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Abstract

The meticulous regulation of the gastrointestinal (Gl) tract is required for the coordination of gastric motility and emptying, intesti-
nal secretion, absorption, and transit as well as for the overarching management of food intake and energy homeostasis.
Disruption of Gl functions is associated with the development of severe Gl disorders and the alteration of food intake and caloric
balance. Functional Gl disorders as well as the dysregulation of energy balance and food intake are frequently associated with,
or result from, alterations in the central regulation of Gl control. The faithful and rapid transmission of information from the stom-
ach and upper Gl tract to second-order neurons of the nucleus of the tractus solitarius (NTS) relies on the delicate modulation of
excitatory glutamatergic transmission, as does the relay of integrated signals from the NTS to parasympathetic efferent neurons
of the dorsal motor nucleus of the vagus (DMV). Many studies have focused on understanding the physiological and pathophys-
iological modulation of these glutamatergic synapses, although their role in the control and regulation of Gl functions has lagged
behind that of cardiovascular and respiratory functions. The purpose of this review is to examine the current literature exploring

the role of glutamatergic transmission in the DVC in the regulation of Gl functions.

brainstem; gastrointestinal; glutamate

INTRODUCTION

Precise control of the stomach and gastrointestinal
(GI) system is critical for the maintenance of feeding
patterns and energy homeostasis [reviewed in Refs. (1,
2)]. Dysregulation of GI functions affects not only food
intake and caloric balance but is also associated with
several GI disorders, including gastro-esophageal reflux
disease (GERD), gastroparesis, functional dyspepsia, irri-
table bowel syndrome (IBS), and cyclical vomiting syn-
drome (CVS) [reviewed in Ref. (3)]. While the GI tract has a
significant degree of autonomy over motor functions
through the intrinsic enteric nervous system (reviewed in
Ref. (4), the stomach, esophagus, and upper GI tract are
under tonic extrinsic control from the central nervous sys-
tem (CNS). The brainstem dorsal vagal complex (DVC),
which comprises the dorsal motor nucleus of the vagus
(DMV), the nucleus of the tractus solitarius (NTS), and the
area postrema (AP), acts as a critical intersection between
ascending sensory signals from the viscera and descend-
ing visceromotor signals [see Refs. (5, 6), for reviews].

Sensory vagal afferent neurons, the cell bodies of which
lie in the nodose ganglion, relay ascending signals from the
thoracic and subdiaphragmatic viscera via the tractus soli-
tarius (TS) to the nucleus of the tractus solitarius (NTS). As a
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major integrating relay system, the NTS assimilates these
visceral sensory inputs with signals from other brainstem
nuclei and higher order nuclei involved in autonomic regu-
lation (7). With respect to GI-related vago-vagal reflexes, the
NTS integrates these ascending and descending inputs
and relays the resulting output signal via glutamatergic,
GABAergic, or catecholaminergic synapses to the neurons of
the DMV (8-10). The DMV contains the preganglionic para-
sympathetic motor neurons that relay the integrated signal
to peripheral targets via the efferent vagus nerve to regulate
a variety of visceral autonomic functions including the GI
tract (8, 11, 12), the pancreas (13, 14), and the liver (15, 16).
While DMV neurons are spontaneously active pacemaker
neurons whose intrinsic biophysical properties allow action
potential firing at a frequency of ~1 Hz (10), several studies
from this and other laboratories have demonstrated that
DMV neuronal excitability is modulated by both excitatory
and inhibitory synaptic inputs, particularly from the adja-
cent NTS (8-10). Inhibitory GABAergic neurons appear to be
the predominant regulator of vagal efferent neuron excitabil-
ity, at least with regard to GI-projecting neurons, whereas,
somewhat surprisingly, glutamatergic inputs do not appear
to play as important a role in regulating vagal output under
physiological conditions (10, 12). Indeed, DVC microinjection
of glutamatergic antagonists has no effect on gastric
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functions, unless GABAergic signaling has already been
blocked (11). The evolutionary persistence of glutamatergic
signaling within vagal neurocircuits suggests, however, this
is still an important means of physiological signaling despite
less attention being paid to its role in the physiological regu-
lation of gastrointestinal vagal efferent output. Several
recent studies have suggested a significant degree of gluta-
matergic plasticity occurs under pathophysiological condi-
tions as a potentially important mechanism by which
homeostasis can be maintained (17-20). It should be noted
that glutamatergic synapses have been implicated in the reg-
ulation of physiological pancreatic (21) and hepatic (15, 16)
functions, however, suggesting the possibility of target organ
specificity within the excitatory-inhibitory balance of vagal
neurocircuit pathways. The purpose of this review is to dis-
cuss the current literature exploring the role of glutamatergic
transmission in the DVC in the regulation of GI functions.

DVC GLUTAMATERGIC SIGNALING UNDER
PHYSIOLOGICAL CONDITIONS

Glutamatergic Transmission at the Vagal Afferent-NTS
Synapse

As sensory neurons responsible for the transmission of
signals from many autonomic systems, vagal afferent neu-
rons must rapidly and reliably transmit information to the
brainstem. Despite displaying distinct neurochemical phe-
notypes and containing an array of potential neurotrans-
mitters and neuromodulators (22), glutamate appears the
primary, if not sole, neurotransmitter used at the central ter-
minals of sensory vagal afferent neurons (23). Both the cell
bodies of vagal afferent neurons within the nodose and jugu-
lar ganglion as well as their central terminals that impinge
upon NTS neurons display dense immunoreactivity for ve-
sicular glutamate transporters (VGLUT1 and VGLUT2) con-
firming their glutamatergic phenotype (24, 25). Microdialysis
measurements within the NTS found that glutamate levels
increase significantly following electrical and mechanical
stimulation of vagal afferent fibers (26, 27). Furthermore, me-
chanical and chemical stimulation of the upper GI tract
increases NTS neuronal activity in a glutamate and non-
NMDA receptor-dependent manner (28). Electrophysio-
logical recordings from NTS neurons have shown that stimu-
lation of the TS induces monosynaptic excitatory events that
are blocked following the application of glutamatergic
antagonists (23, 29). Finally, immunohistochemical stud-
ies have identified ionotropic (AMPA, kainate, and NMDA)
and metabotropic (groups I, II, and III) glutamate recep-
tors (23, 30, 31) within the brainstem confirming the criti-
cal role of glutamatergic signaling in relaying visceral
sensory information from the periphery to the brain-
stem.

Significantly, glutamate is released from vagal afferent ter-
minals by at least three different mechanisms: synchronous,
asynchronous, and spontaneous. Synchronous release, in
which an action potential evokes the coordinated release of
glutamatergic vesicles, is important in ensuring the precise
fidelity and temporal patterning of transmission from vagal
afferent terminals. Asynchronous release, in contrast, occurs
when neurotransmitter release is less tightly coupled to
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action potential firing, and transmitter release is more pro-
longed and less coordinated [reviewed in Ref. (32)]. This
appears particularly important under conditions of repeti-
tive or higher frequency afferent signaling, when activation
of NMDA receptors is important to allow continued synaptic
throughput when AMPA receptors are desensitized (20).

Electrophysiological studies have shown, however, that
the principle means by which vagal sensory information is
relayed centrally is via spontaneous release of glutamate
from their central terminals (33). Thermosensitive transient
receptor potential (TRP) channels present on central afferent
terminals contribute to the “tone” of spontaneous glutamate
release and physiological temperatures drive TRPVi-de-
pendent glutamate release, particularly from cardiovascular
C-type (unmyelinated) afferents (33, 34). The heterogenous
distribution of GI afferents within the NTS has restricted
detailed characterization of their release properties, but
recordings from NTS subnucleus centralis neurons, which
receive inputs exclusively from subdiaphragmatic esopha-
geal afferents (35), suggests visceral afferents are nonuni-
form. GABAergic NTS subnucleus centralis neurons, for
example, receive glutamatergic inputs with a lower release
probability and lower maximal glutamate release (36), imply-
ing that afferent-NTS pathways may display activity and
functional specificity.

It is also clear, however, that glutamate release from the
central terminals of vagal afferents is regulated and modu-
lated by an array of neuropeptides and neurotransmitters,
such that synaptic transmission can be up- or downregulated
in response to ongoing physiological demands [reviewed in
Ref. (22)]. The ability of endocrine “feeding” peptides to
modulate vagal afferent transmission is of particular interest
in the control of vagally dependent GI functions, particularly
when considering the circumventricular nature of the brain-
stem DVC (37). Indeed, previous studies have shown that
NTS neurons are still activated following peripheral admin-
istration of cholecystokinin (CCK) in rats that previou-
sly underwent vagal deafferentation, implying direct central
actions of circulating peptides (38). The ability of neuroen-
docrine hormones and neuromodulatory transmitters, inc-
ulding CCK, ghrelin, glucagon-like peptide 1 (GLP-1), and
5-hydroxytryptamine (5-HT, serotonin), to modulate the excit-
ability and glutamate-releasing ability of central vagal afferent
terminals, has been described by several groups (38-43).

Of note, the “phenotype” of vagal afferent neurons swi-
tches from orexigenic to anorexigenic depending upon the
feeding status-dependent internalization/externalization of
neuropeptide receptors, with concomitant effects on the
responsiveness of neurons and afferents to feeding-related
peptides and hormones [reviewed in Ref. (44)]. It remains to
be determined whether the central terminals of these affer-
ents display a similar degree of phenotypic “switching,”
which may be reasonably expected to affect glutamate
release and the throughput of vagal afferent transmission.
The ability of glucose, for example, to modulate spontaneous
glutamate release from vagal afferent terminals in a 5-HT3-
receptor-dependent manner suggests that vagal activation of
NTS neurons may be finely attuned to ongoing physiological
conditions (43, 45, 46).

Similarly, recent studies have highlighted profound circa-
dian rhythmicity within peripheral vagal afferents (47), with
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the result being a decrease in sensitivity of mechanosensitive
gastric afferents during the dark period. This results in a
larger gastric distention (hence increased meal size) being
required to signal satiation compared to the light period,
when afferent sensitivity increases and food intake is
reduced. Although it remains to be determined whether a
similar circadian pattern underlies the “tone” of gluta-
mate release from their central terminals, given the iden-
tification of clock genes within the brainstem (48), it
appears likely that vagal afferent responses are also under
profound circadian control. Not only does this raise some
interesting questions regarding the potential for signifi-
cant periodicity within autonomic reflexes and the poten-
tial for differential sensitivity of vagal afferents to
neuromodulation but reinforces the critical need for rigor
and consistency in the planning and timing of experi-
ments involving the vagal brainstem.

Glutamate released from vagal afferent terminals acti-
vates principally non-NMDA (AMPA and kainate) recep-
tors on NTS neurons, which appears sufficient to mai-
ntain synaptic efficacy at low stimulation frequencies.
Electrophysiological studies suggest AMPA receptors are
activated at basal activity levels, but NMDA receptors are
recruited at higher (>5 Hz) afferent firing frequencies and
can contribute as much as 70% of the total charge trans-
ferred across the synapse (20). Such frequency-depend-
ent facilitation allows for a high fidelity of synaptic
transmission and the maintenance of action potential fir-
ing even at moderate-high stimulation frequencies (20).
NMDA receptors have, however, been shown to have a
role in the physiological regulation of caloric intake and
meal size. Fourth ventricular application of NMDA recep-
tor antagonists increases food intake following fasting
and abolishes the satiating effects of peripheral CCK
administration (49). Curiously, despite electrophysiologi-
cal studies demonstrating NMDA receptors are not acti-
vated under basal conditions (10, 19), fourth ventricular
application of NMDA receptor antagonists increases basal
food intake (49), suggesting that food intake per se may
be sufficient to increase afferent firing frequency enough
to require recruitment of NMDA receptors.

In addition to ionotropic receptors, multiple metabo-
tropic glutamate receptors (mGIuR) are present wit-
hin the brainstem and play diverse roles within the regu-
lation of brainstem glutamatergic transmission. Pres-
ynaptic groups II and III mGluRs decrease (50), whereas
presynaptic mGIluRI receptors increase, spontaneous glu-
tamate release (51), and attenuate the frequency-depend-
ent depression of afferent transmission (52). It should
be noted, however, that heterosynaptic crossover and
mGluR-mediated alterations in GABA release, as well a
subsequent effects on the activation of presynaptic inhib-
itory GABAg receptors, also appears important in this
regard. Indeed, the excitatory-inhibitory balance appears
shifted in favor of mGIuRI activation on GABAergic nerve
terminals, which increases the GABAg inhibition of gluta-
mate release (53). Thus, afferent glutamate release exerts
multiple coordinated effects on selective postsynaptic
NTS neurons, as well as presynaptic activation/inhibition
of mGIluR and GABAg receptors which, in turn, regulate
and modulate glutamate release.

G882

Glutamate in the NTS-DMV Synapse

Unlike glutamatergic signaling from vagal afferent fibers
to NTS neurons, which is critically important for physiologi-
cal signaling, the influence of glutamate release at the NTS-
DMV synapse may be dependent upon the efferent target
organ. With regard to the control of GI functions, for exam-
ple, glutamatergic transmission does not appear to have a
strong influence on vagal efferent activity (8, 12, 19). Studies
from several groups have demonstrated that the primary
synaptic input regulating the activity of GI-related DMV neu-
rons is inhibitory GABAergic signaling from the presynaptic
NTS (8-10, 12). Indeed, although DMV neurons express both
NMDA and non-NMDA receptors, synaptic NMDA receptors
are not active under physiological conditions (10, 19) and an-
tagonism of AMPA receptors has little effect on vagal effer-
ent control of gastric functions unless ionotropic GABA
receptors are also blocked (11). Inhibitory GABAergic inputs
to DMV neurons do, however, express group II and group III
metabotropic glutamate receptors, with group II receptors
being activated tonically by glutamate released from mono-
synaptic vagal afferent inputs (54). By consequence, this
GABAergic synapse, which is critical to the regulation of gas-
tric vagal efferent motoneuron activity, is unable to be
modulated by a variety of neurotransmitters and neuromo-
dulators until the influence of presynaptic mGluR activation
is overcome (7). Vagal afferent-release of glutamate could be
considered, therefore, to play a significant, albeit indirect,
role in modulating the excitatory-inhibitory balance of syn-
aptic inputs to DMV neurons. In contrast to their apparently
minor role in regulating gastric functions directly, glutama-
tergic synapses appear to play a more prominent role in the
regulation of vagal efferent control of pancreatic functions
(21), suggesting the potential for neurocircuit specificity
according to efferent pathway and target organ.

The concept of a synapse comprising simple pre- and post-
synaptic elements is clearly outdated, however, and a tri- or
even tetrapartite synapse encompassing astrocytes and/or
microglia, which modulate synaptic efficacy and responsive-
ness is a more integrated and holistic approach to brainstem
synaptic function. Originally described as merely passive,
support cells, astroglia have recently been shown to fulfill
many critical roles in the function of the CNS (55). Microglia
are the resident immune cells of the central nervous system
and astrocytes are responsible for maintaining the blood-
brain barrier, promoting neuronal survival, and the forma-
tion and maintenance of the synapse [reviewed in Ref. (55)].
In addition, astroglia have been shown to be intrinsically
involved in the regulation of synaptic transmission through
several different mechanisms including neurotransmitter
reuptake as well as the release of essential cofactors required
for the activation of ionotropic glutamate receptors such as
D-serine and glycine that subsequently modulate the proba-
bility of receptor activation and total glutamatergic drive to
postsynaptic neurons (56-58). It is important to note that
while the role of gliotransmission under normal, physiologi-
cal conditions is still open to debate (59), astroglia can never-
theless modulate synaptic transmission and neuronal acti-
vity through the regulation of the extracellular ionic envir-
onment and neurotransmitter reuptake and turnover [see
Ref. (60)].
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The role of astrocytes in the regulation of vagal neurocir-
cuitry within the brainstem has been the subject of renewed
attention (61). Indeed, blockade of NTS astrocytic glutamate
transporters increases neuronal action potential firing and
spontaneous excitatory synaptic currents but decreases
evoked synaptic currents, possibly due to loss of presynaptic
glutamate uptake/recycling (62). A critical role for astrocytes
in the regulation of vagal afferent-NTS synaptic activity is
further suggested by studies demonstrating that the saporin-
mediated loss of NTS astrocytes decreased baroreflex, che-
moreflex, and cardiorespiratory reflex responsiveness and
decreased the response to glutamate agonists even in the ab-
sence of changes to NMDA or AMPA receptor density (63).
Brainstem astrocytes have also been implicated in feeding-
related neurocircuits, including important roles in glucore-
gulation, particularly in response to hypoglycemia (64), food
intake (41), and the regulation of gastric motility (65), sug-
gesting a widespread role in the regulation of GI and auto-
nomic reflexes.

MODULATION OF GLUTAMATERGIC
SIGNALING IN PATHOPHYSIOLOGICAL
CONDITIONS

While the role of brainstem glutamatergic transmission in
the regulation of basal physiological GI conditions has still to
be defined completely, derangement of glutamatergic neuro-
transmission is observed rapidly in pathophysiological states
(17, 19, 66, 67), suggesting a critical role for glutamate neuro-
plasticity in the regulation of visceral reflexes under patho-
physiological conditions.

Hyperglycemia and Diabetes

Glucose modulates vagal neurocircuitry at multiple pe-
ripheral and central sites (68) to coordinate a range of GI
responses (69, 70). While glucose levels within the brain pa-
renchyma are undoubtedly lower than that of circulating
plasma and are likely to have a much narrower concentra-
tion range, CSF glucose levels are approximately two-thirds
that of blood concentrations (71) and vary over a wider
dynamic range (72). The circumventricular nature of the
DVC implies that brainstem afferent terminals and neurons
may be exposed to higher glucose levels than many other
central neurons and glycemic levels have been shown to
modulate glutamatergic signaling from central afferent ter-
minals in a very dynamic manner, with glutamate release
being modulated in an almost linear fashion across a wide
range of glucose levels (43).

As demonstrated for nodose ganglion neurons, glucose
also alters 5-HTj; receptor levels on the central terminals of
vagal afferents, externalizing receptors as glucose levels
increase (43). The DVC receives a dense serotonergic inner-
vation from dorsal raphe neurons (73), and 5-HT; receptors
appear tonically active in vitro (40, 43), suggesting that
spontaneous glutamate release is regulated dynamically by
circulating glycemic levels (17, 67, 69, 74). It is also clear that
brainstem glutamatergic neurocircuits undergo a significant
degree of neuroplasticity in response to more prolonged
alterations in glucose levels; in a streptozotocin-induced
mouse model of diabetes, for example, glutamatergic
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transmission to DMV neurons is increased significantly
while glutamate-dependent heterosynaptic facilitation of
GABAergic neurotransmission is also upregulated (66, 67).
Thus, the excitatory-inhibitory balance of synaptic inputs to
DMV neurons may be altered dramatically by glycemic lev-
els, although it remains to be determined whether the neu-
rons involved in specific vagal efferent functions are affected
predominately in one direction or the other, whether such
modulation occurs in an attempt to maintain or restore ho-
meostasis, or whether it contributes materially to exacer-
bated dysfunction.

Circulating insulin levels also affect the excitability of
DVC neurocircuits, further illustrating the close relationship
between glycemic regulation and central vagal signaling.
Insulin decreases glutamatergic signaling to DMV neurons
in a PI3K and Karp channel-dependent manner (18), effects
that would be expected to decrease vagal efferent excitabil-
ity, hence gastric motility and tone. Dysregulated response
to insulin as a result of diabetes, therefore, may exert pro-
found effects on gastric functions, including food intake,
and may exacerbate energy dysregulation and the develop-
ment of obesity.

Diet-Induced Obesity

High-fat diet (HFD) exposure and diet-induced obesity
(DIO) have been linked to the dysregulation of vagal neu-
rocircuits (75-78). Certainly, a large body of evidence
supports the decreased excitability and responsiveness
of vagal afferent neurons in response to prolonged HFD
exposure, which is also likely to contribute to disrupted
glutamatergic signaling at the vagal afferent-NTS syn-
apse and the consequent dysregulation of vagal moto-
neuron excitability (75). Of note, the tonic activation of
presynaptic group II mGluR on inhibitory GABAergic
NTS-DMV synapses was also reduced in DIO, suggestive
of a decrease in tonic vagal afferent activity. Together
with the findings that prolonged HFD exposure attenu-
ated the ability of circulating GI neurohormones such as
CCK to increase glutamate release at the NTS-DMV syn-
apse, it appears that diet-induced alterations in central
glutamatergic signaling may dramatically alter the exci-
tatory-inhibitory balance centrally, with consequent
effects on vagal motoneuron activity and vagal efferent
output (79).

Recent studies from our laboratory (19) have examined the
changes within DVC neurocircuits during an acute (3-5
days) period of HFD exposure, a time period of particular in-
terest because of its association with the restoration of ca-
loric intake that follows a brief, 24 h, period of hyperphagia.
This period of caloric regulation is maintained for 12-14 days
before energy intake is disrupted, food intake is increased,
and the development of obesity is exacerbated (80). We have
shown the restoration of caloric balance is associated with
an increase in glutamatergic signaling to DMV motoneurons
(19). Specifically, acute HFD exposure induces the activation
of synaptic NMDA receptors, in addition to AMPA receptors,
on DMV neurons, increasing vagal motoneuron excitability,
efferent control of gastric motility and tone, and contribut-
ing to the regulation of food intake and energy balance.
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Inflammation

Within the brainstem, astroglia appear to be critical to the
control of glutamatergic signaling in physiological, as well as
pathophysiological, states (81). Central neuroinflammation
is characterized by the activation of local astrocytes and
microglia, which is associated with altered astroglial mor-
phology and neurochemical phenotype (82). Astroglia within
vagal neurocircuits appear particularly sensitive to dietary
modulation; as little as 12-24 h of HFD exposure increases
mRNA levels of inflammatory markers within the nodose
ganglion, altering the membrane properties and excitability
of visceral afferent neurons through altered ion channel
function (83), which may be reasonably expected to alter glu-
tamatergic transmission central from vagal afferent termi-
nals independent of any potential alterations centrally.
Activation of central astroglia has been observed as soon as
3-5 days following HFD exposure, however (84). Notably,
the timescale of this astroglial activation is similar to the
temporal pattern of NMDA receptor activation on DMV

—— >

neurons and associated with the restoration of caloric bal-
ance (19), suggesting a possible mechanistic role for astro-
glial activation in this particular form of glutamatergic
neuroplasticity. Recent studies have also indicated that
astrocytes undergo significant morphological changes fol-
lowing dark-phase HFD feedings and that chemogenetic
activation of brainstem astrocytes modifies feeding behav-
iors and caloric intake (61), although the mechanism of
action remains to be investigated.

More prolonged pathophysiological changes are also asso-
ciated with changes in brainstem astroglial activity, which
may subsequently impact vagal efferent control of GI func-
tions. Indeed, astrocyte inflammatory signaling pathways,
specifically both the inhibitor of « B kinase B (IKKp) and nu-
clear factor « B (NF«xB), are required for the development of
diet-induced hyperphagia and DIO susceptibility (85). DIO is
also associated with leptin resistance in astrocytes, suggest-
ing a critical role for astrocytes in the faithful transmis-
sion of neuroendocrine signaling within the DVC (86).
Interestingly, hypothalamic inflammation appears to decline
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Figure 1. Schematic diagram summarizing glutamate transmission within central vagal brainstem neurocircuits regulating Gl functions. Vagal afferent sig-
nals are relayed centrally via the afferent (sensory) vagus and enter the brainstem via the tractus solitarius, releasing glutamate (Glu) to activate neurons
of the nucleus of the tractus solitarius (NTS; upper right). Glutamate released from vagal afferents activates postsynaptic NTS ionotropic glutamate
receptors (AMPA and, at higher frequencies of stimulation, NMDA receptors) as well as metabotropic glutamate receptors (mGIuR). Glutamate release
from vagal afferent terminals is modulated by a variety of presynaptic receptors including 5-HT3, TRPV1, and mGIuR. Synaptic glutamate levels are regu-
lated by glutamate transporters (GAT) present on astrocytes and presynaptic afferent terminals. NTS neurons integrate vagal afferent inputs with those
from brainstem, midbrain, and higher CNS centers involved in autonomic homeostasis and transmit the integrated signal to the adjacent dorsal motor
nucleus of the vagus (DMV) using norepinephrine, GABA, and glutamate as neurotransmitters. Glutamate released from NTS neurons activates postsy-
naptic DMV ionotropic glutamate receptors (AMPA and, following acute high fat diet exposure, NMDA receptors) as well as postsynaptic mGIuR.
Glutamate release from NTS terminals is modulated by a variety of presynaptic receptors including mGIuR, insulin, and GABA, receptors, in addition to
other metabotropic and ionotropic receptors not listed. Astrocytes play a significant role in regulating synaptic glutamate levels via GAT, as well as via
release of gliotransmitters following insult or injury such as inflammation and obesity. Ach, acetylcholine; NANC, non-adrenergic, non-cholinergic; P2X,

ATP-gated P2X receptor.
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progressively following Roux-en-Y gastric bypass surgery
(87), again implicating central inflammation with the disrup-
tion of energy balance.

Rodent models of neurodegeneration, including the well-
recognized model of parkinsonism, in which 6-hydroxydo-
pamine (60HDA) microinjection into the striatum induces
degeneration of catecholaminergic neurons, are associated
with the long-term activation of brainstem astrocytes (88).
The recently described monosynaptic connection between
the substantia nigra pars compacta and the DVC (89) cer-
tainly provides a physiological and anatomical basis for the
alterations in GI functions observed in Parkinson’s disease
(6). While recent studies have suggested these changes may
be due, at least in part, to altered dopaminergic signaling
within the DVC, the potential involvement of altered astro-
glial regulation of brainstem synaptic excitatory efficacy
cannot be discounted. In fact, many neurological disorders
are associated with disrupted GI functions and brainstem
astroglial activation, including Alzheimer’s disease (90) and
autism spectrum disorder (91), suggesting this may be a com-
mon mechanism by which autonomic reflexes in general,
and GI functions in particular, are dysregulated.

CONCLUSIONS

The precise regulation of glutamatergic signaling within the
DVC is critical for the regulation and coordination GI and met-
abolic functions. The faithful and rapid transmission of infor-
mation from sensory afferent vagal neurons to second-order
neurons of the NTS and vagal efferent motoneurons of the
DMV requires precise control over glutamatergic synapses that
are susceptible to fine-tuning from a wide range of signaling
factors (Fig. 1). While this rapid modulation of glutamatergic
signaling is an adaptive responsive for the reliable transmission
of information, a variety of pathological states result in persis-
tent changes in synaptic efficacy. Such alterations in glutama-
tergic signaling may have many negative outcomes, including
altered vagal motoneuron excitability and a subsequent disrup-
tion to parasympathetic control of several GI functions, includ-
ing gastric motility, tone, and emptying, as well as intestinal
motility and transit. Given the increasing recognition of the im-
portance of DVC glutamatergic transmission in the regulation
of visceral functions, understanding neuroplasticity within
these synapses may uncover the mechanistic basis for GI dys-
function in a variety of pathophysiological states.
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