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Abstract
Vago-vagal reflex circuits modulate digestive functions from the oral cavity to the transverse
colon. Previous articles in this series have described events at the level of the sensory receptors
encoding the peripheral stimuli, the transmission of information in the afferent vagus, and the
conversion of this data within the dorsal vagal complex (DVC) to impulses in the preganglionic
efferents. The control by vagal efferents of the postganglionic neurons impinging on the glands
and smooth muscles of the target organs has also been illustrated. Here we focus on some of the
mechanisms by which these apparently static reflex circuits can be made quite plastic as a
consequence of the action of modulatory inputs from other central nervous system sources. A
large body of evidence has shown that the neuronal elements that constitute these brain stem
circuits have nonuniform properties and function differently according to status of their target
organs and the level of activity in critical modulatory inputs. We propose that DVC circuits
undergo a certain amount of short-term plasticity that allows the brain stem neuronal elements to
act in harmony with neural systems that control behavioral and physiological homeostasis.
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Vago-Vagal reflexes consist essentially of three components: sensory vagal afferents,
second-order integrative neurons of the nucleus of the solitary tract (NTS), and efferent
vagal neurons of the dorsal motor nucleus of the vagus (DMV). The sensory limb is
comprised of chemo- and mechanosensory elements linked to vagal afferent nerves
(reviewed in Refs. 27 and 37). Data received by these sensory elements are funneled mainly
via glutamatergic synapses into the brain stem and converge on the NTS (13,27,32).

The rat NTS is organized such that sensory information from the gastrointestinal (GI) tract is
received and processed in distinct, viscerotopically organized subnuclei. Many of the gastric
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vagal afferents synapse at the level of the medial subnucleus of the solitary tract and in the
subnucleus gelatinosus. Intestinal afferent vagal fibers terminate primarily in the subnucleus
commissuralis (2), and esophageal sensory fibers terminate mainly in the subnucleus
centralis (cNTS) (2,14,26). The NTS, then, sends projections to the efferent vagal neurons in
the DMV. The NTS also sends a copy of this immense volume of visceral afferent activity to
integrative structures in the pons and the diencephalon.

The viscerotopic organization of the DMV is less rigid than that of the NTS. In fact, the
DMV is organized in a mediolateral columnar manner such that neurons in the medial tips of
the nucleus project to the stomach and neurons in the lateral tips project to the intestine.
Most of the projections from the NTS to the DMV appear to be inhibitory. There are
numerous phenotypes of neurons in the NTS that can contribute input to the DMV, although
indirect evidence suggests that it consists mainly of a GABAergic input (20,31,36) and
glutamatergic afferents (5,13,31,36).

Vagally mediated GI motor functions are controlled by two separate populations of DMV
preganglionic motoneurons. The cholinergic-muscarinic pathway induces an increase of GI
functions such as motility and acid output. Even at “rest,” this subpopulation provides a
significant contractile and secretory “tone.” The second, nonadrenergic, noncholinergic
(NANC) pathway causes a decrease in gastric motility when activated, mainly via release of
nitric oxide onto gastric smooth muscle (1,3,11,33).

There are, therefore, two parallel vagally mediated mechanisms through which changes in
the gastric function may be effected: a vagal cholinergic excitatory pathway that, when
active, stimulates gastric functions and an inhibitory NANC path that, when active,
suppresses gastric functions. These vagal effector mechanisms are under reflex control from
the NTS. In most (but not all) cases, gastric control reflexes act to inhibit gastric function.
Distension of the esophagus, antrum, and duodenum powerfully inhibit the stomach, as does
the presence of acid in the duodenum. Although an oversimplification, it is generally
believed that these inhibitory vago-vagal reflexes involve the parallel inhibition of
cholinergic (excitatory) vagal efferent pathways and the activation of the NANC (inhibitory
vagal) pathway.

From this introduction, one could infer that these brain stem autonomic reflexes that control
the stomach are relatively static and perform in much the same way in all conditions.
However, new evidence suggests that these reflexes are under modulatory influences that are
powerful enough to dramatically alter and possibly even invert their function. This review
will outline what is known about the plastic nature of these reflexes and discuss some of the
physiological mechanisms thought to be responsible for this plasticity.

CENTRAL NERVOUS SYSTEM MODULATION OF BASIC VAGO-VAGAL
GASTRIC CONTROL REFLEXES

Thyrotropin-releasing hormone (TRH) is a neuropeptide released onto vago-vagal reflex
circuit elements (NTS/DMV) during periods of cold stress and in anticipation of feeding
(cephalic phase). The result of TRH action is a large and sustained increase in gastric
motility and acid secretion that 1) augments heat production in response to cold stress and 2)
augments gastric functions in anticipation of the arrival of a meal. Activation of TRH
receptors on DMV neurons leads to the depolarization of vagal neurons that activate the
stomach. These DMV neurons are also under the powerful influence of inhibitory NTS
neurons that form the afferent limb of a number of vago-vagal gastric control reflexes (Fig.
1).
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These inhibitory reflexes are activated by the very events caused by TRH action on the
DMV: increases in gastric wall stress, chyme contact with the antral wall, and chyme and
acid accumulation in the duodenal bulb secondary to the TRH-induced increase in motility
and secretion. Clearly then, normal vago-vagal reflex mechanisms would blunt, if not
completely antagonize, the effect of TRH on DMV neurons to augment digestive functions.

However, TRH has an additional effect on NTS neurons that completely changes the way
vago-vagal reflexes function. TRH “gates out” the potential inhibitory effects of reflex
activation by altering the state of NTS intracellular transduction mechanisms (Fig. 1). Here,
TRH receptor activation increases cAMP/PKA to levels that allow normally ineffectual,
tonic, inhibitory serotonergic inputs to the NTS to have a physiological effect (Fig. 2). The
result is that TRH now causes the continuous activation of vagal cholinergic inputs to the
stomach while filtering out the reflex inhibition that would normally develop as a
consequence of this TRH action on vagal efferents (37). Evidence now suggests that TRH,
and other factors that modulate cAMP/PKA levels in vago-vagal reflex circuits, can also
have dramatic effects on how these circuits respond to opiates, neuropeptide Y (NPY), and
even natural afferent input.

THE RECEPTIVE RELAXATION REFLEX FROM THE BRAIN STEM
PERSPECTIVE

There are a wide variety of vago-vagal reflexes activated by mechano- and
chemotransmission from the GI tract; it is not the purpose of this article to review them all,
and we refer the reader to the several manuscripts that have dealt with them in recent years.
Rather we will discuss, in more detail, one of these reflexes that has drawn the attention of
both of our laboratories in the recent past.

It has long been known that the esophageal distension produced by swallowing elicits a
powerful proximal gastric relaxation. This reflex was termed the “receptive relaxation
reflex” and is an important mechanism that permits increases in gastric volume and
reduction of intragastric pressure to ensure that swallowed food is transported efficiently to
the stomach. Several laboratories have shown that this potent gastroinhibition results from
stimulation of low-threshold mechanoreceptive afferents of the vagus nerve and that the
reflex requires intact vagal connections between the brain stem, esophagus, and stomach
(22,29). The cNTS sends a dense projection of axons to the compact formation of the
nucleus ambiguus, the site containing vagal motor neurons projecting to the esophagus and
lower esophageal sphincter (reviewed in Ref. 14). The relationship between the cNTS and
the vagal motor neurons that regulate gastric functions has, however, been described only
recently (26). Our anatomic and electrophysiological data provided evidence of an
esophageal-cNTS-DMV-gastric pathway whose activation by mechanodistension of the
esophagus induces a pronounced gastric relaxation. Gastro-inhibitory control by the
esophagus involves neural pathways from esophageal distension-sensitive neurons in the
cNTS with connections to virtually all levels of the DMV. Esophageal distension can elicit
two different patterns of electrophysiological responses in both the cNTS and the DMV
(Fig. 3). In cNTS, both responses are excitatory (consistent with a glutamatergic vagal
afferent fiber input) but can be distinguished by their different patterns of firing. The
majority of cNTS neurons are silent when unstimulated but are strongly activated by
esophageal distension. Another group of cNTS neurons has resting activity that increases
following esophageal distension; upon relief, however, these cells are completely inhibited
for few seconds before recovering to prestimulus basal activity.

In the DMV, esophageal distension affects two distinct populations of neurons. One
population of DMV cells responds to esophageal distension with an increased firing rate,
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whereas the other subpopulation is inhibited. These and other observations suggest that
NTS-DMV synaptic connections use both an excitatory (possibly glutamate) and inhibitory
(possibly GABA) neurotransmitter. Thus following esophageal distension: 1) there is a
marked increase in activity in cNTS, 2) there is both an increase and a decrease in DMV
neuronal activity, and 3) the final result is gastric relaxation. One would thus be tempted to
assume that the NTS-DMV inhibitory GABAergic synapses are present only on DMV
neurons that comprise the excitatory cholinergic pathway. That is, activation of this pathway
would induce gastric relaxation via withdrawal of cholinergic tone to the gastric smooth
muscle. The NTS-DMV excitatory glutamatergic synapses would thus be present only on
DMV neurons that are part of the NANC pathway. That is, activation of this pathway would
induce gastric relaxation via increased release of nitric oxide onto the gastric smooth
muscle. Indeed, such a clear-cut separation of pathways and functions seems to be supported
by several studies reporting differences in morphological, immunocytochemical,
pharmacological, and electrophysiological properties of NTS and DMV neurons (5,6,12,15–
17,24,35,38,41). The parallel operation of these pathways seems to explain much of what we
know about the esophageal afferent control of the stomach. However, this reflex is subject to
an additional level of modulation, not unlike the action of TRH, that is powerful enough to
effectively invert the normal direction of this reflex. This reflex inversion can be observed in
the fed vs. fasted state.

FASTED VS. FED: NPY, OPIOIDS, AND THE “STATE OF ACTIVATION”
The experiments on the neurophysiology of the receptive relaxation reflex described above
were conducted in fasted rats (26). Subsequent preliminary studies have shown that, if
animals were allowed ad libitum access to food before anesthesia (i.e., the stomach still
contained food), esophageal distension now evoked an increase in gastric contractility (Fig.
4). Over the course of the experiment this effect gradually reversed until, hours later (i.e., in
the fasted state), the “classical” gastric relaxation effect followed esophageal distension.
These observations are in agreement with previous data (15,38) that shows gastric emptying
to be faster during and just after feeding than compared with the fasted state. These results
are interesting given that distension of the esophagus induced by swallowing a meal should
cause gastric relaxation. Gastric relaxation reduces intragastric pressure, which reduces
gastric transit. Therefore, if gastric transit is rapid as a consequence of feeding, then the
normal (fasted) esophageal gastric reflex must be interrupted, or even inverted, by some
aspect of the act of feeding to account for rapid gastric emptying during feeding.

Several endogenous neurotransmitters are known to affect the vago-vagal brain stem
circuitry and are implicated in altering vagal reflex function in association with feeding.
Among these neurotransmitters, NPY and opioids are of particular interest due to their
dramatic, but apparently fickle, effects on gastric motility.

Under fasted conditions but just before feeding; i.e., when gut functions are primed to
increase the efficiency of the subsequent gastric and intestinal phases, a vagally mediated
increase in gastric motility and secretion is observed following central NPY administration
(10,40). Other studies, however, have noted a decrease in GI function following NPY
administration to the dorsal vagal complex (DVC) (10,18). Further investigation revealed
that the effects on gastric function of brain stem NPY administration may depend on the
activity (or state of activation) of the GI tract at the time of application.

Under fasting (resting) conditions, application of NPY to the DVC causes an increase in
gastric motility. If, however, gastric motility is stimulated by central TRH, NPY has no
additional stimulatory effects; rather, NPY reduces gastric motility (10). A mechanistic
correlate to these observations has been provided in recent electrophysiological studies
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conducted by our group (7,34). NPY has no direct effects on DMV neurons or on NTS-
induced inhibitory postsynaptic currents (IPSCs). However, if the NTS is stimulated, NPY
now inhibits the IPSCs normally evoked in DMV neurons.

The functional result, i.e., the increase in gastric motility observed in vivo under basal (i.e.,
nonstimulated) conditions, could be explained if one assumes that electrical stimulation of
the NTS evokes glutamate-mediated EPSCs on DMV neurons comprising the inhibitory
NANC pathway only. In contrast, if the NTS is exposed to TRH (or the animal is in the fed
state) a different response is elicited. Under these conditions, perfusion with NPY decreases
the amplitude of the evoked EPSCs (as in basal conditions) and inhibits the previously
unaffected IPSCs. At this point, then, the only scheme that can explain the reported
functional result, i.e., the decreased gastric motility observed in vivo under stimulated
conditions, is the one that assumes a contribution of GABA-mediated IPSCs on DMV
neurons comprising the NANC pathway only.

A similar relationship (i.e., receptor uncovering or receptor plasticity) can be used to explain
the effects of opioids in the DVC. In fasted animals, microinjection of opioids in the DVC
induces a marginal gastric relaxation but, following activation of the circuits by TRH, the
gastric relaxation following opioid microinjections was significantly larger. In fed animals,
microinjection of opioids (which did not cause any gastric effects in fasted animals) induces
a large gastric relaxation that was further enhanced by pretreatment with TRH (Rogers et al.,
unpublished data). Our patch-clamp experiments in identified gastric-projecting DMV
neurons have shown that perfusion with opioids does not affect the amplitude of evoked
IPSCs; indeed, GABAergic terminals did not express μ-opioid receptor-like
immunoreactivity (MOR-IR) (5). Once the preparation is pretreated with TRH or with drugs
that increase cAMP levels, however, GABAergic IPSCs are inhibited and MOR-IR is
present on the NTS terminals apposing the identified DMV neurons (Browning KN,
Kalyuzhny AE, and Travagli RA, unpublished results). Thus both NPY and opioids decrease
the amplitude of evoked IPSCs under stimulated, compared with basal, conditions.

Thus the electrophysiological and functional (in vivo) data can be accounted for by
assuming that opioid receptors are present on glutamatergic and GABAergic NTS terminals
that form synapses on DMV neurons of both the cholinergic and the NANC pathways (Ref.
5 and Browning KN, Rogers EC, Kalyuzhny AE, and Travagli RA, unpublished results).
The availability and function of the single synapse would be determined by the state of
activation of the circuitry. Specifically under fasted, basal conditions, opioid receptors
would be expressed in and be available for interaction with their ligand in a small percentage
of DMV neurons (specifically on glutamatergic synapses impinging on DMV neurons of
only the cholinergic pathway). Activation of the circuitry (e.g., by feeding-related
neurotransmitters like TRH) causes the expression or increases the functionality of opioid
receptors in GABAergic terminals apposing the same DMV neurons. Thus in fed animals,
opioid receptors would be expressed on glutamatergic synapses and on DMV neurons
forming the cholinergic pathway. Activation of the circuitry in fed animals would express
opioid receptors on GABA terminals impinging on DMV neurons that comprise the NANC
pathway.

The organization of vagal circuits in the DVC schematically depicted in Fig. 5 can be used
to explain the gastric responses to esophageal distension observed after NPY or opiates. As
can be seen in this (oversimplified) scheme, four separate sets of GABAergic and
glutamatergic NTS neurons project to the DMV neurons, forming both the cholinergic
excitatory and the NANC inhibitory motor pathways. Even though the same
neurotransmitters are used, activation of NTS neurons would have opposite effects on GI
functions, i.e., excitation or inhibition. The short-term plasticity that determines receptor
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availability at the level of the DMV-NTS synaptic connection allows the brain stem circuits
to adapt their responses to the state of activation of the animal. This hypothesis is quite
appealing because it suggests the existence of a rather economic, though efficient, method of
controlling basic reflex functions.

PERSPECTIVE: MODULATION OF NTS TRANSDUCTION MECHANISMS
EQUALS VAGO-VAGAL REFLEX PLASTICITY

The scheme represented in Fig. 5 is an oversimplification of the organization of brain stem
vagal circuits. Furthermore, we have only scant detail as to the number of other ways central
nervous system (CNS) input to DVC circuitry can alter circuit function and responsiveness.
Indeed, many neuromodulators are known to be present in, and released by, the NTS
neurons onto DMV cells; these are probably released differentially under a vast array of
conditions. Additionally, the NTS is outside the blood-brain diffusion barrier and therefore
is accessible to a multitude of circulating hormones, cytokines, and chemokines, which can
themselves dramatically alter vago-vagal reflex responsiveness (37). Therefore, the number
of mechanisms by which vago-vagal reflex selectivity and sensitivity can be modulated is
theoretically limitless.

Studies of vago-vagal reflex circuitry and neural circuitry elsewhere in the brain, however,
show that one particular mechanism may be common to a variety of circuit elements and
agonists. Modulation of synaptic transmission by variations in the cAMP levels has been
observed in multiple neural networks, including the hippocampus, nodose ganglia, cerebellar
granule cells, enteric plexus, and sympathetic ganglia. In cerebellar granule cells, it has been
shown that activation of the cAMP/PKA pathway causes an increase in presynaptic
vesicular turnover so that previously “silent” synapses show spontaneous transmitter release
(9). Similarly, in other CNS areas, increases in the cAMP levels induce a pronounced
augmentation of the exocytotic activity in synaptic terminals with low baseline vesicular
activity (9,28). These factors suggest that cAMP levels may increase the response of
synapses to numerous neuromodulatory substances. Such variations in the activation levels
of the adenylate cyclase/PKA pathway occur during opioid withdrawal and underlie the
different electrophysiological responses to opioid agonists (reviewed in Ref. 39). Thus
changes in the intracellular levels of cAMP are likely to cause altered sensitivity of neural
circuits to a variety of inputs.

Our recent paper (8) provided a mechanistic explanation for the dramatic synergistic effects
of brain stem TRH and serotonin (5-HT) on gastric function (19). Electrophysiological
studies revealed that TRH permits 5-HT1A receptors to function on NTS GABAergic
terminals (8). This unmasking activity is triggered by the elevation of the activity of the
cAMP/PKA pathway induced by TRH. The increased activation of this second-messenger
pathway “primes” the GABAergic synapses and allows their modulation by 5-HT, with the
consequent increase in parasympathetic excitatory output to the stomach (8,37). The
widespread use by different neurotransmitters of the cAMP/PKA pathway would, then,
argue in favor of its use in a more general manner (i.e., not only restricted to TRH and 5-
HT) in the control of vago-vagal circuits.

Both opioids and NPY have receptors that are coupled to the pertussis toxin-sensitive G
proteins, Gi/Go. Receptor activation can potentially affect several distinct pathways. The
most commonly reported action has been the inhibition of adenylate cyclase with a
consequent reduction in cAMP levels and decrease in neurotransmitter release (reviewed in
Refs. 21 and 39).
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If variations in the levels of cAMP in the synaptic terminals of brain stem circuits affect the
sensitivity of the synapses to modulation by neurotransmitters, and if variations of the
cAMP levels are determined by the different state of activation induced by the change from
fasted to fed status (and vice versa), then the effects of NPY and opioids, for example, can
vary according to the cAMP levels within the synapse itself. This would imply, then, that the
contrasting effects observed upon DVC administration of NPY or opioids (and, for our
purposes, by esophageal distension) might be the result of variations in the cAMP levels at
GABAergic NTS-DMV synapses.

Specifically, the lack of effect of these neuromodulators on inhibitory GABAergic
transmission under basal conditions may be due to low intracellular levels of cAMP. Under
these conditions, activation of Gi/Go-coupled receptors (such as μ-opioid or NPY receptors)
evokes no discernible effects. Following an increase in cAMP levels, however, the
activation of these Gi/Go-coupled receptors can now cause a perceptible decrease in cAMP
levels, with a consequent decrease in GABA-ergic synaptic transmission. Depending on
whether the affected GABAergic NTS-DMV synapse controls cholinergic excitatory
pathways or NANC inhibitory pathways, a decrease in synaptic transmission would result in
an increased or decreased vagal motor output, respectively.

The physiological correlate of these experimental conditions would be modulation of the
vagal complex by neurotransmitters (e.g., TRH) that are positively coupled to adenylate
cyclase and generate cAMP. Alterations in sensory inputs from the GI tract, such as
following activation of vago-vagal reflexes or changes in the feeding status, for example,
would be expected to modify the ability of tonic GABAergic inputs controlling the vagal
brain stem circuits to be modulated. It is possible that the constant perception of ongoing GI
tract activity exerts a tonic inhibition of cAMP/PKA pathways in the DVC. Activation of
vago-vagal reflexes or changes in the state of activation (from fasted to fed or vice versa)
would change the levels of cAMP and influence the ability of circulating hormones or
locally released neurotransmitters to modulate inhibitory synaptic transmission between the
NTS and DMV. Changes in an intracellular second-messenger system would thus provide an
efficient means by which the receptors can be made available for interaction with their
receptor ligands. One possible mechanism is stimulus-dependent insertion of proteins and
receptors in the plasma membrane, which has been shown to occur in different systems,
including the CNS (4,23,25,30). For example, Shuster and colleagues (30) showed that κ-
opioid receptors are localized on internal membranes on the nerve terminals of vasopressin
cell bodies in basal conditions, but the receptors are quickly (minutes) and transiently (1 h)
translocated to plasma membranes once a stimulus (specifically, salt loading) is applied. We
propose that activation of the cAMP/PKA pathway stimulates the transport of peptide
receptors present in GABAergic terminals of the NTS to the plasma membrane. The cAMP/
PKA-mediated receptor trafficking allows the detection of the receptors by locally released
neurotransmitters, such as NPY or opioids, thereby explaining the variations in the response
to esophageal distension in fed vs. fasted rats and the electrophysiological observations
reported above.

Thus we hypothesize that the afferent information associated with the “basal” state of the GI
tract ultimately exerts a tonic inhibition of cAMP/PKA pathways in the DVC. Any changes
in the status of this basal condition (e.g., food in the gut, circulating chemicals released as a
consequence of feeding, elevated circulating cytokine levels, medications such as opiates)
would affect the activity of the cAMP/PKA pathways. Changes in cAMP levels could, in
turn, alter the efficacy of neurotransmitters to modulate inhibitory synaptic transmission
between the NTS and DMV. The end result would be that the tonically active, inhibitory,
GABAergic synapse is now “available” for a more efficient modulation by a variety of
neurotransmitters. Such a system of modulating background cAMP levels might help to
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explain the diverse gastric and electrophysiological responses that can be elicited by
esophageal distension or central application of NPY or opioids dependent on the state of
activation of the animal.
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Fig. 1.
Differential effects of thyrotropin-releasing hormone (TRH) in the nucleus of the solitary
tract (NTS). Plasticity in the NTS responses to TRH allows TRH to “command” large
changes to gastric functions unopposed by vago-vagal reflexes. DMV, dorsal motor nucleus
of the vagus. 1, TRH activates DMV cholinergic neurons; 2, activated cholinergic pathway
increases contractility and acid secretion; 3, increased contractility increases wall tension,
chyme contact with antral mechanoreceptors and duodenal chemo- and mechanosensors. No
modulation of NTS by TRH: TRH “command” to the DMV to increase gastric motility and
secretion is blocked by reflex action (4 = activated vagal afferents activate GABAergic NTS
neurons that inhibit DMV neurons, thus blocking the effects of TRH). Modulation of NTS
by TRH: TRH command to the DMV to produce large and sustained increases in gastric
motility and secretion (4 = the consequence of vagal afferent activation by TRH action on
the stomach is blocked by TRH action at the NTS. The TRH-mediated inhibition of the
reflex allows TRH to be far more effective).
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Fig. 2.
Schematic representation of an example of dorsal vagal complex (DVC) plasticity. TRH
modulation of gastric vago-vagal reflexes depends on its increase of the cAMP/PKA
pathway. Elevation of the cAMP intracellular levels uncovers the function of previously
silent inhibitory synapses. The activation of the cAMP/PKA pathway is probably a common
mechanism responsible for the plasticity of vago-vagal reflexes in a variety of different
circumstances. Ach, acetylcholine; Glu, glutamate; 1, TRH increases cAMP/PK activity; 2,
Local 5-HT circuit with partial tonic activity. Fully active when NTS transduction
mechanisms are modulated. An increase in cAMP levels permits the inhibitory 5-HT1A
receptors to operate by opening a potassium conductance resulting in inhibition of NTS
neurons; 3, TRH activates DMV neurons via closure of potassium conductances.
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Fig. 3.
Electrophysiological responses in NTS and DMV following esophageal distension. A:
representative trace from a subnucleus centralis (cNTS) neuron responding to repeated
esophageal distension (0.4 ml). The majority of cNTS neurons did not have resting basal
activity but, when stimulated by esophageal distension, responded with a robust increase in
firing rate that returned to baseline upon cessation of the stimulus. B: another group of cNTS
neurons had resting firing activity that increased following esophageal distension. Upon
relief, these cells were completely inhibited for few seconds before recovering to
prestimulus basal activity. C: representative trace from a DMV neuron responding to
esophageal distension (0.4 ml). Typically, neurons located in the most caudal and rostral
portions of the DMV responded to the stimulus with a delayed increase in firing rate. D:
conversely, neurons located in the intermediate portion of the DMV responded to
esophageal distension with a decrease in the spontaneous firing rate. Spike amplitudes are
distorted by the slow sampling rate. Reprinted from Ref. 26 with permission.
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Fig. 4.
Plasticity of the receptive relaxation reflex. Representative traces depicting the gastric
response to esophageal distension in a fed rat are shown. Note that, 2 h after a meal, a 60-s-
long esophageal distension induces an increase in gastric tone but no stomach relaxation.
Conversely, the esophageal-induced gastric relaxation increases and the gastric tone
decreases with time after meal ingestion. At 7 h after a meal, esophageal distension induces
gastric relaxation only.
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Fig. 5.
Schematic and oversimplified representation of brain stem vago-vagal circuits. Sensory
information from the gastrointestinal (GI) tract is carried to the brain stem by afferent vagal
fibers. The main neurotransmitter from the afferent vagus to the sub-nuclei of the NTS is
Glu. NTS neurons use, in the main, Glu or GABA as neurotransmitters to convey modulated
sensory information to the DMV. The mainly cholinergic DMV neurons transmit
parasympathetic motor innervation to the GI tract via 2 pathways: a cholinergic excitatory
pathway and a noncholinergic, nonadredergic (NANC) inhibitory pathway. Increased
activity in NTS neurons can cause either excitation or inhibition of the GI functions.
Excitation (i.e., increased motility and/or secretion) can be achieved via activation of the
cholinergic excitatory pathway or via inhibition of the NANC pathway. Conversely,
inhibition of GI functions can be obtained by withdrawal of cholinergic excitatory tone or by
activation of the inhibitory NANC pathway. The location and the unmasking capabilities of
receptors for neurotransmitters along this brain stem pathway would thus allow the same
neurotransmitter to have both excitatory and inhibitory effects.
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