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Review article

Z. K. KROWICKI

ROLE OF SELECTED PEPTIDES IN THE VAGAL REGULATION OF
GASTRIC MOTOR AND ENDOCRINE PANCREATIC FUNCTION

Department of Pharmacology and Experimental Therapeutics, Louisiana State University Medical
Center, New Orleans, USA

The dorsal vagal complex (DVC) and nucleus raphe obscurus (nROb) are currently
known to control vagal outflow to the stomach and the pancreas. Elucidation of
neurotransmitters in these nuclei that control vagal outflow has become necessary to
determine the endogenous circuitry for control of gastric motor activity and
pancreatic hormone secretion. In this review, the author’s data on the effects of
selected peptides on intragastric pressure and gastric contractility as well as on
pancreatic glucagon and insulin secretion in the DVC and nROb are presented.
Microinjection of thyrotropin-releasing hormone (TRH) or pituitary adenylate
cyclase-activating polypeptide (PACAP38) into the nRODb results in gastric ex-
citatory motor responses, whereas substance P (SP) and vasoactive intestinal
polypeptide (VIP) evoke gastric relaxation. Irrespective of colocalization of TRH
and SP in the serotonergic neurons of the nROb, these peptides independently affect
gastric motor function when microinjected into the nROb. The inhibitory effect of
SP on gastric motor function in the nROD is apparently mediated via nitric oxide in
the DVC and involves peripheral VIP, acetylcholine, y-aminobutyric acid and nitric
oxide. Microinjection of endothelin, PACAP38, and VIP into the DVC evokes
increases in gastric motor activity. Pancreatic polypeptide, microinjected into the
DVC, does not affect basal plasma insulin and glucagon concentration but
potentiates glucose-stimulated insulin secretion. All these data make an important
contribution to our understanding of the vagal mechanisms controlling gastric
motor and endocrine pancreatic function.
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ginine, L-NAME, nitric oxide, nucleus raphe obscurus, pancreatic polypeptide,
pituitary adenylate cyclase-activating polypeptide, serotonin, substance P, thyrot-
ropin-releasing hormone, vagotomy, vagus, vasoactive intestinal polypeptide.

INTRODUCTION

The vagus nerve provides parasympathetic control of the gastrointestinal
(GI) tract and the pancreas. Gastrointestinal and pancreatic parasympathetic
preganglionic neurons originate in the dorsal motor nucleus of the vagus
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(DMV) in the dorsomedial medulla oblongata. This nucleus is a part of the
dorsal vagal complex (DVC), including also the nucleus of the solitary tract
(nTS), that serves as a critical interface between peripehral visceral pathways
and the central nervous system in the regulation of autonomic functions. The
neuronal inputs to the DVC are from numerous local and descending
projectings so the overall activity of the parasympathetic outflow may be
influenced by many different central cell groups. One of these inputs to the
DVC is from the medullary raphe nuclei (for review see: 1).

The DVC is a likely location for interaction between the neural and
hormonal signals that modulate GI and pancreatc function. The proximity of
the DMV and nTS to the cerebrospinal fluid bathing the fourth ventricle and
their close anatomical association to the area postrema provides routes
through which blood-borne substances may reach specific receptors within the
DVC. Highly permeable capillaries within the area postrema and many neural
efferent outputs that emanate from this circumventricular organ to the DMV,
nTS, and other brainstem nuclei (2) make this interaction possible. In addition,
the dorsomedial and lateral commissural subnuclei of the nTS can be exposed
to circulating agents directly via their own specialized and permeable
microcirculation (3).

The raphe nuclei in the caudal medulla oblongata, including the nROb and
the nucleus raphe pallidus, have recently emerged as important structures
involved in the brain control of gastric and endocrine pancreatic function (for
rewiew see: 1 and 4). These raphe nuclei have been shown to maintain direct
anatomic connections with the DVC and receive numerous afferent projections
from hypothalamic and hindbrain sites (for review see: 1). My morphological
studies, utilizing colloidal gold retrograde tracer, have demonstrated that these
afferents are distinct and separate from projections to the DMV (5). Moreover,
I have demonstrated that chemical stimulation of the nROb cell bodies with
L-glutamate, an excitatory amino acid (EAA), in the rat evokes significant
increases in gastric tone and contractility (6). These results confirmed earlier
communication about excitatory effects of L-glutamate in the nROb on gastric
motor function in the rat (7). Therefore, these brainstem nuclei have become
a focus of my studies to elucidate the neuroactive substances involved in the
brain control of gastric motor and endocrine pancreatic function. A summary
of these effects is shown in Fig. I.

Findings of coexistence of thyrotropin-releasing hormone (TRH) and
substance P (SP) in the serotonergic neurons of the caudal raphe nuclei (8),
prompted us to investigate the effect of microinjection of these substances into
the nROb on intragastric pressure and gastric smooth muscle contractility.
Our anatomic studies demonstrated the existence of numerous afferent
serotonergic projections arising from medullary and pontine serotonin
(5-HT)-containing neurons to the nROb (9). I have shown that microinjection
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Iig. 1. Schematic illustration of caudal raphe-DVC-vagal pathway that controls gastric motor (A)
and pancreatic endocrine (B) function. Selected agents, microinjected into the raphe nuclei or the
DVC, evoke increases (+) or decreases (—) in gastric tone and contractility (A) and plasma insulin
and glucagon concentration (B). Abbreviations: EAA, excitatory amino acids; DVC, dorsal vagal
complex; ET, endothelin; 5-HT, serotonin; NO, nitric oxide; nROb, nucleus raphe obscurus;
PACAP, pituitary adenylate cyclase-activating polypeptide; PP, pancreatic polypeptide; SP,
substance P; TRH, thyrotropin-releasing hormone; VIP, vasoactive intestinal polypeptide, ?,
unknown.
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of 5-HT into the nROb increased intragastric pressure, although gastric
contractility was not significantly altered (6). The precise pathways and
mechanisms by which 5-HT in the nRODb increases intragastric pressure are not
known, but may be through activation of TRH-containing nROb neurons that
project to the DMV (10).

My recent studies have shown that TRH, microinjected into the nROb,
evokes dose-dependent increases in gastric motor function and this effect is
mediated through the cholinergic vagal fibers (11). Similarly, microinjection of
a stable TRH analog RX 77368 into the nRObD or nucleus raphe pallidus has
been also reported to increase gastric mtor function (12). It is possible that
microinjection of TRH into the nROb activates TRH bodies in the nROb that
project to the DMV (10) and, finally, stimulates gastric motility (13). Since
electrical stimulation of the medullary raphe region induces a sustained (lasting
for 1 hour) increase of the extracellular level of 5-HT in vivo in the cat DVC
(14), it is possible that TRH in the nROb also activates 5-HT bodies in the
nucleus that project to the DVC (15). There is evidence supporting a role of
5-HT in control of gastric motility in the DVC when combined with TRH (16).
I have also demonstrated that SP, microinjected into the nROb, dose-
-dependently inhibits gastric motor function, that is abolished by bilateral
vagotomy, but not by spinal cord transection or atropine (11). This observation
led us to speculation of the nROb-DMYV pathway that could result in
inhibition of gastric motor function via vagal efferent fibers.

Colocalization of TRH and SP in the serotonergic neurons of the raphe
nuclei (8) was the rationale to investigate functional interactions between these
agents in the nROb to mediate changes in gastric motor function. By
microinjecting TRH, 5-HT, and SP into the nROb as a mixture and in rapid
sequential order I found no functional interaction of TRH and 5-HT (17), TRH
and SP (18), and SP and 5-HT (19). Of course, the possibility of interactions of
TRH, SP, and 5-HT at a cellular/molecular level in response to microinjections
of the agents cannot be ruled out. However, this do not appear to influence the
ultimate result, which occurs through vagal control of the stomach.

In another series of experiments I attempted to investigate the mechanisms
by which SP in the nROD evokes gastric motor inhibition. A summary of these
mechanisms is shown in Fig. 2.

We have recently demonstrated that NADPH-diaphorase [a marker of
nitric oxide synthase (NOS) activity] staining and NOS immunoreactivity are
present in neurons and fibers or terminals in the DVC (20). We have also
characterized the distribution of NOS in preganglionic neurons of the DMV
(21). The latter observation suggests that the population of NOS-containing
preganglionics in the DMV may release nitric oxide (NO) via the vagus nerve
onto postganglionic neurons and promote adaptive relaxation and decreased
motility of the upper GI tract. Moreover, I have shown recently that
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Fig. 2. Potential mechanisms of SP-evoked gastric relaxation. Substance P may selectively activate
NOS-containing neurons in the nROb, projecting to the MDV or may activate pathways to the
nTS that decrease intragastric pressure through afferent-efferent connections in the DVC
(DMYV +nTS). Inhibition of NOS in the DVC and peripheral administration of GABA ,receptor
antagonist, bicuculline, or atropine combined with L-NAME abolishes SP-elicited gastric
relaxation. Peripheral atropine reduces both the rapid and sustained gastric relaxation and NOS
inhibitor combined with VIP antagonist reduces the sustained gastric relaxation evoked by SP in
the nROb. Abbreviations: DMV, dorsal motor nucleus of the vagus; NOS, nitric oxide synthase;
nROD, nucleus raphe obscurus; nTS, nucleus of the solitary tract; L-NAME, N€-nitro-L-arginine
methyl ester; SP, substance P; VIPA, vasoactive intestinal polypeptide antagonist.

L-arginine, a substrate for NOS, microinjected into the DVC, evokes decreases
in intragastric pressure and NOS inhibition with N®-nitro-L-arginine methyl
ester (L-NAME) has the opposite effect (20).

To test the hypothesis that SP in the nROb mediates gastric motor
inhibition via NO in the DVC, SP was microinjected into the nROb
immediately after bilateral microinjection of L-NAME into the DVC. In-
hibition of NOS in the DVC almost completely blocked the inhibitory gastric
effects of SP in the nRODb (22). Therefore, SP in the nROb activates NO in the
DVC to mediate the inhibitory effect on intragastric pressure.

Recently, Krantis et Glasgow (23) have reported that the blockade of
y-aminobutyric acid (GABA), receptors significantly reduced or even
abolished antral relaxations in the anesthetized rat. Therefore I decided to
investigate the involvement of peripheral GABA in mediating the inhibitory
gastric motor effects of SP in the nRODb. The results of my experiments showed
that blockade of GABA, receptors is sufficient alone to prevent the central
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effect of SP to cause gastric relaxation and inhibition of gastric contractility
(24). Therefore, I concluded that SP-evoked gastric relaxation in the nRObD is
mediated through a peripheral GABAergic pathway.

The vagus nerve plays an important role in the mediation of receptive
relaxation through non-adrenergic, non-cholinergic (NANC) innervation to the
stomach and both NO and vasoactive intestinal polypeptide (VIP) have been
proposed as inhibitory transmitters of NANC neurons. It has been suggested that
NO initiates (rapid relaxation) and VIP sustains (deayed relaxation) the NANC
relaxation (25). Therefore, we compared the gastric inhibitory motor effects of SP
in the nROb before and after systemic administration of cholinergic (atropine
methyl bromide) and VIP ([pCl-D-Phe®, Leu' "JVIP) antagonists and L-NAME
alone or in combination. Atropine reduced both the rapid nadir and sustained
gastric relaxation evoked by SP in the nROb, and the residual responses were
abolished by L-NAME (26). These results are consistent with a role of NO and
acetylcholine as functional antagonists controlling intragastric pressure, with
cholinergic tone contributing to the nadir and sustained gastric relaxation and
NO playing a more predominant role in the sustained gastric relaxation. These
data do not indicate that the only contribution of NO is to provide presynaptic
inhibition of acetylcholine release (27), since if this was the case, L-NAME after
atropine would not be expected to further decrease intragastric pressure. Our
data indicate that inhibition of acetylcholine, alone or combined with another
NANC transmitter, mediates the rapid gastric relaxation in response to SP in the
nROb. The most possible explanation is that NO presynaptically inhibits
acetylcholine release either at the ganglion or in myenteric plexus (27).

A VIP antagonist, alone or with the addition of L-NAME did not affect the
nadir of the decrease in intragastic pressure; however, both antagonists reduced
the SP-evoked gastric relaxation (26). Vasoactive intestinal polypeptide is
thought to mediate long lasting gastric relaxation (28), therefore, we expected
that antagonism of VIP alone would decrease the inhibitory gastric response to
SP in the nROb. The fact that blockade of both VIP and NOS was required to
completely abolish the sustained gastric relaxation suggests that both
neurotransmitters are required to mediate this response. In summary, the
results of our study indicate that neither VIP nor NOS antagonism abolish the
gastric motor response to SP in the nROb and that inhibition of cholinergic
pathways is potentially important for the rapid and sustained gastric
relaxation. Moreover, both NO and VIP contribute to sustained gastric
relaxation. A reduction of intragastric pressure by microinjection of SP into the
nROb provides a reliable and repeatable model of vagally-mediated gastric
relaxation.

My recent study demonstrated that microinjection of VIP into the nROb
evoked decreases in gastric tone and contractility and that these effects were
mediated through vagal pathways (29). Since VIP shows high sequence
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homology with pituitary adenylate cyclase-activating polypeptide (PACAP)
and PACAP is usually considered as a potential ligand of VIP receptors (30),
I studied the effect of microinjection of PACAP38 into the nRODb on gastric
motor function. Microinjection of PACAP38 into the nROb evoked
dose-dependent increases in intragastric pressure (29).

Opposite gastric motor effects of VIP and PACAP38 in the nROb (29),
prompted us to investigate the effects of microinjection of these peptides into
the DVC. We have demonstrated that both VIP (31) and PACAP38 (32),
microinjected into the DVC, evoke increases in gastric motor function and
these effects are abolished by bilateral vagotomy.

Endothelin (ET) is another vasoactive agent with wide spectrum of both
vascular and nonvascular actions in a variety of tissues, including the GI tract
(33). Endothelin binding sites have been localized in the DVC (34, 35). However,
the involvement of ET in cardiovascular regulation in the DVC has been only
investigated (36). Elevated plasma ET concentrations in diabetic patients
(37—39) in whom GI transit disorders are relatively common, prompted me to
investigate the central effects of ET on gastric motor function. In the first study,
two ET isoforms, namely ET-1 and ET-3, of which ET-1 is of peripheral origin
and ET-3 is expressed in the CNS but not in the vascular epithelium (40), were
applied to the dorsal surface of the medulla oblongata. Both ET-1 and ET-3
increased intragastric pressure and stimulated gastric contractility (41). My
further experiments revealed that ET-1 and ET-3, microinjected into the DVC,
increased gastric motor function in anesthetized rats (42) and the specific ET &
receptor antagonist, BQ-123 (43), blocked the gastric motor responses to ET-1 in
the DVC (unpublished observations). Therefore, these findings indicate that the
gastric motor effects of ET-1 in the DVC are mediated through ET A Teceptors.

Anatomical studies revealed that efferent vagal terminals in the pancreas
originate in the DMV and provided detailed information as to the morphology
and distribution of efferent vagal innervation to the pancreas (44). The overall
activity of the parasympathetic outflow to the pancreas is apparently
influenced by many different central cell groups. One of these inputs is from the
medullary raphe nuclei that synapse on the pancreatic parasympathetic
preganglionic neurons of the DMV (45). Therefore, I decided to investigate the
role of the nROb and DVC in the regulation of pancreatic hormone secretion.
My recent study has shown that chemical stimulation with kainic acid, an EAA
producing a long-lasting excitation (46), increased plasma concentrations of
insulin and glucagon (47). The increases in plasma concentrations of insulin
and glucagon in response to stimulation of nROb neurons were of a similar
magnitude and time course as those observed on stimulation of the DVC. The
vagus nerve is the primary autonomic pathway by which these effects are
mediated because bilateral vagotomy completely abolishes the effect of kainic
acid in thé nROb on plasma insulin and glucagon concentrations (47).
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My recent study has shown that chemical stimulation of the DVC neurons
results in elevated plasma insulin and glucagon concentrations (47). It has been
shown that pancreatic polypeptide (PP) of peripheral origin may reach its
specific receptors within the DVC (48). Moreover, administration of PP into
the cisterna magna or its microinjection into the DVC of the rat has been
reported by other investigators to increase gastric emptying (49, 50) and gastric
contractility (51). Therefore, 1 speculated that PP, known to be released
postprandially by a mixed msal (53, 54), may affect pancreatic insulin and
glucagon secretion in the DVC. To test this hypothesis I investigated whether
PP, microinjected into the DVC, affects endocrine pancreatic function. The
second question addressed in my study was to determine whether PP could
affect glucose-stimulated insulin secretion. I have demonstrated that rat PP,
microinjected into the DVC of the rat, enhances the insulinotropic action of
glucose, but does not affect basal plasma insulin and glucagon concentrations
(55).

All these data make an important contribution to our understanding of the
vagal mechanisms controlling gastric motor and endocrine pancreatic function.

CONCLUSIONS

1. The lower brainstem nuclei, namely the nROb and DVC, play a role in the
vagal regulation of gastric motor and endocrine pancreatic function.

2. Thyrotropin-releasing hormone and PACAP38 in the nROb evoke
excitatory gastric motor responses, whereas SP and VIP, in the same
nucleus, elicit gastric relaxation.

3. Irrespective of colocalization of TRH and SP in the serotonergic neurons of
the nROD, these peptides independently affect gastric motor function in the
nROb.

4. The inhibitory effect of SP in the nROb on gastric motor function 1is
mediated via NO in the DVC.

5. In the SP-evoked gastric relaxation, inhibition of cholinergic pathways is
potentially important for both the rapid nadir and sustained gastric relaxation
and NO and VIP contribute to sustained gastric relaxation.

6. Substance-P evoked gastric motor inhibition is mediated through
a peripheral GABAergic pathway.

7. Vasoactive intestinal polypeptide and PACAP38 in the DVC ellclt
excitatory gastric motor responses.

8. The DVC is the main lower brainstem region where the gastric excitatory
motor effects of ET are mediated.

9. Pancreatic polypeptide, microinjected into the DVC, potentiates
glucose-stimulated insulin secretion.
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