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Characterisation of a postjunctional 5-ht.-like and a prejunctional 5-HT,
receptor mediating contraction of rat isolated jejunum
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Abstract

The 5-HT (5-hydroxytryptamine)-induced contractile biphasic concentration-effect curve in rat isolated jejunum was investigated. The
pECs, values for the first and second phases were 8.0 and 6.1, respectively. The responses were insensitive to atropine (0.1 wM),
ketanserin (2 uM), ( —)-pindolol (5 pM), yohimbine (0.1 wM) and GR 113808 ({1 -[2-(methyl-sulphonylamino)ethyl]-4-piperidinyl}methyl
1-methyl-1 H-indole-3-carboxylate, 1 M) but susceptible to cocaine (10 pM). The low affinity phase was blocked by tetrodotoxin (1
M), ondansetron (1 wM) and SR48968 (S)-N-methyl-N-[4-(4-acetylamino-4-phenyl piperidino)-2-(3,4-dichlorophenylbutyl]benzamide,
0.1 pM). The high affinity phase was antagonised non-surmountably by fluoxetine (1 wM) methysergide (0.1 wM), spiperone (0.1 pM)
and methiothepin (0.1 wM). Ritanserin (0.01-0.1 wM) and mesulergine (0.01-0.1 M) acted as surmountable, competitive antagonists
with pA , values of 8.0 and 8.1, respectively. Clozapine (0.1 M) was a surmountable antagonist with an apparent pA , value of 8.0. The
rank potency order of the 5-HT receptor agonists was 5-CT (5-carboxyamidotryptamine) > 5-HT = 5-methoxytryptamine > a-methyl-5-
HT >» 8-OH-DPAT (( & )-2-dipropyl-amino-8-hydroxy-1,2,3,4-tetrahydronaphthalene) > dipropyl-5-CT > renzapride = sumatriptan. The
responses to 5-HT and 5-CT were not potentiated by pargyline (10 and 100 wM). It is suggested that rat jejunum contains a neuronal
5-HT, receptor facilitating neurokinin release and a contractile smooth muscle 5-HT receptor with a pharmacological operational profile
similar to the cloned 5-ht, receptor.
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1. Introduction

Atleast 14 distinct subtypes of mammalian 5-HT recep-
tors have been identified via molecular and pharmacologi-
cal approaches which can be classified into seven classes
of receptor each with unique structural, transductional and
operational characteristics (Hoyer et al., 1994; Martin and
Humphrey, 1994). The four major classes are the 5-HT,,
5-HT,, 5-HT;, and 5-HT, receptors for which endogenous
functional equivalents have been identified. In addition the
5-hts, 5-ht, and 5-ht, (lower case indicates no functional
correlate) receptor genes have been cloned recently, but
these receptors have yet to be fully characterised on the
basis of functional information in intact tissues.

It has been observed that 5-HT produces a contraction
of smoeth muscle in a number of isolated intestinal tissues
(Drakontides and Gershon, 1968; Costa and Furness,
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1979a,b; Furukawa, 1978). The majority of published data
with regard to the characterisation of the receptors mediat-
ing these responses have been performed using guinea-pig
intestinal tissues. The receptors mediating contraction of
the guinea-pig ileum have been shown to be neuronally
located 5-HT, and 5-HT, receptors (Craig and Clarke,
1990; Craig et al., 1990) and neuronal 5-HT, receptors
mediate contraction of the guinea-pig colon (Elswood et
al., 1991; Wardle and Sanger, 1992). In contrast, only very
limited and preliminary data are available with regard to
the effect of 5-HT on rat intestinal tissue. It has been
reported that 5-HT produces a relaxation mediated by a
5-HT, receptor (Tuladhar et al, 1991; McLean et al.,
1995), and a contraction (Bubenik, 1986; Fox-Robichaud
and Collins, 1986) of the rat small intestine. To date, the
5-HT receptor type mediating this contraction has not been
fully characterised. The contraction was, however, shown
to be greater in the jejunum than the ileum (Tuladhar et al.,
1992), is dependent on calcium (Suer et al., 1992), sensi-
tive to indomethacin (Tuladhar et al., 1992), undergoes
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desensitisation readily by prolonged exposure to this amine
(Gillian and Pollock, 1980) and consists of a direct muscle
action and a larger indirect neuronal action (Fox et al.,
1986) which is insensitive to cholinoceptor blockade
(Vermillion and Collins, 1988). There is, however, a con-
flicting report in which neuronal blockade failed to inhibit
the 5-HT-induced contraction (Vermillion and Collins,
1988). The contractile action of 5-HT in the rat intestine
has been used to investigate tissue responsiveness to 5-HT
(Farmer and Laniyonu, 1984; Vermillion and Collins, 1988)
and as an assay tissue for 5-HT (Bashir et al., 1992).

To date there is only preliminary characterisation of the
receptor mediating the 5-HT-induced contraction of the rat
small intestine. Methysergide, a non-selective 5-HT, /5-
HT, receptor antagonist, was shown to behave as a non-
competitive antagonist in this preparation (Bubenik, 1986;
Furukawa, 1978). The 5-HT-induced contraction of the rat
jejunum was shown to be insensitive to the 5-HT, receptor
antagonist ketanserin, but paradoxically sensitive to an-
other non-selective 5-HT, receptor antagonist, cyprohepta-
dine (Vermillion and Collins, 1988). This profile is not
consistent with any of the ‘classical’ 5-HT receptors (Brad-
ley et al., 1986) but may suggest an involvement of the
putative 5-ht, receptor (Hoyer et al, 1994) at which
cyproheptadine and methysergide have high affinities rela-
tive to ketanserin (Lovenberg et al., 1993; Plassat et al.,
1993; Shen et al., 1993). At present, no selective 5-ht,
receptor agonists or antagonists are known, however rank
orders of agonist and antagonist potencies have been deter-
mined at central endogenous 5-ht, receptors and at recep-
tors expressed from the 5-ht, receptor genes, both posi-
tively linked to adenylyl cyclase. As such, a unique phar-
macological profile for 5-ht, receptors has emerged which
to date is consistent across species (Boess and Martin,
1994; Eglen et al,, 1994). 5-ht; receptors exhibit high
affinity (pK; 8.1-9.9) for 5-carboxamidotryptamine (5-
CT), 5-HT and 5-methoxytryptamine, moderate affinity
(pK, 6.4-7.8) for (4 )-2-dipropyl-amino-8-hydroxy-
1,2,3,4,-tetrahydronaphthalene (8-OH-DPAT), mesu-
lergine, ritanserin and spiperone and low affinity (pK; <
6.0) for (—)-pindolol, sumatriptan and ketanserin (Loven-
berg et al., 1993; Plassat et al., 1993; Shen et al., 1993; To
et al., 1995). In the rat, the 5-ht, receptor appears to be
predominantly expressed centrally, with no evidence of
expression in any of the peripheral tissues tested (intestinal
tissues not tested, Lovenberg et al., 1993). Plassat et al.
(1993), however, detected 5-ht, receptor mRNA in mouse
heart and intestine.

There have been limited reports of functional assays
which show 5-ht,-like receptor profiles such as the guinea-
pig hippocampus (Shenker et al., 1987; Tsou et al., 1994)
and a number of peripheral tissues including porcine vena
cava (Sumner et al., 1989), canine coronary artery (Cush-
ing and Cohen, 1992), marmoset aorta (Dyer et al., 1994)
guinea-pig ileum (Feniuk et al., 1983; Carter et al., 1995)
and rabbit vascular rings (Martin and Wilson, 1995).

The aim of the present study was to functionally charac-
terise further the receptor type(s) mediating the 5-HT-in-
duced contraction of rat jejunum by use of selective ago-
nists and antagonists and also to investigate the mecha-
nisms involved in the contraction.

2. Materials and methods
2.1. Preparation and experimental design

The jejunum (0-25 cm distal from the ligament of
Trietz) was removed from male Hooded Wistar rats (200
250 g) and transferred to warm oxygenated Krebs-Henseleit
solution of the following composition (mM): NaCl, 118;
KCl, 4.7; NaHCO,, 25; KH,PO,, 1.2; Ca(Cl,, 2.5; MgSO,,
1.2; p-(+)-glucose, 11. The mesentery was cut away and
the lumen flushed carefully. From each rat, five segments
of jejunum between 4-5 cm in length were suspended in
the longitudinal plane and bathed with Krebs-Henseleit
solution oxygenated with 95% O, and 5% CO, and main-
tained at 37°C. The tissues were equilibrated for 45 min
with washes every 15 min until a stable baseline and a
consistent response to acetylcholine (1 wM) was observed.
No tension was applied initially but was gradually applied
to a maximum tension of 1 g over a period of 15 min. Ugo
Basile isotonic transducers connected to a Grass model
79D polygraph or a MacLab/4e (ADInstruments) were
used to measure isotonic changes in length of the tissues.

2.2. Effects of agonists and antagonist

Non-cumulative concentration-effect curves for the 5-
HT-induced contractions were constructed as preliminary
experiments showed that the maximum response obtained
using a cumulative concentration-effect curve was
markedly reduced. The curves were established by adding
increasing concentrations of agonist to the bathing solution
at intervals of at least 10 min. Each concentration of
agonist was in contact with the tissue until the maximum
contractile response to that concentration was obtained
(usually <1 min). Earlier experiments showed that the
intervals were sufficient to avoid tachyphylaxis. Each strip
was only used to record one concentration-effect curve as
previous experiments also showed that multiple concentra-
tion-effect curves to 5S-HT were not reproducible in any of
the tissues studied. Subsequently, paired tissues were used,
one serving as a control, and the others to compare the
responses of other agonists or in the presence of different
concentrations of an antagonist. The antagonists were incu-
bated for 30 min before determination of the agonist
concentration-effect curve and were re-applied after each
concentration of agonist. The relative effect of the agonists
in the presence or absence of antagonists were compared
as a percentage of the maximum contraction obtained with
acetylcholine (1 wM).
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In separate experiments the effect of cocaine (10 pM),
fluoxetine (1 wM) and pargyline (10 and 100 wM, 30 min
pre-incubation) on the 5-HT-induced contractions were
investigated. Each compound, separately, reduced the con-
tractions relative to control responses and hence were not
used in subsequent experiments.

2.3. Selectivity of antagonists

Each of the antagonists tested against the S-HT-induced
contractions were also tested against acetylcholine-induced
contractions. A control contraction to acetylcholine (1
uM) was established and this concentration of acetyl-
choline was repeated in the presence of the antagonist.

2.4. Description of concentration-effect curves

The concentration-effect curves were described as per
Buchheit et al. (1985). Contractions were expressed as
either a percentage of the maximal response to the agonist
or as a percentage of the contraction to acetylcholine (1
pM) and were plotted as mean values in order to obtain
log concentration-effect curves. The agonist-induced ef-
fects were expressed in terms of their potency as ECs,
values relative to individual maxima. pECy, values were
calculated using non-linear regression analysis for each
preparation from the 50% response level and expressed as
arithmetic means + S.E.M. The equipotent concentration-
ratio (ECR) for the test agonist relative to 5-HT (5-HT = 1)
was calculated by dividing the EC,; value for the agonist
by the EC,, value for 5-HT. The pECy, value is the
—log,, EC,, value. Bi-phasic curves were described as
follows: for each part the fractional response contributing
to the total response, the maximum was calculated and
indicated as E_,, ; and E_,, ,. The 5-HT concentrations
which produced E,_,, ,/2 and E_,, ,/2 are denoted ECy,
and ECs,,, respectively. The maximum effect (E_,)
value is expressed as the percentage contraction relative to
the acetylcholine (1 pM)-induced contraction. EC, and
E .. values were obtained by using a non-linear curve
fitting. analysis.

Monophasic concentration-effect curves were analysed
by fitting a four parameter logistic equation to the data to
obtain location and slope parameters. The equation is:
y=a+b/{1 + 10 4+1elAD} Biphasic curves were anal-
ysed by fitting a modified four parameter logistic equation:
y=a+ bl{f/(1 + 107+ el4D} + {1 — f/Q0 +
102 +18lA1)}] where A is the agonist concentration, a is
the basal value, b is the vertical range, c is the pECy, (c1
is pECs., and c2 is pECsg,), d is the mid-point slope
(Lew, 1995) and f is the fraction of the receptors that are
activated with a potency described by c1. The remainder
of the receptors are activated with a potency described by
c2. The data points were fitted to the equations using a
non-linear curve fitting analysis program (Graph Pad Prism,
Graph Pad Software, San Diego, CA, USA).

2.5. Data analysis

The potencies of the antagonists were expressed as
either a full pA, value or an apparent pA, value. The fuil
PA, value was calculated using the method of Arunlak-
shana and Schild (1959) and expressed with 95% confi-
dence limits which was computed using the 3 point method
of Tallarida and Murray (1987). The assumption of simple
competition (i.e. slope of unity) between antagonist and
agonist at the receptor was checked with a Schild plot
(Arunlakshana and Schild, 1959). An apparent pA, esti-
mate was calculated from the Furchgott (1972) relation-
ship: pA, = log(CR — 1) — log[ B], where CR is the con-
centration ratio of agonist used in the presence and ab-
sence of antagonist (B) and is expressed as pA, + S EM.
The concentration ratios required for the above analyses
were determined using ECy, values in the presence and
absence of antagonist. The number of observations is
indicated by n, which represents the number of animals.

The significance of differences between the values was
determined by use of Student’s paired or unpaired #-test.
Concentration-effect curves were compared using two-way
ANOVA (analysis of variance, Graph Pad Prism, Graph
Pad Software, San Diego, CA, USA). The criterion for
statistical significance was set at P < 0.05.

2.6. Drugs

5-Carboxyamidotryptamine (5-CT), dipropyl-5-CT,
clozapine, 5-methoxytryptamine, a-methyl-5-HT, (+)-2-
dipropyl-amino-8-hydroxy-1,2,3,4,-tetrahydronaphthalene
(8-OH-DPAT), mesulergine, (—)-pindolol and spiperone
were purchased from Research Biochemicals International
(Natick, MA, USA). Acetylcholine chloride, atropine sul-
phate, and 5-hydroxytryptamine creatinine sulphate were
obtained from Sigma Chemical Co. (St. Louis, MO, USA).
Tetrodotoxin was purchased from Calbiochem (La Jolla,
CA, USA). Yohimbine hydrochloride was purchased form
ICN Biomedicals (Aurora, OH, USA). Cocaine hydrochlo-
ride (Glaxo, Melbourne, Australia), fluoxetine (Eli Lilly,
Indianapolis, IN, USA), GR 113808 ({1-[2-(methyl-
sulphonylamino)ethyl]-4-piperidinyl}methyl-1-methyl-1 H-
indole-3-carboxylate, Glaxo, Melbourne, Australia), ke-
tanserin (Janssen-Cilag, Sydney, Australia), methysergide
hydrogen maleate (Sandoz, Basle, Switzerland), methio-
thepin (Roche, Basle, Switzerland), ondansetron hydro-
chloride (Glaxo, Melbourne, Australia), renzapride (Smith
Kline Beecham Pharmaceuticals, Surrey, UK), ritanserin
(Janssen, Beerse, Belgium), SR48968 (S)-N-methyl-N-[4-
(4-acetylamino-4-phenyl piperidino)-2-(3,4-dichloro-
phenyDbutyllbenzamide, Sanofi Research, Montpellier,
France) and sumatriptan (Glaxo, Melbourne, Australia)
were donated. Methysergide hydrogen maleate was dis-
solved in ethanol 90% and diluted with (+ )-tartaric acid
0.1% in distilled water. Clozapine was dissolved in
dimethylsulphoxide and subsequently diluted in distilled
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water. All other compounds were dissolved in distilled
water.

3. Results
3.1. Description of the concentration-effect curve to 5-HT

The concentration-effect curve to 5-HT in the absence
of antagonists or tetrodotoxin was analysed using a non-
linear curve fitting program and the model for the interac-
tion of 5-HT with two independent receptors was found to
provide a fit which converged giving an R* value of 0.87,
providing a better fit than the single receptor model (R*> =
0.83).

5-HT produced two distinct phases of contraction. The
contractions at concentrations of 5-HT below 1 wM (first
phase) developed slowly and were sustained. Higher con-
centrations (second phase) produced both a rapid contrac-
tion and a subsequent fading returning to a contraction
similar to that produced by the maximum concentration of
the first phase (Fig. 1).

The contribution of the interaction of 5-HT with the
high potency receptors responsible for the first phase of
the concentration-effect curve (E,,, ) was calculated to be
54.6 + 12.12% of the total response and the pECj, , value
was 8.0 + 0.62. The values for the second phase of the
curve were: E_, , =662+ 840% of the contraction
caused by acetylcholine (1 wM, Table 1); pECy,, = 6.1 +
0.46. (n = 6).

The maximum response to 5-HT caused by the cumula-
tive addition of 5-HT was significantly less than that using
a non-cumulative concentration-effect curve (E,,, = 42.2
+092, n=4, P<0.05). In other experiments designed
to investigate whether tachyphylaxis developed within the
non-cumulative concentration-effect curve to 5-HT, re-
peated addition of 5-HT (1 wM) produced consistent and
reproducible responses for at least the amount of time

10 min M M
0.4 cm M

A
10 pM

[ ] L] [ ] A A
[S-HT} 0.01 0.1 0.3 1 3
Fig. 1. Representative trace showing the contractile effect of 5-HT on the
longitudinal muscle of rat jejunum. @ and A represent the response from

the first and second phase, respectively of the bi-phasic concentration-ef-
fect curve to 5-HT.

Table |

Summary of agonist potency (pECs,), equipotent concentration ratio
(ECR) and maximum effect values from the 5-HT receptor agonist-in-
duced tetrodotoxin-insensitive contraction of rat isolated jejunum

Agonist pECs, ECR? E oy (%ACh) n
5-HT 6.94+0.19 1.00 734+ 35 4
5-CT 7.56+0.47 0.23 723+ 7.2 4
5-MeOT 6.95+0.21 0.97 832+ 4.7 4
a-Methyl-5-HT 6.84+0.44 1.24 64.1+10.1 7
8-OH-DPAT 4.56+0.21 2394 426+ 6.8 4
Renzapride <4 > 300 <20 4
Sumatriptan <4 > 300 <20 4
Dipropyl-5-CT <4 > 300 <20 3

* Equipotent concentration ratio, 5-MeOT = 5-methoxytryptamine.

required to construct a full concentration-effect curve to
5-HT. Tachyphylaxis did, however develop when a second
non-cumulative concentration-effect curve was repeated on
the same tissue.

3.2. Influence of atropine on 5-HT-induced contractions

Atropine (0.1 wM) completely abolished the response
to acetylcholine (1 uM) in all tissues tested (n=4),
however the S-HT-induced contractions were not affected
in the presence of atropine. The concentration-effect curves
to 5-HT in the absence and presence of atropine (0.1 uM)
were superimposable ( P > 0.05, two-way ANOVA, n = 4).

3.3. Influence of methysergide on 5-HT-induced contrac-
tions

Without affecting the acetylcholine (1 pwM)-induced
contraction, methysergide (0.1 M) abolished the first
phase of the response to 5-HT transforming it to a mono-
phasic curve. The second phase was unaffected by methy-
sergide, the pECs,, value (5.7 +0.10) in the absence
being not significantly different from the pEC,, value
(5.6 £0.09) in the presence of methysergide. Methy-
sergide also did not effect the maximal response to 5-HT
(Fig. 2, n=4).

3.4. Influence of tetrodotoxin on 5-HT-induced contrac-
tions

Tetrodotoxin (1 pwM) did not affect the response to
acetylcholine (1 uM). Fig. 3 shows the 5-HT concentra-
tion-effect curve in the presence of tetrodotoxin (1 pM).
The curve was transformed from bi- to mono-phasicity, the
second phase of the curve being almost completely abol-
ished. Tetrodotoxin significantly reduced the maximum
response of the concentration-effect curve to 5-HT by
42.6 + 1.63% (P < 0.05, n = 5). Tetrodotoxin also caused
a small rightward shift of the first phase of the concentra-
tion-effect curve, but this shift was not statistically signifi-
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Fig. 2. The effect of methysergide and tetrodotoxin on the concentration-
effect curve to 5-HT in the isolated longitudinal muscle preparation from
rat jejunum. Concentration-effect curves were constructed to 5-HT (@,
n=235), and 5-HT in the presence of methysergide (O, 0.1 pM, n=4),
and in the presence of methysergide (0.01 .M)+ tetrodotoxin (1 .M, W,
n=4). The theoretical curves were fitted using non-linear regression
analysis for a two and one site model in the absence (@) and presence
(O) of methysergide respectively. Each point represents individual mean
responses with S.E.M. represented by the vertical bars.

cant (P > 0.05, 2-way ANOVA). The pEC, value (7.2 +
0.20, n = 5) obtained from the monophasic concentration-
effect curve in the presence of tetrodotoxin did not differ
significantly (P > 0.05) from the pECs, , (8.0 £ 0.62, n =
5) value obtained without tetrodotoxin. The residual re-
sponse to 5-HT in the presence of tetrodotoxin (1 wM) was
blocked by methysergide in a non-surmountable fashion
(Fig. 2).

3.5. Influence of ondansetron on 5-HT-induced contrac-
tions

In the presence of ondansetron (1 wM) a similar effect
was observed to that with tetrodotoxin. The first phase of
the concentration-effect curve to 5-HT was left unaffected,
the pECs, values in the presence (8.1 + 0.76) and absence
(8.0 £ 0.88) of ondansetron being not significantly differ-
ent (P> 0.05, n=15). The response to 5-HT obtained in
the second phase was antagonised in a non-surmountable

80
60~
&
< 40
®
20+
1] T T — T T | T T 1
4 8 7 6 5 -4 3

log [agonist] M

Fig. 3. Concentration-contraction effect curves to 5-HT and a series of
5-HT receptor agonists on the longitudinal muscle of the rat jejunum.
Non-cumulative concentration-effect curves were constructed to 5-HT
(O, n=4), 5-methoxytryptamine (o, n=4), 5-CT (W, n=4), a-
methyl-5-HT (v, n=7) and 8-OH-DPAT (O, n=4) in the presence of
tetrodotoxin (1 wM). Data are mean + s.e.mean from 7 tissues.

fashion, the maximum response being reduced by 52.1 +
3.90% (P < 0.05, n=15). Ondansetron did not affect the
acetylcholine-induced contraction.

3.6. Influence of 5-HT uptake and monoamine oxidase
inhibitors and other 5-HT receptor antagonists on 5-HT-
induced contractions

The serotonin-selective uptake inhibitor, fluoxetine (1
wM) non-surmountably abolished the first phase of the
response to S5-HT and caused small but statististically
non-significant shift (dose ratio=2.0 + 0.80, P> 0.05,
n=1>5) of the second phase. The maximum response to
5-HT was not affected in the presence of fluoxetine.
Cocaine (10 wM) also abolished the 5-HT-induced re-
sponses in the first phase, but also reduced the responses in
the second phase, in a non-surmountable fashion, causing a
reduction of the maximum response value by 49.1 + 1.20%
(P <0.05, n>4).

Pargyline (100 uM, n =3 and 10 pM, n = 4), without
affecting the resting baseline, did not increase the potency
of the 5-HT- or 5-CT-induced, tetrodotoxin-insensitive
responses. At 100 pM pargyline pre-incubation caused a
significant (P < 0.05) 41.0% reduction in the maximum
response to 5-HT and a rightward shift with a concentra-
tion ratio of 9.4. Pre-incubation with pargyline (10 wM)
also caused a significant 26.1% (5-HT) and 38.8% (5-CT)
reduction in maximum response and a rightward shift of
4.1 (5-HT) and 4.7 (5-CT).

Ketanserin (2 pM, n=6) and GR 113808 (1 uM,
n=15) did not affect the potency or E . values of either

max

phase of the concentration-effect curve to 5-HT.

3.7. Influence of a tachykinin antagonist on 5-HT-induced
contractions

The tachykinin NK, receptor antagonist, SR48968 (0.1
uwM), produced a tetrodotoxin-like effect. The first phase

100+
g 804
=
E
é 604
=~ 40+
L
w r X
2 204
j —I,Dm[ T8 ']-TAU £ 2]
04— T r 1T T
-9 -8 -7 -6 -5 -4

log [5-HT]

Fig. 4. Antagonism of the tetrodotoxin-insensitive responses to 5-HT by
mesulergine in the rat jejunum. Data obtained in the absence (@), or
presence of mesulergine 0.01 pM (O), 0.03 M (#), and 0.1 pM (a).
The slope of Schild regression (inset) was 1.13 +£0.15. The pA, estimate
was 8.10 (95% C.L. 7.88-8.32, n=4).
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Table 2

Comparison of antagonist affinities in rat isolated jejunum, guinea-pig isolated ileum and recombinant rat and mouse expressed receptor systems

Antagonist Rat jejunum Guinea-pig ileum (pKy) Rat (pK;) Mouse (pK;) Rat (pK;)
(pA,) Carter et al., 1995 Lovenberg et al., 1993 Plassat et al., 1993 Shen et al., 1993

Mesulergine 8.1 7.8 7.9 7.6 8.1

Ritanserin 8.0 7.6 7.8

Clozapine 8.0 7.3 > 7.6 7.7 79

Fluoxetine (1 uM)?

Methysergide (0.1 pM)* 7.6 7.8 8.2 7.9

Spiperone 0.1 uM)?* 7.6 7.2

Methiothepin 0.1 pM)? 9.1 7.7 9.0

Pindolol <6 <6 <6 <5

Ketanserin <6 <6 6.4 6.7

Ondansetron <6 <6

Yohimbine <7

GR 113808 <6 <6

*Non-surmountable antagonism (concentration tested).

of the concentration-effect curves to 5-HT in the absence
and presence of SR48968 were superimposable (P > 0.05).
The application of SR48968, abolished the second phase
causing a significant reduction in the response to 5-HT
reducing the maximum response value by 49.7 + 1.46%
(P<0.05 n=4).

3.8. Characterisation of the 5-HT receptor mediating the
tetrodotoxin-insensitive, 5-HT-induced contractions

3.8.1. 5-HT receptor agonists

Fig. 3 and Table 1 show the effects of the S5-HT
receptor agonists in the presence of tetrodotoxin. All ago-
nists used produced a contraction which was characteristic
of the first phase of the control bi-phasic concentration-ef-
fect curve to 5-HT and there was no evidence of a relaxant
response with any of the agonists tested. Each of the
agonists shown in Fig. 3 produced a concentration-related
contraction leading to a mono-phasic concentration-effect
curve over a range of 0.003—100 wM. 5-HT produced its
effect with a mean pECy, value of 6.9+ 0.19 and a
maximum effect value of 73.4 +3.50% of the acetyl-
choline-induced contraction (n = 4).

The rank order of potency of the agonists tested was
5-CT = 5-HT = 5-methoxytryptamine > a-methyl-5-HT
> 8-OH-DPAT > dipropyl-5-CT > renzapride = suma-
riptan (Fig. 3, Table 1). Maximum effect values were
similar except for 8-OH-DPAT which was only 42.6 +
6.85% at the maximum concentration tested. Dipropyl-5-
CT, renzapride and sumatriptan produced relatively much
smaller responses, the maximum effect values ail being
less than 20% of the contraction to acetylcholine. pECj,
values, equipotent concentration ratios and maximum ef-
fect values for each agonist are shown in Table 1.

3.8.2. 5-HT receptor antagonists
Contractile responses to 5-HT and 5-CT were non-
surmountably antagonised by methysergide (0.1 uM, n =

4). Spiperone (1 wM, n = 6) and methiothepin (0.1 p.M,
n =4) also caused a non-surmountable antagonism of the
tetrodotoxin-insensitive, 5-HT-induced contraction. Ri-
tanserin (0.01-0.1 uM) and mesulergine (0.01-0.1 pM)
acted as surmountable, competitive (Schild slope not dif-
ferent from unity) antagonists against 5-HT with con-
strained pA, values of 8.0 (6.9-9.2, Schild slope = 1.2 +
0.83, n=175) and 8.1 (7.9-8.3, Schild slope = 1.1 + 0.15,
n = 4, Fig. 4), respectively. Clozapine (0.1 wM) was also a
surmountable antagonist yielding an apparent pA , value of
8.0+ 0.15 (n=4). (—)-Pindolol (5 uM, n=25), ke-
tanserin (2 wM, n=6), ondansetron (1 uM, n=73),
yohimbine (0.1 uM, n=4) and GR 113808 (1 pM,
n = 5) were without antagonist effect on the
concentration-effect curve to 5-HT (see Table 2).

4. Discussion

The results from the present study suggest the involve-
ment of two different 5-HT receptor types, 5-ht, and
5-HT;, in the 5-HT-induced contraction of rat jejunum.
The 5-ht; receptor appears to be located on the smooth
muscle of the rat jejunum, as it is tetrodotoxin-insensitive,
and is responsible for the first, high potency phase of the
response to 5-HT. It seems that a neurokinin, possibly
neurokinin A, is involved in the non-cholinergic,
tetrodotoxin-sensitive response to 5-HT, receptor activa-
tion which mediates the second lower potency phase of the
response.

The role of 5-HT in the control of gastrointestinal
smooth muscle is not clear partly due to the high degree of
heterogeneity in 5-HT receptor type, function and distribu-
tion. Substantial diversity of action is also evident in the
different regions of the gastrointestinal tract and between
species. As more 5-HT receptor types are identified the
role of 5-HT becomes clearer and this is evident with the
recent identification of the 5-HT, receptor which has been
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characterised in the alimentary tract of a number of species,
including man (see Hoyer et al., 1994; McLean et al.,
1995; McLean and Coupar, 1995, 1996a,b). Further clarifi-
cation of this situation may occur following the identifica-
tion of a novel 5-HT receptor type with the current appel-
lation, 5-ht,, having at present no definitive endogenous
correlate.

To date, only a very preliminary description is available
of the mechanism and the receptor type mediating the
contrattile action of 5-HT in the rat jejunum. The contrac-
tion is mediated by a direct muscle and an indirect neu-
ronal action. The response is sensitive to antagonism by
methysergide and cyproheptadine but is insensitive to ke-
tanserin and atropine (see Introduction for references). The
results of the present study are consistent with these data
and show, in addition, that 5-HT produced a bi-phasic
concentration-effect curve, the second phase of which is
mediated via a non-cholinergic neuronal pathway as the
response was abolished by tetrodotoxin and not affected by
atropine. The residual response produced by the lower
concentrations of 5-HT, which accounted for approxi-
mately half the total response, was abolished by methy-
sergide but not ketanserin. In fact, neither phase of the
concentration-effect curve was affected by ketanserin. At-
ropine also had no effect on the direct muscle action of
5-HT. Additionally, the response was susceptible to desen-
sitisation as was shown by the reduced responses elicited
by cumulative compared to non-cumulative addition of
5-HT and also by the observation that two consecutive
concentration-effect curves were not superimposable, con-
firming the report by Gillian and Pollock (1980).

Subsequent experiments were designed to further inves-
tigate the receptor subtypes responsible for each compo-
nent of the contractile response and also to identify the
neurotransmitter involved in bringing about the neuronally
mediated component of the contraction. Since the release
of tachykinins has been implicated in the contractile action
of 5-HT in the guinea-pig ileum (Buchheit et al., 1985;
Ramirez et al., 1994) and trachea (Buckner et al., 1993) we
examined the effect of a tachykinin receptor antagonist on
the 5-HT-induced contractions. The rat small intestine
contains mainly tachykinin NK, receptors (Boyle et al.,
1993; Croci et al., 1994). Subsequently, SR48968, a
tachykinin NK, receptor selective antagonist with a pA,
at tachykinin NK, receptors of between 7.5-10.5 (Adven-
ier et al., 1992; Croci et al., 1994; Edmonts-Alt et al.,
1992;:Maggi et al., 1993; Zeng et al., 1995) was chosen to
investigate the role of tachykinins in the 5-HT-induced
contraction. SR48968 abolished the second phase of the
concentration-effect curve without affecting the first phase.
The 5-HT, receptor antagonist, ondansetron produced a
similar effect to SR48968 in that the second phase was
antagenised, without affecting the first phase. These data,
together with the observations that S-HT,, 5-HT,, and
5-HT, receptor antagonism with methysergide, ketanserin
and GR 113808 did not prevent the second phase suggest

that the neuronal component is mediated via the activation
of prejunctional 5-HT, receptors. 5-HT,, receptors, which
are located on enteric nerves (Branchek et al., 1988;
Gershon et al, 1991), can be excluded as 5-
methoxytryptamine and 5-CT which were full agonists in
the present study are inactive at the 5-HT,, receptor (see
Hoyer et al., 1994). These 5-HT, receptors are possibly
located on excitatory motorneurons which release
tachykinins. Indeed, the excitatory motor neurons which
innervate the longitudinal muscle of the guinea-pig small
intestine have been shown to utilise acetylcholine and
neurokinins (Furness et al., 1994). The tachykinin released
is possibly neurokinin A as it is the preferred endogenous
ligand for the tachykinin NK, receptor and neurokinin A
contracts the smooth muscle of the rat duodenum (Regoli
and Nantel, 1991; Croci et al., 1994). These findings are
also supported by the observation by Fox et al. (1986) who
reported a postjunctional action of substance P in rat
jejunum. Other studies have also reported a link between
5-HT; receptors and tachykinin release. In guinea-pig ileum
tachykinins are involved in the response to 5-HT; receptor
stimulation (Ramirez et al., 1994), Endogenous 5-HT was
shown to modulate the release of tachykinins from the rat
spinal cord via 5-HT, receptors (Saria et al., 1991). 5-HT
was also shown to facilitate the evoked release of neu-
rokinins from central terminals of primary sensory neurons
via 5-HT; receptors in the rat spinal cord (Saria et al.,
1990).

Interestingly, the use of the serotonin uptake blockers
cocaine and fluoxetine and the monoamine oxidase in-
hibitor pargyline did not potentiate the 5-HT-induced con-
traction but caused a reduction in the response. Further
studies with uptake and metabolism inhibitors are required
to fully establish whether uptake and/or metabolism mod-
ify responses to 5-HT in the rat jejunum. Fluoxetine
inhibited the first phase of the curve to 5-HT in a non-
surmountable fashion and caused a small but statistically
non-significant shift of the second phase without affecting
the maximum response. Cocaine inhibited the S-HT-in-
duced responses in both phases causing a significant reduc-
tion of the maximum response. A possible explanation for
these effects may be due to the 5-HT receptor blocking
actions of cocaine and fluoxetine which have been re-
ported in a number of tissues (Fozard et al., 1979; Cortes
et al., 1978; Lucchelli et al., 1995). The 5-HT, receptor-ion
channel complex is a site for the inhibitory action of
cocaine (Fan et al., 1994) whereas fluoxetine has a moder-
ate affinity for 5-HT, receptors (Wood et al., 1993) and
negligible affinity for 5-HT, receptors (Angel et al., 1993).
These data provide further evidence in favour of a 5-HT,
receptor mechanism mediating the second phase of the
concentration-effect curve. As with methysergide, spiper-
one and methiothepin, it was not possible to obtain an
estimate for the affinity of cocaine and fluoxetine versus
5-HT in the first phase of the concentration-effect curve as
they too caused a non-surmountable antagonism. The in-
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hibitory action of pargyline is difficult to explain but is
possibly due to an antagonist action of pargyline, however,
no study, to our knowledge, has reported such an action of
pargyline. Another possible explanation is that pre-incuba-
tion with pargyline may cause a desensitisation effect via
elevation of endogenous 5-hydroxytryptamine. A similar
observation was reported by Fan (1994) who showed that
monoamine oxidase inhibition caused a desensitisation of
the 5-HT, receptor-mediated response in rat nodose gan-
glion neurones.

The receptor type involved in the tetrodotoxin-insensi-
tive response was investigated using a series of selective
5-HT receptor agonists and antagonists. Tetrodotoxin was
used at an appropriate neurotoxic concentration (1 uM) to
enable the direct muscle effects to be studied in isolation.
However, it has been noted that tetrodotoxin does not
inhibit all neuronal function and as such it is possible that
the receptor is located neuronally. The data obtained from
this series of experiments correlate well with the phar-
macological profile of the recently described 5-ht, recep-
tor (see Hoyer et al., 1994). Specifically, the contractile
action of 5-HT in the rat jejunum in the presence of
tetrodotoxin was mimicked by a number of compounds for
which the rank order of potency was 5-CT > 5-HT = 5-
methoxytryptamine > a-methyl-5-HT > 8-OH-DPAT >
dipropyl-5-CT > renzapride = sumatriptan. This is consis-
tent with data from 5-ht, receptors which stimulate adeny-
lyl cyclase expressed in HeLa cells (Lovenberg et al.,
1993) or monkey kidney cells (COS-7) (Plassat et al.,
1993). The very weak agonist action of sumatriptan,
dipropyl-5-CT and renzapride in the present study is in
agreement with the 5-ht, receptor profile and the partial
agonist action of 8-OH-DPAT is in accordance with its
activity at 5-ht, receptors (Lovenberg et al., 1993; Carter
et al., 1995).

Further evidence for the existence of 5-ht, receptors in
the rat jejunum has been obtained by the use of 5-HT
receptor antagonists. Prior to the present study only prelim-
inary data existed with regard to the action of 5-HT
receptor antagonists on the 5-HT-induced contraction of
rat jejunum. Methysergide acted as a non-competitive an-
tagonist in the present study and in the studies by Bubenik
(1986) and Furukawa (1978). The present study also con-
firmed the observation by Vermillion and Collins (1988)
that ketanserin did not affect the contraction. These work-
ers also reported a blocking action of cyproheptadine. The
present study, using a number of 5-HT receptor antago-
nists, extended these findings whereby non-surmountable
antagonism of the tetrodotoxin-insensitive response to 5-HT
was observed with methysergide (also against 5-CT),
spiperone and methiothepin. Competitive antagonism was
observed with ritanserin (pA, = 8.0) and mesulergine
(pA, = 8.1), and clozapine acted as a surmountable antag-
onist (apparent pA, = 8.0). These affinity values correlate
well with those from other studies of the 5-ht, receptor
(Roth et al., 1994; Bard et al., 1993; Lovenberg et al.,

1993; Plassat et al., 1993; Ruat et al., 1993; Shen et al.,
1993; see also Table 2). The receptor is unlikely to be a
5-HT; receptor as these are found exclusively associated
with neurones (Hoyer et al., 1994) which is supported by
the lack of antagonist action of ondansetron. An important
difference between 5-HT,, and 5-ht; receptor pharmacol-
ogy is in the relative affinity for (—)-pindolol (see Eglen
et al., 1994). Consistent with a lack of affinity for the 5-ht,
receptor, (—)-pindolol was without antagonist effect in
this study. Also ketanserin (Van Nueten et al., 1981), and
GR 113808 (Gale et al., 1994; Grossman et al., 1993) were
without antagonist effect indicating that the receptor is not
of the 5-HT,, or 5-HT, receptor type. However, ke-
tanserin has been shown to have a moderate affinity for the
5-ht, receptor (pK, = 6.4~6.6, Plassat et al., 1993; Shen
et al., 1993) and at the concentration used in the present
study (2 wM) it may be expected to antagonise the re-
sponse. However, other groups have shown ketanserin to
have much lower affinity values at 5-ht, receptors (< 5.1,
Ruat et al. (1993); < 6.0 Carter et al. (1995)) providing an
explanation for its lack of effect in the present study.
Yohimbine, having a high affinity for 5-HT,; receptors
was used to discriminate between the 5-HT,; and S-ht,
receptor. At a concentration consistent with its pA, at the
cloned rat 5-HT, receptor (Wainscott et al., 1993) and the
5-HT,; receptors in rat stomach fundus (pA, = 7.9, Bax-
ter et al., 1994), yohimbine did not affect the 5-HT-in-
duced response, excluding the possibility that the response
is mediated by a 5-HT,; receptor. Finally, the 5-HT; and
5-HT, receptors can be ruled out as the response was
antagonised by mesulergine with an affinity value not
consistent with either of these receptors (8.1, this study;
< 6.0 5-HT;, Plassat et al., 1992; Erlander et al., 1993;
5.8, 5-HT,, Monsma et al., 1993). Further evidence against
a 5-HT, receptor mechanism is that 5-CT has submicromo-
lar affinities at the 5-HT, receptor (pK; = 6.1, Monsma et
al., 1993) whereas in the present study it was the most
potent agonist tested (pPEC s, = 7.6). In addition, fluoxetine
was an insurmountable antagonist in the present study at a
concentration almost half that of its K, at 5-HT, receptors
(Monsma et al., 1993).

There is some discrepancy between the agonist ECy,
values measured in this study and their corresponding
binding affinity values in other studies (Plassat et al.,
1993:; Shen et al., 1993). However, the agonist potency
values in the present study are in agreement with the study
by Carter et al. (1995); 5-HT (5.5), 5-CT (7.6) and 5-
methoxytryptamine (5.7) which is the only other study to
date that characterises a gastrointestinal functional 5-ht,
receptor. It is conceivable that effective uptake and
metabolism inhibition may yield agonist potency values
which are more in line with their higher binding affinities.
However, the current inhibitory effects observed with flu-
oxetine, cocaine and pargyline do not allow such an inves-
tigation. In addition, the study by Carter et al. (1995) used
uptake and metabolism inhibitors yielding potency values
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which are in line with the present study. This indicates that
uptake and metabolism may not be an important factor in
the determination of agonist potency values in the rat
jejunum. Although there is some difference between the
functional potency values and binding affinity values, the
rank order of the values are consistent with other reports.

The guinea-pig ileum is the only gastrointestinal prepa-
ration, to date, in which a 5-ht, receptor has been identi-
fied using functional pharmacological methods (Carter et
al., 1995). Other endogenous correlates of the 5-ht, recep-
tor have been functionally characterised in transiently ex-
pressed cells (Bard et al., 1993; Tsou et al., 1994) and on
smooth muscle (Carter et al.,, 1995; Cushing and Cohen,
1992; Dyer et al., 1994; Martin and Wilson, 1995; Sumner
et al., 1989). In each of the above functional preparations
the 5-ht, receptor-mediated response was a relaxation.
This response is consistent with the coupling mechanism
of the 5-ht, receptor, which in all reports, to date, is
activation of adenylyl cyclase. In the present study the
response is a contraction which is not consistent with a
positive coupling to adenylyl cyclase. The operational
characteristics of the currently described system best fit
that of a 5-ht, receptor, however it is difficult to explain
the apparent discrepancy in the nature of the response and
possibly indicates a neuronal action or a different coupling
mechanism. Further experiments are required to fully elu-
cidate the signal transduction mechanism of this 5-ht,-like
receptor in rat jejunum.

In conclusion, this study has demonstrated that rat
jejunum contains a 5-HT receptor with an operational
profile similar to the cloned 5-ht, receptor which activates
smooth muscle contraction, and a neuronal 5-HT; receptor
which stimulates a tachykinin-releasing nerve also causing
a conwaction. The 5-ht,-like receptor described in this
study is an example of a possible endogenous correlate of
the cloned 5-ht, receptor and awaits further transductional
and molecular characterisation and identification in this
preparation.
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