Neural Control of the Sphincter of Oddi
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ABSTRACT The effect of 5-hydroxytryptamine (5-
HT) on the sphincter of Oddi (SO) was studied in the
cat. The SO had two motor responses to 5-HT: the
most common was an initial contraction followed by
a more prolonged relaxation, and the other was an
exclusive relaxation. Tetrodotoxin did not impair the
magnitude of the net contraction induced by 5-HT,
but it completely blocked the relaxation. Methysergide
partially inhibited the SO contraction in response to
submaximal doses of 5-HT (5-20 ug/kg). Atropine
decreased the SO excitatory response to all doses of 5-
HT. The combination of atropine and methysergide
completely antagonized the 5-HT excitatory effect,
which changed the SO biphasic response to an exclu-
sive relaxation. After tetrodotoxin, the effect of 5-HT
was almost completely antagonized by methysergide
alone. The SO contraction and relaxation caused by
5-HT were almost completely blocked by 5-HT tachy-
phylaxis. In contrast, a 5-HT depletion with reserpine
enhanced the sensitivity of the SO to 5-HT, responding
to doses a thousand times smaller than in control an-
imals. Hexamethonium, phentolamine, propranolol,
and 5-methoxy-N,N-dimethyltryptamine did not an-
tagonize the 5-HT-induced contraction or relaxation.
These findings indicate that 5-HT caused SO contrac-
tion by stimulating postganglionic cholinergic neurons
and the smooth muscle directly and caused relaxation
by stimulating postganglionic, noncholinergic, non-
adrenergic inhibitory neurons. 5-HT blockade or de-
pletion resulted in a significant reduction in basal tonic
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pressures and in the amplitude of phasic contractions,
which suggested that serotonergic neurons may play
a physiologic role in the regulation of basal SO motor
activity.

INTRODUCTION

There is increasing evidence that 5-hydroxytrypta-
mine (5-HT)! may play a physiological role in the con-
trol of the gastrointestinal motor function (1, 2). This
amine has met most of the criteria required of a neu-
rotransmitter within the enteric neural system and
may participate in the regulation of interneuronal
functions (3). 5-HT has been found in myenteric neu-
rons (4) and its concentration is estimated to be of the
same magnitude there as in the brain (5). 5-HT can
be released by neural stimulation (6) and in many
ways, it mimics the effect of nerve stimulation (7, 8).
Furthermore, 5-HT tachyphylaxis blocks the effect of
nerve stimulation (9).

Because of the potential physiological importance
of 5-HT, we have studied its effect, mechanism of ac-
tion, and contribution to the maintenance of basal
sphincter of Oddi (SO) motor activity.

METHODS

68 adult cats of both sexes that weighed 2-5 kg were studied.
The animals were anesthetized with intramuscular Ketamine
hydrochloride (30 mg/kg body weight) and maintained with
smaller doses of 5-15 mg/kg as needed. They were studied
in the supine position with a constant slow intravenous in-
fusion of Ringer’s solution with 5% dextrose. Respiration was

! Abbreviations used in this paper: 5-HT, 5-hydroxytryp-
tamine; 5-Me-DMT, 5-methoxy-N,N-dimethyltryptamine;
OP-CCK, octapeptide of cholecystokinin; SO, sphincter of
Oddi; TTX, tetrodotoxin.
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assisted and controlled by a ventilator (Harvard Apparatus
Co., Inc., Model 607, South Natick, MA) through a trache-
ostomy tube. Arterial blood pressure was continuously mon-
itored through a cannula placed in the femoral artery. After
a midline abdominal incision, the gallbladder and biliary
tree were identified. The SO pressures were measured using
a method previously described (10). A constantly perfused
(0.3 ml/min) open-tipped catheter (o.d. = 1.57 mm) was
used. This catheter was placed in the common bile duct,
advanced until resistance was encountered, and then with-
drawn 1 mm. At this point, it was anchored with a tight loop
of suture silk using the purse-string technique. The catheter
was large enough to occupy the entire lumen of the common
bile duct and the tight loop prevented retrograde flow. Pres-
sures thus recorded were a reflection of the SO resistance to
flow. This method has been previously validated as reliable
and reproducible for measuring SO pressures (10). Simul-
taneous measurements of duodenal and SO motor activity
indicate that there is a tonic pressure gradient of 16.4+3.2
mmHg (12 experiments) and that the phasic contractions in
the duodenum and SO are different in the timing, frequency,
and amplitude. Occasionally, the timing or frequency was
the same, but the amplitude of the phasic contractions was
different. The frequency and amplitude of phasic contrac-
tions were always different from the respiratory rate which
was clearly indicated by the gallbladder pressure recordings.
Furthermore, pressure recordings that were obtained in the
common bile duct by its side opening pressure sensor, which
had been introduced through an incision in the duct or
through the duodenum and ampulla of Vater, failed to mea-
sure any tonic pressures or phasic activity.

Gastrointestinal hormones and drugs, except for tetrodo-
toxin (TTX) and reserpine, were given intravenously in bolus
doses over a 30-s period. The pharmacological agents used
were: synthetic octapeptide of cholecystokinin (OP-CCK),
100 ng/kg (E. R. Squibb & Sons, Princeton, NJ); TTX, 36
ug/kg was given in a slow infusion over a 20-30 min period
(Calbiochem-Behring Corp., La Jolla, CA); reserpine, 3 mg/
kg i.p. 48 and 24 h before the experiments (Ciba-Geigy Co.,
Summit, NJ); atropine sulfate, 30 ug/kg (Eli Lilly, and Co.,
Indianapolis, IN); hexamethonium hydrochloride, 20-40
mg/kg (City Chemical Corp., NY); phentolamine, 1-1.5 mg/
kg (Ciba Pharmaceutical Co., Seymour, IN); propranolol,
1.5-2.0 mg/kg (Ayerst Laboratories, NY); 5-HT, 0.005-1000
ng/kg (Calbiochem-Behring Corp.); bethanechol, 20 ug/kg
(Merck, Sharp & Dohme Div., Montreal, Canada); phenyl-
ephrine, 50 pg/kg (Robinson Laboratory, Inc., San Fran-
cisco, CA); isoproterenol, 4 ug/kg (Winthrop Laboratories
Inc., NY); nicotine, 100 ug/kg (Eastman Kodak Corp., Roch-
ester, NY); tyramine, 100 p/kg (Aldrich Chemical Co., Inc.,
Metuchen, NJ); methysergide (Sandoz Inc., Pharmaceutical
Div., East Hanover, NJ) that was given initially as a bolus
followed 10 min later by a constant infusion; and 5-methoxy-
N,N-dimethyltryptamine (5-Me-DMT, Sigma Chemical Co.,
St. Louis, MO) that was also given as a bolus dose followed
by a constant infusion. The doses of the agonists were se-
lected by performing dose-response studies. The antagonist
dose used was selected by determining the dose that blocked
the maximal dose of its respective agonist.

Tonic SO pressures were measured as mean end-expiratory
pressures over a 5-min period immediately before and 30
min after the administration of a pharmacological antago-
nist. SO phasic contractions were measured as a mean am-
plitude of the contractions above tonic pressures over a 5-
min period immediately before and 30 min after the ad-
ministration of a pharmacological antagonist. The effect of
short-acting pharmacological agonists or gastrointestinal
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hormones was determined at the peak or nadir of pressures
observed within a 10-min period after the administration.
Paired and unpaired Student’s ¢ tests were used for statistical
analysis.

RESULTS

SO response to exogenous 5-HT. The SO re-
sponded to 5-HT (5-80 ug/kg) with two major patterns
(Fig. 1). The most common response was one of initial
and brief contraction, which was followed by a more
prolonged relaxation. The SO contraction was char-
acterized by an increase in tonic pressures and the
amplitude and frequency of phasic contractions. Re-
laxation was characterized by total abolition of phasic
contractions and a slight decrease in tonic pressures.
A less frequent response was exclusive relaxation
(~6% of the animals tested). The minimal dose that
had a consistent excitatory or inhibitory effect on the
SO was 5 ug/kg. Maximal SO contraction was obtained
with 5-HT doses of 40-80 pug/kg. Maximal relaxation
occurred with doses of 20 ug/kg (Fig. 2).

Pharmacological analysis of the 5-HT effect. The
mechanisms of the 5-HT-induced SO contraction and
relaxation were studied by pharmacological manipu-
lation. The effect of 5-HT on the SO was assessed after
neural blockade with TTX (Fig. 3). Completeness of
the neural block was tested with OP-CCK (100 ng/
kg), which caused SO relaxation in control conditions
and contraction after TTX (10). In selected experi-
ments, SO denervation was also demonstrated with
other stimuli, such as cervical vagal stimulation or
direct intramural stimulation (1 ms, 10 Hz, and 10 V)
and intravenous edrophonium (100 ug/kg). After
TTX, the SO did not relax or contract in response to
these stimuli.
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FIGURE 1 Manometric tracings illustrating the effect of 5-
HT. The upper panel shows the most common SO response
of a marked but brief excitation followed by inhibition. The
lower panel shows the less common response of exclusive
inhibition.
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FIGURE 2 Dose-response studies with 5-HT. Values are
meanz=SE of 18 animals. O, phasic; @, tonic.

The excitatory effect of 5-HT was unaltered by TTX.
The SO contraction in response to increasing doses of
5-HT after TTX was not different from control (P
< 0.50). In contrast, SO relaxation was antagonized
completely by TTX with all doses of 5-HT used (P
< 0.01). The excitatory effect of 5-HT was blocked
partially by methysergide infusion or by atropine, and
it was blocked completely by a combination of atro-
pine and methysergide infusion. Methysergide caused
a shift of the 5-HT dose-response curve to the right
(Fig. 4). The pressure increase in response to 5-HT was
significantly lower at submaximal doses of 5, 10, and
20 ug/kg (P < 0.05); there was no difference from
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FiGURE 3 Effect of TTX on the SO response to 5-HT. Values
are meanstSE. The SO contraction was studied in seven
animals, whereas the SO relaxation was studied in six ani-
mals. Asterisks indicate that the A SO response is signifi-
cantly different from control values (P < 0.01).
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FIGURE 4 Dose-response studies with 5-HT before and after
IV methysergide infusion, and after a combination of meth-
ysergide with atropine. Values are means*SE of five animals.
Methysergide infusion decreased the SO contraction induced
by 5-HT at doses of 5, 10, and 20 ug/g (P < 0.05). The
addition of atropine blocked the SO contraction completely
at all doses studied (P < 0.01). Statistical significance is in-
dicated by an asterisk. O, control; ®, methysergide; A, meth-
ysergide and atropine.

controls with 5-HT doses of 40-80 ug/kg (P > 0.05).
In contrast, atropine reduced the pressure increase in
response to all 5-HT doses from 5 to 80 ug/kg (P
< 0.001, Fig. 5).

The combination of atropine and methysergide in-
fusion blocked the SO contraction completely in re-
sponse to each 5-HT dose (P < 0.01, Fig. 4). The com-
bined effect of these two antagonists resulted in a
change of the biphasic SO response to an exclusive
relaxation with all 5-HT doses. The SO relaxation after
these two antagonists was of the same magnitude but
of longer duration than in the control period (P
> 0.05).

To determine the site of the antagonistic effect of
methysergide to 5-HT, a bolus injection of methy-
sergide, which was followed by a constant infusion,
was given after neural blockade with TTX (Fig. 6).
Prior to TTX, the SO response to 5-HT was biphasic
with an initial contraction, which was followed by re-
laxation. An exclusive SO contraction in response to
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FiGURE 5 Effect of atropine on the SO response to 5-HT.
Values are means*SE of five experiments. Asterisk indicates
that A SO pressures after atropine are significantly different
from control (P < 0.01).

5-HT was observed after TTX. The magnitude of the
contraction did not differ before and after TTX (P
> 0.05, Fig. 6). After TTX, a methysergide infusion
markedly shifted the 5-HT dose-response curve to the
right, which resulted in an almost complete blockade
of the excitatory effect (P < 0.01).

The specificity of the excitatory and inhibitory ac-
tions of 5-HT was tested by inducing tachyphylaxis
with large doses of 5-HT (1 mg/kg). These large doses
of 5-HT caused auto-inhibition. The auto-inhibition
antagonized the SO contraction (P < 0.02) and relax-
ation (P < 0.05), which were induced by a maximal
dose of 5-HT (80 ug/kg), even after a 30-min interval
(Fig. 7). The SO, however, could respond to betha-
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FIGURE 6 Effect of 5-HT dose-response study in control con-
ditions (O), after TTX (@), and after TTX and methysergide
infusion (A). Values are means+SE of five animals. Meth-
ysergide infusion decreased the A SO pressure response to
all doses of 5-HT after TTX (P < 0.01).
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FIGURE7 SO motor response to a maximal dose of 5-HT
(80 ug/kg) before and after 5-HT tachyphylaxis induced
with 1 mg/kg. Values are means£SE of six animals. 5-HT
tachyphylaxis markedly reduced the SO contraction (P
< 0.02) and relaxation induced by 5-HT.

nechol (20 pug/kg) with contraction and to isoproter-
enol (4 pg/kg) with relaxation.

The mechanism of action of 5-HT was further in-
vestigated by obtaining dose-response curves before
and after treatment with the ganglionic blocker, hexa-
methonium, and the alpha adrenergic receptor blocker,
phentolamine (Tables I, A and B). Neither antagonist
had any effect on the SO contraction, which was in-
duced by each 5-HT dose (P > 0.05).

Treatment with reserpine, 48 and 24 h before the
experiments, increased the sensitivity of the SO to the
excitatory effects of 5-HT (Fig. 8). Adequate cate-
cholamine depletion was tested with tyramine which,
in control experiments, caused a prolonged contraction
characterized by an increase in tonic pressures and in
the amplitude and frequency of phasic contractions.
Catecholamine-depleted animals, however, did not
respond to tyramine at all. Reserpine treatment shifted
the 5-HT dose-response curve to the left. The lowest
dose of 5-HT that caused SO contraction in control
animals was 5 ug/kg, whereas reserpinized animals
responded to doses of 0.5, 0.05, and 0.005 ug/kg, which
caused contraction exclusively. After reserpine, the SO
contraction was significantly higher for submaximal
doses of 5-HT (P < 0.01).

The 5-HT-induced relaxation was not affected by
any antagonist used, except TTX (P < 0.001, Fig. 3)
and 5-HT tachyphylaxis (P < 0.05, Fig. 7). It was not
antagonized by hexamethonium (P > 0.05) or by beta
adrenergic blockade with propranolol (P < 0.50, Ta-
bles I, A and B). The serotonin analogue 5-Me-DMT
(Fig. 9) also failed to block the 5-HT-induced relax-
ation; after 5-Me-DMT, the SO inhibition actually was
of greater magnitude (P < 0.05) because 5-Me-DMT



TABLE IA
Effect of Pharmacological Antagonists on the SO Tonic Pressure
Response to 5-HT

5-HT (ug/kg)
n 5 10 20 40 80
Control 6 6.8+3.4° 10.2+3.8 14.0+4.3 19.0+5.1 21.8+4.4
Hexamethonium} 5.8+2.5 10.0+2.1 11.8+2.1 15.8+3.6 21.2+49
Control 5 5.6+2.3 13.2+3.9 32.0x17.4 36.8+16.0 39.8+16.0
Phentolaminet 4.0+2.6 12.6+4.1 30.0%+13.0 35.4+14.0 45.0x17.0
Control 6 -1.3+0.4 —2.8+0.5 —3.5+0.5 —3.7+0.6 —5.2+1.1
Propranolol} =0.7£0.7 —3.3+0.6 —6.0£1.2 —6.5+1.1 —6.7x1.2

® Values are means*SE of A tonic pressures in mmHg before and after antagonists.
{ Paired Student’s t test comparing A pressure induced by 5-HT in the control state and after treatment
were not significantly different. The symbol (=) refers to A SO relaxation in response to 5-HT.

increased basal tonic pressures and the amplitude of
phasic contractions.

SO response to pharmacological antagonists. Sev-
eral pharmacological antagonists influenced basal SO
tonic pressures and the amplitude of phasic contrac-
tions (Table II). At doses that caused complete block-
ade of axonal conduction, TTX induced a significant
increase in tonic pressures (P < 0.004) and in the am-
plitude of phasic contractions (P < 0.001). In contrast,
methysergide infusion or atropine caused a slight de-
crease in the amplitude of phasic contractions (P
< 0.05), but did not affect basal tonic pressures (P
< 0.10). The combination of atropine and methyser-
gide, however, caused a significant reduction in basal
SO motor activity with a decrease in both tonic pres-

sures and the amplitude of phasic contractions (P
< 0.05). Furthermore, 5-HT tachyphylaxis with 5-HT
doses that caused auto-inhibition of a maximal 5-HT
dose (80 ug/kg) produced a significant reduction in
tonic pressures (P < 0.001) and the amplitude of phasic
contractions (P < 0.05). This reduction of SO motor
activity by 5-HT tachyphylaxis was reversed by TTX,
which restored tonic pressures and the amplitude of
phasic contractions (P < 0.001) to pretachyphylaxis
levels. Reserpine caused a significant reduction in basal
tonic pressures and the amplitude of phasic contrac-
tions when compared with a control group (P < 0.001).
All other antagonists used did not affect either tonic
pressures or the amplitude of phasic contractions (P
< 0.10).

TaBLE IB
Effect of Pharmacological Antagonists on the SO Phasic Contractions
in Response to 5-HT

5-HT (ug/kg)
n 5 10 20 40 80
Control 13.8+6.6° 14.6+5.2 19.4+7.8 28.6+12.9 32.0x14.5
Hexamethonium} 11.6+4.7 13.6+4.3 17.8+6.8 21.2+4.9 26.6+11.0
Control 5 15.8+5.3 37.0+8.6 53.0£13.0 63.8+13.0 68.0+14.0
Phentolaminet 15.6+6.8 26.0+7.5 43.0+10.3 60.0+13.0 75.0£27.0
Control 6 —6.0+£2.1 —-19.2+8.3 —21.2+7.9 —23.7+7.5 —23.7+7.5
Propranolol} —2.0+14 —16.3+6.7 -18.0+6.5 —-21.7+6.2 —22.3+6.0

° Values are means*SE of changes (A) in the amplitude of phasic contractions in mmHg before and

after antagonists.

§ Paired Student’s ¢ test comparing A pressure induced by 5-HT in the control state and after treatment
were not significantly different. The symbol (—) refers to A SO relaxation in response to 5-HT.
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FicURE 8 Effect of pretreatment with reserpine on the SO
contraction induced by 5-HT. Values are means+SE of four
reserpinized animals and of five control animals. Asterisks
indicate when the 5-HT effect on the SO in reserpine-treated
animals was significantly different from that of control an-
imals (P < 0.01). P values were obtained with an unpaired
Student’s ¢ test.

DISCUSSION

5-HT activates several receptors in the cat SO. Stim-
ulation of these diverse receptors may explain the vari-
able SO motor response to exogenous 5-HT (11). The
net SO response results from the algebraic sum of the
effects mediated by these receptors in each individual
animal. Irrespective of the initial type of SO motor
response, however, blocking one or more receptors
uncovers others, either excitatory or inhibitory, that
were not apparent in the initial response. Thus, phar-
macological manipulation makes it possible to change
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FIGURE 9 Dose-response studies with 5-HT before and dur-
ing a constant infusion of 5-Me-DMT. Values are means=SE
of the SO relaxation in response to 5-HT in six animals.

an SO contraction to relaxation and vice versa. These
findings are in agreement with previous studies that
have demonstrated multiple 5-HT receptors in the
gastrointestinal tract, both at muscular and at neural
sites (3).

Complete blockade of axonal transmission with TTX
did not impair the net contraction, but it completely
antagonized the relaxation induced by 5-HT. These
findings suggest that 5-HT has a direct excitatory ef-
fect on the SO circular smooth muscle. In contrast, the
5-HT-induced contraction was blocked partially by
atropine and was not affected by hexamethonium; this
suggested the existence of a second excitatory 5-HT
receptor present on postganglionic cholinergic neu-
rons. Previous studies have shown that 5-HT can either
stimulate or inhibit the release of acetylcholine (12-
14). Our findings support the hypothesis that 5-HT
stimulated the release of acetylcholine in the cat SO.

The 5-HT smooth muscle excitatory receptor was
sensitive to a 5-HT analogue, methysergide (15). Meth-
ysergide antagonized partially the SO contraction.
After pretreatment with either atropine or TTX, how-
ever, it blocked it completely. The partial antagonism
by atropine and methysergide, however, are different.
Methysergide only antagonized the action of lower
doses of 5-HT, which suggested competitive inhibition;
atropine blocked partially the effect of all doses of 5-
HT, which suggested noncompetitive mechanisms.
The findings that a combination of atropine and meth-
ysergide completely blocks the 5-HT-induced con-
traction further supports the existence of two separate
receptors for 5-HT; one on the postganglionic cholin-
ergic neurons and the other on the smooth muscle of
the SO.

The difference between the effect of atropine, which
partially blocks the excitatory SO response to 5-HT,
and of TTX, which does not, could be due to one of
two mechanisms. Most likely, TTX blocks 5-HT stim-



TABLE 11
Effect of Pharmacological Antagonists on Basal SO Motor Activity

Tonic Phasic
n* pressures P<$ contractions P<$§
mmHg mmHg
Control 14.4+1.7¢ 12.6+1.0
TTX 8 20.8+2.2 0.004 18.4+1.5 0.001
Control 16.4+1.6 16.8+2.3
Atropine 8 14.5+1.8 0.10 11.3+1.8 0.005
Control 16.3+2.4 17.2+1.0
Methysergide 6 15.2%1.7 0.5 11.8+0.8 0.05
Control 15.3+1.4 13.9+1.3
Atropine and 7 10.7+0.8 0.005 5.3+0.3 0.005
methysergide

Control 17.3x2.5 35.8+14.2
5-HT Tachyphylaxis g 8.3+2.5 g%i 7.5+3.8 gggl
TTX 21.0+1.9 ’ 27.01+6.2 ’
Control 11.3+1.3 11.0+1.8
Hexamethonium 3 14.3+2.1 0.10 13.8+2.4 0.10
Control 17.8+2.6 13.3+3.8
Phentolamine 6 16.8+2.5 0.70 10.0£2.5 0.30
Control 6 18.3+2.8 16.3+1.8 0.08
Propranolol 20.0+2.6 0.50 20.8+2.4 ’
Control 15 12.8+0.8 28.0+4.1
Reserpine 10 4.9+1.1 0.001 4.1+14 0.001

° Number of experiments.
{ Values are means+SE.

§ P values are the results of the paired Student’s ¢ test with the exception of reserpine,
where the unpaired ¢ test was applied to the difference.

ulation of both excitatory, postganglionic cholinergic
and nonadrenergic, noncholinergic inhibitory neurons.
The elimination of the inhibitory component of the
SO response may compensate for the loss of the cho-
linergic excitatory component and result in an appar-
ently unaffected net SO contraction. Alternatively, by
blocking basal activity of serotonergic neurons and
preventing the release of endogenous 5-HT, TTX may
increase the number of available 5-HT receptors, and
thus make the SO smooth muscle supersensitive to ex-
ogenous 5-HT. This supersensitivity may compensate
for the loss of the postganglionic cholinergic excitatory
component to the SO, which is also blocked by TTX.
These 5-HT excitatory receptors appear to be specific
as demonstrated in experiments with tachyphylaxis
(16). Large dose of 5-HT caused tachyphylaxis for it-
self, but did not affect the SO response to other excit-
atory drugs, such as bethanechol.

Pretreatment with reserpine increased the magni-
tude of the SO contraction in response to 5-HT, which

5-Hydroxytryptamine on the Sphincter of Oddi

shifted the dose-response curve to the left without af-
fecting the 5-HT-induced relaxation. The reserpine-
treated SO responded to doses of 5-HT a thousand
times smaller than needed to excite the SO in control
conditions. These findings can be explained by some
of the known effects of reserpine in the gastrointestinal
tract. It is likely that the SO supersensitivity is due to
5-HT depletion. Serotonergic neurons have been found
throughout the myenteric plexus of the gastrointestinal
tract (3, 17). We also have indirect evidence that they
are present in the SO myenteric plexus (18). Thus, it
is conceivable that reserpine may make excitatory
neural and muscle receptors available for stimulation
by exogenous 5-HT. Alternative explanations are also
possible. The possibility that catecholamine depletion
may cause increased sensitivity to 5-HT is unlikely
because adrenergic neurons or alpha adrenergic re-
ceptors do not mediate the actions of 5-HT. SO su-
persensitivity to 5-HT could result from increased
cholinergic activity, which has been observed in re-
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serpine-treated guinea pig ileum (19). This mechanism,
however, was not explored.

The 5-HT-induced SO relaxation was antagonized
only by TTX and 5-HT tachyphylaxis, which suggests
that it was due to a neurally mediated action with a
specific receptor for 5-HT. The finding that hexame-
thonium failed to block this effect suggests that it is
not due to inhibition of presynaptic release of acetyl-
choline at ganglionic levels as some previous studies
have suggested (14). More likely this 5-HT inhibitory
effect is the result of stimulation of noncholinergic,
nonadrenergic inhibitory neurons. Their presence in
the SO myenteric plexus has been suggested by phar-
macological studies with cholecystokinin, which re-
laxes the SO by stimulating these neurons (10). Other
studies also have indicated that 5-HT stimulates these
nonadrenergic, noncholinergic inhibitory neurons that
participate in the peristaltic reflex that results in re-
laxation of the distal intestinal segment (20, 21) and
in the vagal inhibitory pathway that causes relaxation
of the fundus of the stomach (22) and lower esophageal
sphincter (23). It has been suggested that 5-Me-DMT
is a selective 5-HT antagonist acting at receptors lo-
cated in these inhibitory neurons (24). However, these
inhibitory actions of 5-HT in the SO were not blocked
by any of the selective 5-HT antagonists used, despite
the specificity of the 5-HT receptors. Other antagonists
also have failed to block the 5-HT neural receptors in
the gastrointestinal tract (16, 25). The lack of a selec-
tive antagonist for the inhibitory receptors prevented
us from assessing their physiological role, if any, on
the SO motor function.

SO denervation results in an increase in SO motor
activity. TTX, however, has no direct effect on smooth
muscle contraction (26, 27). These findings suggest that
basal SO motor activity is myogenic in origin and reg-
ulated by neural mechanisms. By blocking axonal
transmission, TTX eliminated all excitatory and in-
hibitory neural effects, which released the SO smooth
muscle from a predominant inhibitory influence. The
TTX effect, however, contrasted markedly with the
action of 5-HT antagonists or 5-HT depletion, which
caused a decrease in SO motor activity. This discrep-
ancy can be best explained by the existence of two
parallel but opposing neural pathways, one excitatory
and the other inhibitory. Partial blockade of this path-
way with either atropine or methysergide resulted in
a moderate decrease in SO motor activity due to an
increase in the imbalance between excitatory and in-
hibitory pathways. Complete blockade of excitatory,
serotonergic, postganglionic cholinergic pathways by
a combination of atropine and methysergide, 5-HT
tachyphylaxis, or 5-HT depletion with reserpine caused
a greater decrease in SO motor activity; this was prob-
ably due to an unopposed activity of the inhibitory
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neurons. These conclusions are further supported by
the finding that the decrease in basal SO motor activity
after 5-HT tachyphylaxis was reversible after the SO
was denervated by TTX. The specific contribution of
the inhibitory neurons to basal SO motor activity could
not be evaluated because they could not be selectively
blocked since the nature of their neurotransmitter is
unknown.

In summary, the present studies have shown that 5-
HT caused an initial contraction with an increase in
tonic pressures and the amplitude of phasic contrac-
tions, which was followed by a more prolonged relax-
ation; it also could cause an exclusive relaxation with
a reduction in tonic pressures and abolition of phasic
contractions. The 5-HT-induced contraction appeared
to be mediated by receptors present on the postgan-
glionic cholinergic neurons and on the smooth muscle
of the SO. These cholinergic and serotonergic neurons
appeared to participate in the control of the SO motor
activity because the administration of atropine and
methysergide, 5-HT tachyphylaxis, and reserpine pro-
duced a significant reduction in basal SO motor activ-
ity. These findings also suggest that serotonergic neu-
rons were not only interneurons innervating postgan-
glionic cholinergic neurons, but that they also
innervated the SO smooth muscle fibers by stimulating
them directly. The relaxation induced by 5-HT ap-
peared to be mediated by specific receptors present
at noncholinergic, nonadrenergic inhibitory neurons
because it could not be antagonized by any blocker
except for TTX and 5-HT tachyphylaxis. The excit-
atory effect appeared to be a physiological action of
5-HT, whereas the role of the inhibitory action remains
unclear.
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