplitude of the contraction
reached a constant value. Changes in KCI concentration
in the physiological salt solution were compensated for by
an equimolar adjustment of the NaCl concentration. The
isometric tension development was displayed on an ink-
writing recorder (WI-641G, Nihon Kohden Kogyo).

The cumulative concentration-response curve for each
5-HT-receptor agonist was obtained by adding solutions
of each agonist directly to the bathing media. In tests with
antagonists, the maximum response obtained with 5-HT
alone was set as 100%, and subsequent concentration-
response curves in the presence of increasing concentra-
tions of antagonists were expressed as a percentage of the
maximum in the control curve. After two reproducible
control curves had been obtained, pretreatment with an
antagonist was performed for 30 min before responses to
5-HT were examined. The log concentration-ratio of ECs,
values (i.e., the concentration producing a half-maximum
response) in the absence or presence of antagonist was cal-
culated and plotted against the logarithm of antagonist
concentration to obtain the pA, value (11).

Isolated pig basilar arteries for the radioligand binding
assay were cut longitudinally, and the endothelial cells
were removed by gentle rubbing with a cotton rod, fol-
lowed by rinsing with physiological salt solution. The
rinsed basilar arteries were minced with scissors and then
homogenized in 8 volumes of 50 mM Tris-HC] buffer
(pH 7.4) using a Polytron homogenizer at a setting of 8
for 8 periods of 15 sec with 45-sec intervals in an ice-bath.
The membrane fraction of basilar arteries was prepared
as described previously (12, 13). Briefly, the homogenate
was centrifuged at 500X g for 15 min. Then the super-
natant was centrifuged at 100,000 x g for 30 min. The
pellet was resuspended in Tris-HCI buffer solution con-
taining 10 #M pargyline, 4 mM calcium chloride and
0.1% ascorbate (14), and the suspension was used for the
binding assay as a crude membrane fraction. These proce-
dures were all performed at a temperature 4C. The pro-
tein concentration of the final suspension was measured
by the method of Lowry et al. (15) with bovine serum al-
bumin as a standard.

Aliquots (approximately 300 ug of protein) of the mem-
brane fraction were incubated with various concentra-
tions of [*H]5-HT in the presence or absence of 300 xM
unlabeled 5-HT. After a 60-min incubation at 25C, mem-
brane-bound ligand was separated from unbound ligand
by rapid filtration through a glass fiber filter (GF/C;
Whatman, Maidstone, UK), which had been presoaked in
0.3% polyethylenimine solution to eliminate nonspecific

binding to the filter (16). The filters were immediately
washed 3 times with 5 ml of ice-cold buffer. Tissue-bound
radioactivity was extracted from the filters in scintillation
fluid (12), and radioactivity was counted by a liquid scin-
tillation counter {(LSC-3050; Aloka Co., Tokyo). Specific
binding of [PH]5-HT was defined as the difference be-
tween the binding in the absence and presence of 300 yM
unlabeled 5-HT. In the competition experiment, aliquots
of the membrane fraction were incubated in the presence
of various concentrations of 5-HT-receptor antagonist
together with 10 nM [*’H]5-HT. The value of the dissocia-
tion constant (K, or K;), the maximum binding capacity
(B...) and Hill coefficient were calculated by the EBDA or
LIGAND computer program (17), which analyzed Scatch-
ard and Hill plots obtained from saturation and competi-
tion experiments.

Drugs used were as follows: S-hydroxytryptamine (5-
HT) (Merck, Darmstadt, FRG); 5-carboxamidotrypt-
amine (5-CT), a-methyl-5-hydroxytryptamine (a-Me-5-
HT), (£)-8-hydroxy-dipropylaminotetralin  (8-OH-
DPAT), 1laH,3a,5aH-tropan-3-yl-3,5-dichlorobenzoate
(MDL 72222) (Research Biochemicals, Inc., Natick, MA,
USA); methiothepin maleate (Nippon Roche, Tokyo);
ketanserin tartrate (Kyowa Hakko Kogyo, Tokyo);
cyanopindolol (Sandoz Pharma Ag, Basel, Switzerland);
prostaglandin F,, (PGF,,) (Ono, Osaka); bradykinin ac-
etate (Sigma Chemical, St. Louis, MO, USA); and 5-
hydroxy [G-*Hltryptamine creatinine sulfate (['H]5-HT)
(Amersham, Buckinghamshire, UK; Specific activity: 396
GBg/mmol).

The results shown in the text, table and figures are ex-
pressed as mean values+ S.E.M. Statistical analyses were
performed by Student’s paired t-test or Tukey’s test after
one-way analysis of variance. Significance was established
when the probability level was equal to or less than 5%.

RESULTS

Responsiveness to 5-HT-receptor agonists

5-HT, 5-CT (a 5-HT,-receptor agonist), 8-OH-DPAT
{a 5-HT,s-receptor agonist) and o-Me-5-HT (a 5-HT,-
receptor agonist) evoked concentration-dependent con-
tractions of pig basilar arteries with endothelium. The
pECs value (negative logarithm of the ECs;) for and maxi-
mum response {E_.) to each agonist are shown in Table
1. The rank order of agonist potency (pECs,) was 5-CT
2 5-HT > «-Me-5-HT > 8-OH-DPAT. The pEC,, of a-
Me-5-HT was significantly different from those of 5-HT
and 8-OH-DPAT, but the pECs, of 5-CT was not sig-
nificantly different from that of 5-HT. Neither the pECs,
nor E_,, values were affected significantly by endothelial
denudation. No relaxation was observed after application
of these 5-HT-receptor agonists to pig basilar arteries
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Table 1. Contractions of isolated pig basilar arteries with or without endothelium induced by some

5-HT-receptor agonists

With (4) or without (—}

Agonist Concentrations endothelium pECs0 Ena’
5-HT 107°-107°M + 7.70x0.10 100%
” ” — 7.88+0.12 98 +3%
S-CT 1079-107°M + 8.00+0.33 32+4%
” 2 — 8.06+0.23 40+9%
a-Me-5-HT 107"°-107°M + 6.57+0.15 58+7%
" v - 6.66+0.11 5549
8-OH-DPAT 107°-107*M + 5.12+0.15 61+8%
“ 7 — 5.23+0.13 57+£5%

Y The maximum contraction (E,,,) induced by 5-HT (10~° M) in the endothelium-intact arteries was
taken as 100%; the mean absolute value was 6.60+0.97 mN, which was not significantly different
from the value (6.45+0.89 mN) obtained from endothelium-denuded arteries. The pECsy and Eqax
values are means = S.E.M. of arteries from seven different animals.

precontracted with PGF,, (1077 M) (data not shown).
Therefore, the following experiments were carried out
using endothelium-denuded arteries.

S-HT-receptor antagonists

Figure 1 shows the effect of ketanserin, a 5-HT,-recep-
tor antagonist, on the 5-HT-induced contractions of
endothelium-denuded pig basilar arteries. Ketanserin
(10~%-10"° M) shifted the 5-HT concentration-response
curves to the right in a concentration-dependent manner.
The slope of the Schild plot was 0.81+0.14, which did
not differ significantly from unity, and the calculated
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ketanserin pA, value was 9.58+0.13. Figure 2 shows the
effect of methiothepin, a 5-HT;- and 5-HT,-receptor an-
tagonist, on the 5-HT-induced contractions. Methio-
thepin shifted the 5-HT concentration-response curves to
the right and downwards.

To determine whether 5-HT; receptors participated in
the 5-HT-evoked contractions, the effect of ketanserin on
such contractions in the presence of methiothepin (10—
M) was investigated. Ketanserin had no significant effect
on the contractions under these conditions (Fig. 3).
Figure 4 shows the effect of methiothepin on the 5-HT-
induced contractions in the presence of ketanserin (107°
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Fig. 1. Effect of ketanserin (O: 10 *M, /2 1077 M, —_: 107° M) on the 5-HT-induced contractions (@) (a) of and the Schild plot (b)
for endothelium-denuded pig basilar arteries. The maximum contraction induced by 5-HT in the absence of ketanserin was taken as
100%; the mean absolute value was 7.66+0.90 mN. Each point represents the mean +S.E.M. of arteries from seven different animals.
Where error bars are not apparent, they are contained within the symbol. CR: An equieffective concentration-ratio of 5-HT, i.e., the
ratio of the concentration of agonist producing 50% maximal response (ECs,) in the presence of ketanserin to ECy, in the absence of

antagonist.
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Fig. 2. Effect of methiothepin (O 107 M, A: 107" M, []: 107¢
M) on the 5-HT-induced contractions (@) of endothelium-denuded
pig basilar arteries. The maximum contraction induced by 5-HT in
the absence of methiothepin was taken as 100%; the mean absolute
value was 7.29+0.90 mN. Each point represents the mean+S.E.M.
of arteries from seven different animals. Where error bars are not ap-
parent, they are contained within the symbol.

M). Under these conditions, methiothepin shifted the 5-
HT concentration-response curves to the right in a concen-
tration-dependent manner. The slope of the Schild plot
was 0.91+0.25, which did not differ significantly from
unity, and the calculated methiothepin pA, value was
8.92+0.23.
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Fig. 3. Effect of ketanserin (C: 1072 M, A: 107" M, [J: 10 * M) in
the presence of methiothepin (10 8 M) on the 5-HT-induced contrac-
tions (@) of endothelium-denuded pig basilar arteries. The maxi-
mum contraction induced by 5-HT in the absence of ketanserin was
taken as 100%; the mean absolute value was 2.8%+0.26 mN. Each
point represents the mean+S.E.M. of arteries from six different
animals. Where error bars are not apparent, they are contained
within the symbol.

Figure 5 shows the effect of MDL 72222, a 5-HT,-recep-
tor antagonist, on 5-HT-induced contractions; it had no
significant effect.
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Fig. 4. Effect of methiothepin (O: 1078 M, /\: 1077 M, [J: 107° M) in the presence of ketanserin (10~ M) on the S-HT-induced con-
tractions (@) (a) of and the Schild plot (b) for endothelium-denuded pig basilar arteries. The maximum contraction induced by 5-HT
in the absence of methiothepin was taken as 100%; the mean absolute value was 3.56+0.75 mN. Each point represents the
mean +S.E.M. of arteries from six different animals. Where error bars are not apparent, they are contained within the symbol. CR:
An equieffective concentration-ratio of 5-HT, i.e., the ratio of the concentration of agonist producing 50% maximal response (ECs,)
in the presence of ketanserin to ECy, in the absence of methiothepin.
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Fig. 5. Effect of MDL 72222 () 1077M, /: 107 M) on the 5-
HT-induced contractions (@) of endothelium-denuded pig basilar
arteries. The maximum contraction induced by 5-HT in the absence
of MDL 72222 was taken as 100%; the mean absolute value was
7.18+0.91 mN. Each point represents the mean +S.E.M. of arteries
from six different animals. Where error bars are not apparent, they
are contained within the symbol.

Binding of [HJ5-HT to the membrane fraction from pig
basilar arteries

Figure 6 shows the specific binding of [°H]5-HT to
membrane fractions from pig basilar arteries and the
Scatchard plot. The specific binding was saturable at high
and low concentrations of PH]5-HT. The Scatchard plot
also indicated the presence of high and low affinity bind-
ing sites. From the results of three experiments, the respec-
tive K4 and B, values calculated for the high affinity site
were 2.5+0.9nM and 29.5%3.4 fmol/mg protein,
whereas those for the low affinity site were 710+=99 nM
and 1950420 fmol/mg protein.

Figure 7 shows the Scatchard plots for the specific bind-
ing of ['H]5-HT in the presence and absence of ketanserin
(1 #M), which inhibited the binding to the low affinity,
but not the high affinity, site significantly. The K, and
B,..; values for the high affinity site were 1.6 0.6 nM and
22.9+2.8 fmol/mg protein respectively, and did not
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Fig. 6. Specific ['H]5-HT binding to the membrane fraction from endothelium-denuded pig basilar arteries (a) and the Scatchard
plot (b). Membrane fractions were incubated with increasing concentrations of PH}5-HT (0.25—-3000 nM) in the absence (total) or
presence (non-specific) of excess non-labeled 5-HT (300 M), and the specific binding was calculated as the difference between the
total and non-specific binding. The values are expressed as the means of three independent duplicate experiments. The insert shows

part of the specific binding curve on an enlarged scale.
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Fig. 7. Scatchard plots from the saturation study of [*H]5-HT binding to the membrane fraction from endothelium-denuded pig

basilar arteries in the presence (@) and absence () of ketanserin (1 #M). Each point represents the mean of three independent
duplicate experiments.
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Fig. 8. Inhibition of specific [PH]S-HT binding to the membrane fraction from endothelium-denuded pig basilar arteries by
methiothepin in the presence of ketanserin (1 #M). The [PH]5-HT binding expressed as a percentage of the specific 'H]S-HT binding
is shown on the ordinate (). Hill plot for the inhibition of [*H]5-HT specific binding by methiothepin (b). Each point represents the
mean of two duplicate experiments with 10 nM [*H]5-HT.

differ significantly from those of this site in the absence of methiothepin against [*H]5-HT specific binding in the
ketanserin. presence of ketanserin (1 #M). The Hill plot for
Figure 8 shows the displacement curves and Hill plot methiothepin was a single straight line; the Hill coefficient

calculated from the competition experiments with was 0.941+0.12, which did not differ significantly from



5-HT Receptors on Pig Basilar Artery 271

100 T

3

o

£

°

£

)

b=

I 501

1n

T

Ly

Q

E~§

‘%

1] T T ™ T

9 8 7 8
- Log [Cyanopindolol] (M)

Fig.9. [Inhibition of "H]5-HT specific binding to the membrane
fraction from endothelium-denuded pig basilar arteries by cyanopin-
dolol in the presence of ketanserin (1 pM). The PH]5-HT binding ex-
pressed as a percentage of the specific [’H)S-HT binding is shown on
the ordinate. Each point represents the mean of two duplicate ex-
periments with 10 nM [*H]5-HT.

unity, and the calculated K; value was 0.5 0.1 nM (pK,,
9.3£0.1).

Figure 9 shows the displacement curves obtained from
the competition experiments with cyanopindolol, a 5-
HT,4- and 5-HT,-receptor antagonist, against ['H]5-HT
specific binding in the presence of ketanserin (1 #M). The
K; value for cyanopindolol was greater than 126 nM
rK;, <6.9)

DISCUSSION

5-HT and some 5-HT-receptor agonists evoked concen-
tration-dependent contractions of pig isolated basilar ar-
teries with a rank order of potency (pECs,) of 5-CT = 5-
HT > «-Me-5-HT > 8-OH-DPAT (Table 1). The pECs,
value (8.001+0.33) of 5-CT (a 5-HT,-receptor agonist) on
the pig basilar artery was similar to those on human
(mediated via the activation of 5-HT), receptors) (4) and
dog (mediated via the activation of 5-HT, and 5-HT,
receptors) (8) basilar arteries, but differed from that on
the rat basilar artery (mediated via the activation of 3-
HT, receptors) (5). These results suggest that 5-HT, recep-
tors are present on pig basilar arterial smooth muscle cells
and their stimulation results in contraction. The pECs,
(6.57=£0.15) of a-Me-5-HT (a 5-HT,-receptor agonist) on
the pig basilar artery was similar to those on rat (5) and
dog (8) basilar arteries, which suggests that 5-HT, recep-
tors also are present on pig basilar arterial smooth muscle
cells, and their stimulation results in contraction. 8-OH-
DPAT has a high affinity for 5-HT,, receptors (18), but
its pECs (5.12+0.15) on the pig basilar artery was lower

than its published affinity (pKg4, 8.7) (18), which suggests
that this receptor is not involved in the 5-HT-induced con-
tractions of pig basilar arteries.

Ketanserin, a 5-HT,-receptor antagonist, inhibited the
5-HT-induced contractions competitively (Fig. 1). The
pA, value for ketanserin (9.58 +0.13) was similar to that
(9.35) observed for the rat basilar artery (1).
Methiothepin, a 5-HT,- and 5-HT,-receptor antagonist,
shifted the 5-HT concentration-response curves to the
right and downwards (Fig. 2). These data indicate that 5-
HT-induced contractions of pig basilar arteries involve at
least two 5-HT-receptor subtypes. Therefore, the pA,
value of methiothepin in the presence of ketanserin (10~°
M) was calculated; methiothepin inhibited the 5-HT-in-
duced contractions competitively (Fig. 4), and its pA,
value (8.92+0.23) was similar to that (8.8) for the human
basilar artery (4). In the presence of methiothepin (1078
M), the 5-HT-induced contractions were not affected by
ketanserin (Fig. 3). These findings imply that both 5-HT,
and 5-HT, receptors are present on the pig basilar artery
and agree well with those obtained with the 5-HT-receptor
agonists. The 5-HT,-receptor antagonist, MDL 72222,
had no effect on the 5-HT-induced contractions (Fig. 3),
which indicates that 5-HT; receptors are not involved in
the 5-HT-induced contractions of pig basilar arteries.

A radioligand binding assay was carried out to quantify
the distribution of the 5-HT,; and 5-HT, receptors.
Specific binding of [*H]5-HT to the membrane fraction
from endothelium-denuded pig basilar arteries was satu-
rable at high and low concentrations of [*H}5-HT (Fig. 6).
The Scatchard plot showed high and low affinity sites.
The K4 value (2.5 nM) of the high affinity site was similar
to the K; value (2.9 nM) of 5-HT for 5-HT, receptors (19),
and the K, value (710 nM) of the low affinity site was simi-
lar to its K; value (928 nM) for 5-HT, receptors (20).
Ketanserin (1 M) did not inhibit binding to the high
affinity site, but did inhibit that to the low affinity site
(Fig. 7). These results suggest that the high and low affin-
ity sites correspond to 5-HT, and 5-HT, receptors respec-
tively. With respect to S-HT, receptors, however, further
studies with [*H]spiperone or [*H]ketanserin are required.
In the presence of ketanserin (1 #M), the Hill plot ob-
tained from the competition experiments with methio-
thepin against [H]S-HT specific binding was a single
straight line; the Hill coefficient did not differ significant-
ly from unity (Fig. 8). The pK; value of methiothepin
was 9.31+0.1, which did not differ significantly from
its pA, value (8.921+0.23) obtained in the contractile ex-
periments. The ratio of the high to low affinity site was
approximately 1 : 65, which may reflect the ratio of 5-HT,
to 5-HT, receptors present on pig basilar arterial smooth
muscle.

Currently, 5-HT, receptors have been classified into at
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least four subtypes, 5-HT;, 5-HTz (21), 5-HT ¢ (22)
and 5-HT,p (23), in the light of brain tissue binding assay
results; and a 5-HT-like receptor has been demonstrated
in a functional study (24). The pK; value of cyanopin-
dolol, a 5-HT,,- and 5-HT,y-receptor antagonist, was
lower than 6.9 (Fig. 9), which is much lower than its affin-
ity for 5-HT,, (pKy, 8.3) and 5-HT,; (pK,, 8.3) receptors
(18). These results suggest that 5-HT;, and 5-HT g recep-
tors are not involved in the 5-HT-induced contractions of
pig basilar arteries. Our results indicate that the pig basi-
lar arterial 5-HT, receptor characterized by functional
and binding studies is likely to belong to the 5-HT - (25,
26) or 5-HT -like-receptor subtype (27-29). So further
studies are required to clarify this point.

In conclusion, our findings indicate that both 5-HT),
and 5-HT, receptors are present on pig basilar arterial
smooth muscle cells, and their stimulation results in con-
traction. The ratio of the high to low affinity binding site
was approximately 1 : 65, and it may reflect the ratio of
the 5-HT, to 5-HT, receptors present on this vascular tis-
sue. The response to low concentrations of 5-HT might be
predominantly mediated via the activation of 5-HT, recep-
tors. So it is possible to speculate that 5-HT, receptors
might play more an important role than 5-HT, receptors
in the contraction of pig basilar arteries.
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