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Evidence for the involvement of 5-HT, receptors in the
5-hydroxytryptamine-induced pattern of migrating

myoelectric complex in sheep

'"Miguel-Angel Plaza, Maria-Pilar Arruebo & Maria-Divina Murillo

Department of Pharmacology and Physiology, Veterinary Faculty, Miguel Servet 177, 50013-Zaragoza, Spain

1 The effects induced by 5-hydroxytryptamine (5-HT) on gastrointestinal myoelectric activity in
conscious sheep were recorded through electrodes chronically implanted and analysed by computer. The
5-HT receptors and the cholinergic neuronal pathways involved in these actions were investigated.

2 The intravenous (i.v.) administration of 5-HT (2, 4 and 8 ug kg=' min~', 5 min) induced an antral
inhibition concomitant with a duodenal activity front that migrated to the jejunum, followed by a period
of intestinal inactivity. This myoelectric pattern closely resembled that observed in the phases III and I of
the migrating myoelectric complex (MMC) in sheep. The 0.5 ug kg=' min~' dose evoked the same
pattern in only two out of the six animals used. Likewise, the 1 ug kg=' min~"' dose similarly affected
four of the six animals. In addition, a transient stimulation was observed in the antrum and jejunum
when the two highest doses were used.

3 The 5-HT, antagonist, methiothepin (0.1 mg kg™'), the 5-HT, antagonists, ritanserin (0.1 mg kg™')
and ketanserin (0.3 mg kg™'), the 5-HT; antagonists, granisetron (0.2 mg kg~") and ondansetron
(0.5 mg kg™"), as well as the 5-HT, antagonist, GR113808 (0.2 mgkg~"), did not modify the
spontaneous gastrointestinal myoelectric activity. However, the cholinoceptor antagonists, atropine
(0.2 mg kg~") and hexamethonium (2 mg kg~"), inhibited gastrointestinal activity.

4 When these antagonists were injected i.v. 10 min before 5-HT (2 or 4 ug kg=' min~', 5 min), only
GRI113808, atropine and hexamethonium were able to modify the 5-HT-induced actions, all of them
being completely blocked by the three antagonists.

5 Our data show that 5-HT initiates a MMC-like pattern in the gastrointestinal area in sheep through
5-HT, receptors. Furthermore, these actions are mediated by cholinergic neural pathways involving
muscarinic and nicotinic receptors. However, our results do not indicate a role for either 5-HT,, 5-HT,

or 5-HT; receptors in the 5-HT-induced effects.
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Introduction

The subtypes of 5-hydroxytryptamine (serotonin, 5-HT) re-
ceptors belonging to seven main groups have already been
cloned. Four main subtypes have been extensively character-
ized pharmacologically (Martin & Humphrey, 1994; Hoyer et
al., 1994). The recently cloned 5-HT, receptor (Gerald et al.,
1995) was first identified in mammalian brain as a receptor
which was positively coupled to adenylate cyclase. Subse-
quently, it was characterized in the gastrointestinal tract and in
other tissues such as porcine heart, human atria or sheep
pulmonary vein (Bockaert ez al., 1992; Ford & Clarke, 1993).

In guinea-pig stomach, ileum and colon, 5-HT induces
contractions through 5-HT, receptors located on cholinergic
neurones in the myenteric plexus, facilitating acetylcholine
release. However, the 5-HT-induced relaxations in oesopha-
geal muscularis mucosae and ileal strips from rats are mediated
by 5-HT, receptors located on the smooth muscle cells (Ford &
Clarke, 1993; Briejer et al., 1995; Kilbinger et al., 1995). In
man, 5-HT inhibits spontaneous motility in circular muscle
strips of the colon through 5-HT, receptors (Tam et al., 1994)
whereas it induces contraction of longitudinal muscle strips of
the ileum through 5-HT,p receptors (Borman & Burleigh,
1995). In in vivo studies, 5-HT, receptors mediate several 5-
HT-induced effects such as tachycardia in pigs (Villalon et al.,
1991), forestomach hypomotility in sheep (Plaza et al., 1996¢),
gastric contractions in dogs (Bingham ez al., 1995) and gastric
emptying in both rats (Hegde et al., 1995) and dogs (Gullikson
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et al., 1993). Furthermore, gastrointestinal prokinetic benza-
mides, probably acting through 5-HT, receptors, stimulate
gastrointestinal contractile activity in man (Briejer et al., 1995)
and dogs (Gullikson ef al., 1993). In the same way, presynaptic
5-HT, receptors facilitate fast synaptic transmission in the
myenteric plexus that could contribute to the prokinetic effects
of substituted benzamides (Pan & Galligan, 1994).

The migrating myoelectric (or motor) complex (MMC) is a
basic pattern of mammalian gastrointestinal motility that
consists of a phase of irregular spiking activity (phase II) fol-
lowed by a period of regular spiking activity (phase III) and
then a quiescent period (phase I). 5-HT has been proposed as a
regulator of the MMC in several species. Thus, its intravenous
administration evokes a phase I1I-like pattern in man (Loérdal
& Hellstrom, 1995) and increases both the frequency and
propagation velocity of MMC in opossums (Coelho et al.,
1986) and pigs (Wechsung & Houvenaghel, 1993). MMC fre-
quency is also enhanced by the 5-HT precursor, 5-hydro-
xytryptophan (5-HTP) in rats (Sagrada et al., 1990) whereas it
is decreased by neuronal 5-HT depletion in guinea-pigs (Gal-
ligan et al., 1986) and rats (Pifeiro-Carrero et al., 1991).
Furthermore, selective destruction of enteric 5-HT neurones in
rats (Pineiro-Carrero et al., 1991) and depletion of endogenous
5-HT in dogs (Haga et al., 1996) disrupt the MMC pattern. In
man (Wilmer et al., 1993), dogs (Itoh et al., 1991) and rats
(Sagrada et al., 1990), the involvement of 5-HTj; receptors in
the regulation of the MMC has been revealed by the use of 5-
HT; antagonists.

In sheep, 5-HT induces an antroduodenal phase III-like
pattern and it has been proposed that myenteric 5-hydro-
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xytryptaminergic neurones in the duodenal bulb regulate the
gastroduodenal cyclic motor activity (Ruckebusch, 1984; 1989;
Ruckebusch & Bardon, 1984). These 5-HT-evoked effects are
mimicked by several substituted benzamides (Plaza et al., 1992;
1994), suggesting that 5-HT, receptors could be involved.
Consequently, the aims of this study were to characterize the 5-
HT receptors mediating the 5-HT-evoked MMC activity in
sheep, by using selective 5-HT antagonists and also to examine
the possible involvement of cholinergic neuronal pathways in
these actions.

Methods

Animal preparation

Animals were handled in accordance with the European
Council Legislation 86/609/EEC on experimental animal pro-
tection. Six ewes 3—4 years old and weighing 40—50 kg were
used. Animals were fasted for 24 h before being surgically
prepared for electromyography, according to a previously
described technique (Ruckebusch, 1970). Under general an-
aesthesia with intravenous (i.v.) thiopentone sodium
(20 mg kg™'; Pentothal, Abbott, Madrid, Spain), a right flank
laparotomy was performed. Eight triplets of 120 um nickel/
chrome electrodes (Microfil Industries, Renens, Switzerland)
were implanted in the muscular wall of the abomasal antrum
(=5 cm from the pylorus), duodenum (10 and 50 cm from the
pylorus) and proximal jejunum (1, 2, 3, 4 and 5 m from the
ligament of Treitz). For analgesia, flunixin meglumine
(5 mg kg~'; Finadine, Schering-Plough, Madrid, Spain) was
administered intramuscularly for 3 days after surgery. The
animals were housed in metabolism cages at a controlled room
temperature (20°C) on a 12 h light-dark cycle and they were
fed ad libitum with pelleted lucerne hay.

Myoelectric recordings

Recording sessions began one week after surgery. Electrodes
were connected to high-gain amplifiers (Lectromed MT8P, St.
Peter Jersey Channel Islands, UK) and then, the amplified
spiking activity was filtered by low-pass (50 Hz) and high-pass
filters (10 Hz), to select net spike bursts. Simultaneously, a
computer-based method (Datasystem EMG 4.0, Panlab, Bar-
celona, Spain) converted the analogue signal into digital values
and stored them in a computer hard disk (PCS 386, Olivetti)
with a sampling frequency of 100 samples s~ ' per channel. The
myoelectric activity was integrated as the sum of the absolute
values of the signal amplitude minus the background value
(5% of the maximal signal amplitude) over 1 min intervals.
Data of integrated myoelectric activity were expressed as a
percentage relative to the mean value of the control period
(phase II) as previously described (Plaza et al., 1996d). In order
to simplify the results, data showed in this work correspond to
those obtained from duodenum at 50 cm from the pylorus and
from jejunum at 5 m from the ligament of Treitz. Recordings
were reproduced by a printer at an equivalent paper speed of
0.9 cm min~'. However, to analyse specific myoelectric events,
the computer programme allowed a recording expansion of up
to 1.75 cm s~

Experimental procedure

Experiments were started 30 min after a spontaneous duodenal
phase III. In the first series of experiments, after a control
period of 30 min, 5-HT (0.25,0.5, 1,2, 4 and 8 ug kg~' min~")
was administered as a continuous intravenous (i.v.) infusion
for 5 min through a chronic silicone catheter (Silastic; id,
0.75 mm, od, 1.65 mm; Dow Corning, Midland, MI, U.S.A)
into a jugular vein with a peristaltic pump (Microperpex 2132;
LKB, Bromma, Sweden). To test the effect of a longer-lasting
infusion, 5-HT was also administered i.v. at 2 ug kg~! min~!
for 20 min.

During the second series of experiments, saline or 5-HT (at
2 or 4 ug kg=' min~', 5 min) was infused i.v. 10 min after i.v.

injection of one of the following antagonists: methio-
thepin (0.1 mg kg='), ritanserin (0.1 mg kg~!), ketan-
serin (0.3 mg kg™'), granisetron (0.2 mg kg='), ondan-

setron (0.5 mg kg="), GR113808 (0.2 mg kg~'), atropine
(0.2 mg kg™") or hexamethonium (2 mg kg™"). Doses of 5-HT
used in the experiments with antagonists were chosen because
they were the smallest doses that evoked a MMC-like pattern
in all the animals studied (2 ug kg~' min~—") and induced an-
tral and jejunal stimulation (4 ug kg=' min~"'). Doses of an-
tagonists were chosen according to previous studies in sheep
(Ruckebusch & Bardon, 1984; Brikas et al., 1994; Plaza et al.,
1996¢) and dogs (Itoh et al., 1991; Bingham et al., 1995). Ex-
periments were performed in each sheep at 4 day intervals. In
order to exclude diurnal variations in the studied parameters,
all recording sessions started at 10 h 00 min.

Drugs

5-HT creatinine sulphate complex, atropine sulphate and
hexamethonium bromide were purchased from Sigma (St.
Louis, MO, U.S.A.). Methiothepin mesylate and ritanserin
were obtained from Research Biochemicals Incorporated
(Natick, MA, U.S.A.). The following drugs were kindly pro-
vided: ketanserin tartrate from Janssen (Beerse, Belgium),
ondansetron and GR 113808 ([1-[2-(methylsulphonylami-
no)ethyl]-4-piperidinyljmethyl 1-methyl-1H-indole-3-carbox-
ylate) (maleate salt) from Glaxo-Wellcome (Greenford, UK)
and granisetron from Beecham (Harlow, UK). These com-
pounds were dissolved in sterile saline, except for ketanserin
and ritanserin which were dissolved in 10% dimethyl sulph-
oxide in the stock solution and then dissolved in saline. Drugs
were administered in a final volume of 1 ml. Previous admin-
istration of these vehicles did not modify the gastrointestinal
myoelectric activity.

Statistical analysis

The results are expressed as mean +s.e.mean. Data expressed
as percentages were subjected to arcsine transformation to
make them normally distributed before statistical analysis. A
one-way analysis of variance (ANOVA) was used to determine
the significance of the overall variation in the data. A posterior
Scheffé-F test was used to analyse multiple comparisons be-
tween mean values. Differences with P<0.05 were considered
statistically significant.

Results

Control studies

Myoelectric activity of the gastrointestinal tract in sheep is
organized into cyclic MMCs that recurred every
103.0+ 5.3 min (n=24) in our study. They were characterized
by the appearance of a duodenal activity front (phase III) that
migrated to the jejunum at 57.4+ 5.1 cm min~'. Phase III was
followed by a period without spiking activity (phase I) lasting
9.6+ 1.2 min in the duodenum and 15.7+ 1.4 min in the jeju-
num (Figure 1, Table 1). Coinciding with the duodenal phases
IIT and 1, antral activity decreased to 46.4+2.5% (P<0.001)
and to 41.9+1.6% (P<0.001), respectively. In approximately
30% of MMC s, a stimulation was recorded in some jejunal
sites before the appearance of the phase III. In these cases, the
propagation velocity of the jejunal phase III significantly
(P<0.001) decreased to 30.0+2.1 cm min~"' (n=12).

Effects of 5-HT
After 60 min from the start of a spontaneous phase III, 5-HT

was infused for 5 min at 2 ug kg~! min~!'. It induced a duo-
denal activity front followed by a period of quiescence lasting
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Figure 1 Recording of gastrointestinal myoelectric activity in sheep, showing a spontaneous MMC. Electrodes were implanted in
the antrum —5 cm from the pylorus (A), in the duodenum 10 (D-1) and 50 cm (D-2) from the pylorus and in the jejunum 1 (J-1), 2

J-2), 3 (J-3), 4 (J-4) and 5 (J-5) m from the ligament of Treitz.

Table 1 Myoelectric parameters from spontaneous phase III period of MMC and from the intestinal activity fronts evoked by an
intravenous infusion of 5-HT (2 ug kg ' min~', 5 min) in sheep: comparative influence of several antagonists on the effects induced by

this dose of 5-HT

Dose of  Presence of

Parameters of duodenal activity front

Parameters of jejunal activity front

antagonist 5-HT induced Duration  Integrated Propagation Duration  Integrated Propagation
(mg kg’l) activity front  (min)  activity (%) velocity (cm min ') (min)  activity (%) velocity (cm min ")
Spontaneous
activity
front (phase I1I)* 2.0+0.1 607.04+20.6* 57.4+5.1 4.840.3 855.7+29.5% 43.7+1.9
S-HT
+ Saline Yes 2.1+0.2 507.4+47.6% 51.5+7.2 4.54+0.4 466.0+40.3* 399434
+ Methiothepin 0.1 Yes 24+0.1 884.6+77.1% 55.849.0 5.0+0.6 529.5+44.1* 41.0+4.1
+ Ritanserin 0.1 Yes 1.940.2 558.4+64.2* 50.7+5.3 5340.7 650.6+48.7* 453+1.8
+ Ketanserin 0.3 Yes 2.34+0.2 649.4+42.8* 59.6+8.1 43+0.7 832.3+72.0% 38.1+5.5
+ Granisetron 0.2 Yes 1.840.2 433.2439.3* 52.1+4.7 5.04+0.3 795.4+75.2% 47.5+7.2
+ Ondansetron 0.5 Yes 1.940.1 714.8+74.0* 59.84+6.2 52404 814.9+52.2* 41.5+6.4
+GR-113808 0.2 No
+ Atropine 0.2 No
+ Hexamethonium 2 No

Values are mean+s.e.mean of measurements from six animals, except for * (24 animals). Data were obtained 50 cm from the pylorus
(duodenum) and 5m from the ligament of Treitz (jejunum). Propagation velocity was determined between 10 and 50 cm from the
pylorus in the duodenum and between 1 and 5 m from the ligament of Treitz in the jejunum. Integrated activity is the sum of the
absolute values of myoelectric signal amplitude over 1 min intervals and this is expressed as percentage relative to the mean value of the
control period (phase II), considered as 100%. Saline or antagonists were injected intravenously 10 min before 5-HT. *Values of

integrated activity significantly (P<0.001) different from control.

9.9 +2.3 min. The duodenal phase III-like activity migrated to
the jejunum, where it was also followed by a phase I-like
period of 19.2+4+3.1 min. Antral activity was inhibited to
58.9+5.6% (P<0.001) and to 45.2+1.8% (P<0.001) while
the activity front and the quiescence period respectively de-
veloped in the duodenum. These myoelectric events resembled
those observed during phases I and I of the MMC (Figure 2,
Table 1). The next spontaneous phase III was recorded
98.7+11.3 min after this premature activity front evoked by 5-
HT. This period was significantly (P<0.01) larger than that
observed when saline instead of 5-HT was administered

(49.3 +£8.6 min). Thus, the interval between the 5-HT-induced
phase Ill-like activity and the next spontaneous phase III as
well as the following MMC intervals were similar to that re-
corded between two spontaneous cycles, suggesting that 5-HT
restarted the MMC cycle. When 5-HT was infused at 0.5 and
1 ug kg7 min~!, only two and four sheep from the six ani-
mals used, respectively, showed this myoelectric pattern. In the
remaining animals, as occurred with the dose of
0.25 ug kg~' min~!, the gastrointestinal myoelectric activity
was not modified. In addition to this MMC-like pattern, the
doses of 4 and 8 ug kg~! min~! increased antral activity to
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132.74+5.5% (P<0.001) and to 156.2+6.1% (P<0.001), re-
spectively, concomitant with the duodenal activity front. Both
doses also evoked a stimulation at several jejunal sites before
the appearance of the jejunal activity front. The propagation
velocity of the jejunal activity front was significantly (P <0.01)
decreased to 25.1+2.7 cm min~' (n=6). A longer-lasting in-
fusion (20 min) of 5-HT at 2 ug kg™' min~', evoked similar
results to those observed after its infusion for 5 min at the
same dose.

Effect of antagonists
The i.v. injection of the 5-HT antagonists, methiothepin

(5-HT,, 0.1 mg kg~ "), ritanserin (5-HT,, 0.1 mg kg~"), ke-
tanserin  (5-HT,, 0.3 mgkg™"), granisetron (5-HT;,

0.2 mg kg~"), ondansetron (5-HT;, 0.5 mg kg~') and GR-
113808 (5-HT,, 0.2 mg kg~'), did not modify spontaneous
gastrointestinal myoelectic activity or MMC frequency. When
methiothepin, ritanserin, ketanserin, granisetron or ondanse-
tron were administered 10 min before the 5-HT infusion (2 or
4 pug kg=', 5 min), they did not modify the 5-HT-induced re-
sponse. However, pretreatment with GR113808 completely
blocked the MMC-like pattern evoked by both doses of 5-HT
(Figure 3, Table 1) as well as the transient antral and jejunal
stimulations induced by 5-HT (4 ug kg=' min—', 5 min).
Thus, myoelectric activity and MMC frequency remained un-
changed with respect to the control period.

The cholinoceptor antagonists atropine (muscarinic,
0.2 mg kg~") and hexamethonium (nicotinic, 2 mg kg~') in-
hibited antral activity for 43.0+7.6 min and for
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Figure 2 MMC-like pattern evoked by an intravenous infusion of 5-HT for 5 min in sheep. Electrodes were implanted in the
antrum —5 cm from the pylorus (A), in the duodenum 10 (D-1) and 50 cm (D-2) from the pylorus and in the jejunum 1 (J-1), 2 (J-

2), 3 (J-3), 4 (J-4) and 5 (J-5) m from the ligament of Treitz.
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Figure 3 Antagonistic effect of an i.v. injection of GR 113808 on the MMC-like pattern induced by an i.v. infusion of 5-HT for
5 min in sheep. Electrodes were implanted in the antrum —5 cm from the pylorus (A), in the duodenum 50 cm from the pylorus (D)
and in the jejunum 1 (J-1) and 5 (J-2) m from the ligament of Treitz.
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33.84+ 7.3 min, respectively. Furthermore, the spiking activity
of the duodenum and jejunum was abolished for
58.64+22.3 min and 111.24+17.5 min, respectively, after atro-
pine and for 68.2 4+ 18.4 min and 95.64+ 15.5 min, respectively,
after hexamethonium. The appearance of the following MMC
was delayed, 179.84+19.8 min after atropine and
143.04+29.8 min after hexamethonium. Both agents blocked
the effects induced by 5-HT, because the infusion of 5-HT (2 or
4 ug kg=' min~', 5 min), 10 min after atropine or hexam-
ethonium, did not change either the gastrointestinal myo-
electric activity or the increase in the MMC cycle interval
evoked by blocking the cholinoceptors.

Discussion

Our results show that 5-HT evokes a gastrointestinal myo-
electric pattern that closely resembles that observed during the
phases III and I of the spontaneous MMC in sheep. Further-
more, the 5-HT-induced effects are completely blocked by
atropine and hexamethonium as well as by the specific 5-HT,
antagonist GR 113808, but not by 5-HT,, 5-HT,, or 5-HT;
antagonists.

A 5-hydroxytryptaminergic control in the frequency and
propagation of MMC has been proposed in pigs, opossums,
rats and guinea-pigs (Coelho et al., 1986; Galligan ef al., 1986;
Pinieiro-Carrero et al., 1991; Wechsung & Houvenaghel, 1993),
and a role for 5-HT; receptors has been suggested in rats be-
cause 5-HT; antagonists decreased MMC frequency in this
species (Sagrada et al., 1990).

In man (Wilmer et al., 1993) and dogs (Itoh et al., 1991;
Yoshida et al., 1991), 5-HT; receptors are involved in the ap-
pearance of the MMCs originating in the stomach because
they are suppressed by 5-HT; antagonists while activity fronts
are still present in the jejunum. Similar results have been ob-
tained with the endogenous 5-HT depletion in dogs (Haga et
al., 1996). With respect to MMCs originating at intestinal level
in man, 5-HT triggers a phase Ill-like activity in the distal
duodenum propagating to the jejunum without modifying the
antrum and proximal duodenum (L&rdal & Hellstrom, 1995).
Furthermore, inhibition of 5-HT neuronal reuptake increases
the frequency of intestinal MMC (Gorard et al., 1994). How-
ever, the 5-HT receptors involved in the regulation of intestinal
MMC in man remain unknown. Thus, the cisapride-induced
jejunal activity front is not a phase Il1I-like activity because it
does not migrate and is followed by an intense phase II activity
instead of a true phase I (Coremans et al., 1988). In contrast to
man, exogenous 5-HT disrupts the intestinal MMC pattern in

dogs, being replaced by a simultaneous increase in the spiking
activity of the gastrointestinal tract, resembling a phase II
activity (Ormsbee et al., 1984; Iwanaga et al., 1989; Davidson
et al., 1990). It is likely that these actions are mediated by
5-HT, and 5-HT, receptors because they are blocked by 5-HT,
antagonists (Davidson et al., 1990) and are reproduced by
substituted benzamides and specific 5-HT, agonists (Yoshida
et al., 1991; Gullikson et al., 1991; 1993).

Our results show that 5-HT induces a MMC-like pattern in
the gastrointestinal area in sheep and restarts the MMC cycle,
suggesting that 5-HT could participate in the control of this
cyclic activity in this species. In the same way, the 5-HT pre-
cursor, S-hydroxytryptophan (5-HTP) increases the MMC
frequency (Ruckebusch, 1984; Ruckebusch & Bardon, 1984)
and 5-HT causes release of endogenous somatostatin and
bombesin, two regulatory peptides that are involved in the
origin of MMC:s in sheep (Plaza et al., 1996a,b). In this species,
the activity front corresponding to phase III of MMC starts at
the duodenal level while antral activity remains inhibited
(Ruckebusch & Buéno, 1977). In addition to 5-HT, somatos-
tatin induces a similar pattern whereas motilin or its agonist
erythromycin do not modify the antroduodenal myoelectric
activity (Plaza et al., 1996a, b). Similarly, somatostatin (Peeters
et al., 1983) and 5-HT (Lo6rdal & Hellstrom, 1995) induce a
migrating duodenal phase IlI-like pattern in man. Further-
more, motilin is involved in gastric but not intestinal MMCs
(Bormans et al., 1987). Thus, with respect to their regulation,
the sheep MMCs show more similarities to the human in-
testinal than gastric MMCs.

We have previously shown that cisapride, metoclopramide
and zacopride evoke an antroduodenal phase III-like pattern
in sheep (Plaza et al., 1992; 1994). These prokinetic benzamides
behave as 5-HT, agonists as well as 5-HT; antagonists (Ford &
Clarke, 1993; Hoyer et al., 1994; Briejer et al., 1995). However,
other 5-HT; antagonists that do not act as 5-HT, agonists,
such as ondansetron and granisetron (Hoyer et al., 1994), were
not able to induce a MMC-like pattern in our experimental
model. Thus, the benzamide-induced gastrointestinal motor
effects in sheep are probably due to their 5-HT, agonistic
properties. Our results are in agreement with this hypothesis
because GR113808, a potent and selective 5-HT, antagonist
(Gale et al., 1994), completely blocked all myoelectric events
induced by 5-HT in the gastrointestinal area. This antagonist
was not able to modify the frequency of the spontaneous
MMCs. However, it has been shown that GR 113808 is rapidly
degraded in vivo (Gale et al., 1994; Eglen et al., 1995) making
its use difficult to block long-lasting cycles such as the MMC.
In our experimental model, atropine and hexamethonium

400 pv
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(0.2mgkg™)

4‘ 5-HT A

(2 ug kg™ min™)

Figure 4 Effect of an i.v. injection of atropine on the intestinal migrating activity front induced by an i.v. infusion of 5-HT for
5 min in sheep. Electrodes were implanted in the antrum —5 cm from the pylorus (A), in the duodenum 50 cm from the pylorus (D)
and in the jejunum 1 (J-1) and 5 (J-2) m from the ligament of Treitz.
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blocked the MMC-like pattern induced by 5-HT, indicating
that this effect is mediated by neuronal pathways involving
both muscarinic and nicotinic receptors. Likewise, most of 5-
HT,-mediated gastrointestinal excitatory effects are elicited by
the release of acetylcholine from myenteric neurones (Ford &
Clarke, 1993; Kilbinger et al., 1995) and are blocked by atro-
pine (Bockaert et al., 1992; Briejer et al., 1995).

The initial and transient increases in the antral and jejunal
activity recorded in our study with the highest doses of 5-HT
were also blocked by GR 113808, atropine and hexametho-
nium but not by the other 5-HT antagonists. Similar doses of
5-HT induce inhibition of forestomach myoelectric activity in
sheep, these effects also being antagonized by the same agents
(Plaza et al., 1996¢). The excitatory antral effects were also
induced in sheep by 5-HT, agonists (Brikas, 1994). Thus, the
antral and jejunal stimulation resemble the 5-HT,-mediated
prokinetic action observed in the gastrointestinal tract in man
(Brigjer et al., 1995) and dogs (Gullikson ef al., 1993; Bingham
et al., 1995). The increase in antral activity was not observed in
a spontaneous phase III of MMC in sheep. However, we have
recorded a jejunal stimulation just before some spontaneous
phase III periods and found that their propagation rate was
diminished, as occurs with those MMC-like patterns induced

References

BINGHAM, S., KING, B.F., RUSHANT, B., SMITH, M.I., GASTER, L. &
SANGER, G.J. (1995). Antagonism by SB 204070 of 5-HT-evoked
contractions in the dog stomach: an in-vivo model of 5-HT,
receptor function. J. Pharm. Pharmacol., 47, 219—-222.

BOCKAERT, J., FOZARD, J.R., DUMUIS, A. & CLARKE, D.E. (1992).
The 5-HT, receptor: a place in the sun. Trends Pharmacol. Sci.,
13, 141-145.

BORMAN, R.A. & BURLEIGH, D.E. (1995). Functional evidence for a
5-HT,p receptor mediating contraction of longitudinal muscle in
human small intestine. Br. J. Pharmacol., 114, 1525-1527.

BORMANS, V., PEETERS, T.L., JANSSENS, J., PEARCE, D., VANDE-
WEERD, M. & VANTRAPPEN, G. (1987). In man, only activity
fronts that originate in the stomach correlate with motilin peaks.
Scand. J. Gastroenterol., 22, 781 —784.

BRIEJER, M.R., AKKERMANS, L.M.A. & SCHUURKES, J.A.J. (1995).
Gastrointestinal prokinetic benzamides: The Pharmacology
underlying stimulation of motility. Pharmac. Rev., 47, 631 —651.

BRIKAS, P. (1994). Motor-modifying properties of 5-HT5 and 5-HT,
receptor agonists on ovine abomasum. J. Vet. Med. A, 41, 150 -
158.

BRIKAS, P., FIORAMONTI, J. & BUENO, L. (1994). Types of
serotonergic receptors involved in the control of reticulo-ruminal
myoelectric activity in sheep. J. Vet. Pharmacol. Ther., 17, 345 —
352.

COELHO, J.C.U.,, GOUMA, D.J.,, MOODY, F.G., LI, Y.F. & WEIS-
BRODT, N.W. (1986). Serotonin increases the velocity of
propagation and frequency of the migrating myoelectric com-
plexes. Eur. J. Clin. Invest., 16, 252 —256.

COREMANS, G., JANSSENS, J., VANTRAPPEN, G., CHAUSSADE, S. &
CECCATELLL P. (1988). Cisapride stimulates propulsive motility
patterns in human jejunum. Dig. Dis. Sci., 33, 1512—1519.

DAVIDSON, H.I., PILOT, M.-A. & THOMPSON, H.H. (1990).
Involvement of 5-hydroxytryptamine in canine intestinal motility
patterns. J. Gastrointest. Mot., 2, 31 —39.

EGLEN, R.M., WONG, E.H.F., DUMUIS, A. & BOCKAERT, J. (1995).
Central 5-HT, receptors. Trends Pharmacol. Sci., 16, 391 —398.

FORD, A.P.D.W. & CLARKE, D.E. (1993). The 5-HT, receptor. Med.
Res. Rev., 13, 633—-662.

GALE, J.D., GROSSMAN, C.J., WHITEHEAD, J.W.F., OXFORD, A.W.,
BUNCE, K.T. & HUMPHREY, P.P.A. (1994). GR113808: A novel,
selective antagonist with high affinity at the 5-HT-4 receptor. Br.
J. Pharmacol., 111, 332 —-338.

GALLIGAN, J.J., FURNESS, J.B. & COSTA, M. (1986). Effects of
cholinergic blockade, adrenergic blockade and sympathetic
denervation on gastrointestinal myoelectric activity in guinea
pig. J. Pharmacol. Exp. Ther., 238, 1114—1125.

GERALD, C., ADHAM, N., KAO, H.T., OLSEN, M.A., LAZ, T.M.,
SCHECHTER, L.E., BARD, J.A., VAYSSE, P.J.J., HARTIG, P.R.,
BRANCHEK, T.A. & WEINSHANK, R.L. (1995). The 5-HT4
receptor: Molecular cloning and pharmacological characteriza-
tion of two splice variants. EMBO J., 14, 2806—2815.

by high doses of 5-HT. Similarly, inhibition of forestomach
motility has also occasionally been recorded in association
with the spontaneous duodenal phase III in sheep (Plaza ef al.,
1996d). Taken together, these results suggest that in some
spontaneous cycles, endogenous 5-HT could be released at a
rate slightly higher than that needed to evoke a MMC pattern.
In these cases, 5-HT could stimulate jejunal motility and even
inhibit forestomach activity.

In conclusion, 5-HT induces a gastrointestinal myoelectric
pattern similar to that observed during a spontaneous MMC in
sheep. The 5-HT-evoked effects are mediated through 5-HT,
receptors, although spontaneous MMC were not blocked by
the 5-HT, antagonist. However, our results do not support a
role for 5-HT,, 5-HT, or 5-HTj; receptors. Furthermore, these
actions are triggered through cholinergic neural pathways in-
volving both muscarinic and nicotinic receptors.

We are grateful to Dr J.I. Bonafonte and Dr J. Sopena for their
technical assistance. This research was supported by grants from
Diputacion General de Aragon (P CA-3/89) and University of
Zaragoza (Spain).

GORARD, D.A., LIBBY, G.W. & FARTHING, M.J.G. (1994). 5-
Hydroxytryptamine and human small intestinal motility: effect
of inhibiting 5-hydroxytryptamine reuptake. Gut, 35, 496 —500.

GULLIKSON, G.W., LOEFFLER, R.F. & VIRINA, M.A. (1991).
Relationship of serotonin-3 receptor antagonist activity to
gastric emptying and motor-stimulating actions of prokinetic
drugs in dogs. J. Pharmacol. Exp. Ther. 258, 103-110.

GULLIKSON, G.W., VIRINA, M.A., LOEFFLER, R.F., YANG, D.C.,
GOLDSTIN, B., WANG, S.X., MOUMMI, C., FLYNN, D.L. &
ZABROWSKI, D.L. (1993). SC-49518 enhances gastric emptying
of solid and liquid meals and stimulates gastrointestinal motility
in dogs by a 5-hydroxytryptamine,; receptor mechanism. J.
Pharmacol. Exp. Ther., 264, 240 —248.

HAGA, N., MIZUMOTO, A., STOH, M., MOCHIKI, E., MIZUSAWA, F.,
OHSHIMA, K. & ITOH, Z. (1996). Role of endogenous 5-
hydroxytryptamine in the regulation of gastric contractions by
motilin in dogs. Am. J. Physiol., 270, G20 - G28.

HEGDE, S.S., WONG, A.G., PERRY, M.R., KU, P., MOY, T.M., LOEB,
M. & EGLEN, R.M. (1995). 5-HT, receptor mediated stimulation
of gastric emptying in rats. Naunyn-Schmiedeberg’s Arch.
Pharmacol., 351, 589—1595.

HOYER, D., CLARKE, D.E., FOZARD, J.R., HARTIG, P.R., MARTIN,
G.R., MYLECHARANE, E.J., SAXENA, P.R. &« HUMPHREY, P.P.A.
(1994). VII. International union of pharmacology classification
of receptors for S5-hydroxytryptamine (serotonin). Pharmacol.
Rev., 46, 157—-203.

ITOH, Z., MIZUMOTO, A., IWANAGA, Y., YOSHIDA, N., TORIL K. &
WAKABAYASHL K. (1991). Involvement of 5-hydroxytryptamine
3 receptors in regulation of interdigestive gastric contractions by
motilin in the dog. Gastroenterology, 100, 901 —908.

IWANAGA, Y., MIZUMOTO, A. & ITOH, Z. (1989). Effect of 5-
hydroxytryptamine on gastrointestinal contractile activity in
conscious dogs. J. Gastrointest. Mot., 1, 131—137.

KILBINGER, H., GEBAUER, A., HAAS, J., LADINSKY, H. & RIZZI,
C.A. (1995). Benzimidazolones and renzapride facilitate acet-
ylcholine release from guinea-pig myenteric plexus via 5-HTy4
receptors. Naunyn-Schmiedeberg’s Arch. Pharmacol., 351, 229 —
236.

LORDAL, M. & HELLSTROM, P.M. (1995). 5-Hydroxytryptamine:
initiator of phase 3 of migrating motor complex. Acta Physiol.
Scand., 155, 241 -242.

MARTIN, G.R. & HUMPHREY, P.P.A. (1994). Classification review.
Receptors for 5-hydroxytryptamine: Current perspectives on
classification and nomenclature. Neuropharmacology, 33, 261 —
273.

ORMSBEE, H.S., SILBER, D.A. & HARDY, F.E. (1984). Serotonin
regulation of the canine migrating motor complex. J. Pharmacol.
Exp. Ther., 231, 436 —440.

PAN, H. & GALLIGAN, 1.J. (1994). 5-HT, and 5-HT,4 receptors
mediate inhibition and facilitation of fast synaptic transmission
in enteric neurons. Am. J. Physiol., 266, G230 - G238.



1150 M.-A. Plaza et al

5-HT, receptors and migrating myoelectric complex

PEETERS, T.L., JANSSENS, J. & VANTRAPPEN, G.R. (1983).
Somatostatin and the interdigestive migrating motor complex
in man. Regul. Pept., 5,209-217.

PINEIRO-CARRERO, V.M., CLENCH, M.H., DAVIS, R.H., ANDRES
J.M., FRANZINI, D.A. & MATHIAS, J.R. (1991). Intestinal motility
changes in rats after enteric serotonergic neuron destruction. Am.
J. Physiol., 260, G232 —-G239.

PLAZA, M.A., ARRUEBO, M.P., ARRUEBO, M.E. & MURILLO, M.D.
(1994). Role of 5-HT, receptors in the regulation of the migrating
myoelectric complex in sheep. Neurogastroenterol. Mot., 6, 148
(abstract).

PLAZA, M.A., ARRUEBO, M.P., BONAFONTE, J.I. &« MURILLO, M.D.
(1992). Involvement of 5-HT4 receptor on the abomasal and
duodenal motor responses induced by serotonin in sheep. Behav.
Pharmacol., 3, (Suppl 1) 100 (abstract).

PLAZA, M.A., ARRUEBO, M.P. & MURILLO, M.D. (1996a). Effect of
motilin, somatostatin and bombesin on gastroduodenal myo-
electric activity in sheep. Life Sci., 58, 1413 —1423.

PLAZA, M.A., ARRUEBO, M.P. & MURILLO, M.D. (1996b). Involve-
ment of somatostatin, bombesin and serotonin in the origin of the
migrating myoelectric complex in sheep. Life Sci., 58, 2155—
2165.

PLAZA, M.A., ARRUEBO, M.P. & MURILLO, M.D. (1996c). 5-
Hydroxytryptamine induces forestomach hypomotility in sheep
through 5-HT, receptors. Exp. Physiol., 81, 781 —790.

PLAZA, M.A., ARRUEBO, M.P., SOPENA, J., BONAFONTE, J.I. &
MURILLO, M.D. (1996d). Myoelectrical activity of the gastro-
intestinal tract in sheep analysed by computer. Res. Vet. Sci., 60,
55-60.

RUCKEBUSCH, Y. (1970). The electrical activity of the digestive tract
of the sheep as an indication of the mechanical events in various
regions. J. Physiol., 210, 857—882.

RUCKEBUSCH, Y. (1984). Enhancement of the cyclic motor activity
of the ovine small intestine by lysergic acid derivatives.
Gastroenterology, 87, 1049 —1055.

RUCKEBUSCH, Y. (1989). Gastrointestinal motor functions in
ruminants. In Handbook of Physiology. The Gastrointestinal
System. Vol I. ed. Schultz, S.G., Wood, J.D. & Rauner, B.B. pp.
1225-1282. New York: Oxford University Press.

RUCKEBUSCH, Y. & BARDON, T. (1984). Involvement of serotoner-
gic mechanisms in initiation of small intestine cyclic motor
events. Dig. Dis. Sci., 29, 520—527.

RUCKEBUSCH, Y. & BUENO, L. (1977). Origin of migrating
myoelectric complex in sheep. Am. J. Physiol., 233, E483 — E487.

SAGRADA, A., BRANCACCIO, N. & SCHIAVONE, A. (1990). 5-
Hydroxytryptamine affects rat migrating myoelectric complexes
through different receptor subtypes: Evidence from 5-hydroxy-
tryptophan administration. Life Sci., 46, 1207 —1216.

TAM, F.S., HILLIER, K. & BUNCE, K.T. (1994). Characterization of
the 5-hydroxytryptamine receptor type involved in inhibition of
spontaneous activity of human isolated colonic circular muscle.
Br. J. Pharmacol., 113, 143 —150.

VILLALON, C.M., DEN BOER, M.O., HEILIGERS, J.P.C. & SAXENA,
P.R. (1991). Further characterization, by use of tryptamine and
benzamide derivatives, of the putative 5-HT, receptor mediating
tachycardia in the pig. Br. J. Pharmacol., 102, 107—112.

WECHSUNG, E. &« HOUVENAGHEL, A. (1993). Effect of serotonin on
gastrointestinal electrical activity in the conscious piglet. J. Vet.
Med. A, 40, 533 —538.

WILMER, A., TACK, J., COREMANS, G., JANSSENS, J., PEETERS, T. &
VANTRAPPEN, G. (1993). 5-Hydroxytryptamine-3 receptors are
involved in the initiation of gastric phase-3 motor activity in
humans. Gastroenterology, 105, 773 —780.

YOSHIDA, N., MIZUMOTO, A., INANAGA, Y. & ITOH, Z. (1991).
Effects of 5-hydroxytryptamine 3 receptor antagonists on
gastrointestinal motor activity in conscious dogs. J. Pharmacol.
Exp. Ther., 256, 272—-278.

(Received July 26, 1996
Revised November 7, 1996
Accepted December 2, 1996)



