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Hindbrain Glucoprivation Effects on Gastric Vagal Reflex
Circuits and Gastric Motility in the Rat Are Suppressed by
the Astrocyte Inhibitor Fluorocitrate

X Gerlinda E. Hermann, Edouard Viard, and Richard C. Rogers
Laboratory for Autonomic Neuroscience, Pennington Biomedical Research Center, Baton Rouge, Louisiana 70808

Fasting and hypoglycemia elicit powerful gastrointestinal contractions. Whereas the relationship between utilizable nutrient and gastric
motility is well recognized, the explanation of this phenomenon has remained incomplete. A relatively recent controversial report
suggested that astrocytes in the dorsal hindbrain may be the principal detectors of glucoprivic stimuli. Our own studies also show that a
subset of astrocytes in the solitary nucleus (NST) is activated by low glucose. It is very likely that information about glucopenia may
directly impact gastric control because the hindbrain is also the location of the vago-vagal reflex circuitry regulating gastric motility. Our
in vivo single unit neurophysiological recordings in intact rats show fourth ventricular application of 2-deoxyglucose (2-DG) inhibits NST
neurons and activates dorsal motor nucleus (DMN) neurons involved in the gastric accommodation reflex. Additionally, as shown in
earlier studies, either systemic insulin or central 2-DG causes an increase in gastric motility. These effects on motility were blocked by
fourth ventricle pretreatment with the astrocyte inactivator fluorocitrate. Fluorocitrate administered alone has no effect on gastric-NST
or -DMN neuron responsiveness, or on gastric motility. These results suggest that glucoprivation-induced increases in gastric motility are
dependent on intact hindbrain astrocytes.
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Introduction
Nutrient levels, feeding behavior, and gastric motility have been
linked in a correlational sense for �100 years. The relationship
was heralded by William Beaumont’s (1833)observation of the
digestive processes of Alexis St. Martin. Next, Pavlov (1910) ob-
served that increases in gastric motility and secretion were related
to periods of food deprivation as well as the anticipation of eating.
This led to Pavlov’s (1910) proposal of a “cephalic phase” of
digestion whereby stimuli, both internal (e.g., glucoprivation)
and external (e.g., cues related to the expectation of feeding),
were integrated by the brain to augment digestion in advance of
feeding. Cannon and Washburn (1912) connected food depriva-
tion and the sensation of gastric contractions with the urge to eat.
Classic studies from the 1920s through the 1990s (Bulatao and
Carlson, 1924; Richter, 1941; Novin et al., 1973; Cato et al., 1990)
established that glucoprivation is a strong signal for the initiation
of feeding and perhaps the strongest known stimulant of gastric
motility.

The nucleus of the solitary tract (NST) is the most likely site
for the convergence of glucodetection and the regulation of gas-
tric motility. Several reports provide evidence for the NST as a
gluco-sensory structure that maintains the connections necessary
for regulating nutrient homeostasis and digestion (Mizuno and
Oomura, 1984; Adachi et al., 1995; Yettefti et al., 1995; Dallaporta
et al., 1999, 2000; Rogers and Hermann, 2012). Additionally, the
NST is the recipient of substantial vagal afferent projections from
the gut. The NST integrates this vagal input and controls gastric
motility and secretion via short axon projections to the subjacent
dorsal motor nucleus of the vagus (DMN; Fig. 1).

Until recently, there would have been nearly unanimous
agreement that the cells responsible for sensing, signaling, and
transmitting data concerning glucose availability are neurons.
However, a provocative paper by Marty et al. (2005) has thrown
the primacy of central hypoglycemia detection into question in
favor of the astrocyte. Specifically, transgenic mice with the type
II glucose transporter (GLUT2) knocked out (KO) demonstrated
an inability to respond to a hypoglycemic challenge by activating
glucose counter-regulatory pathways. GLUT2 is a critical compo-
nent of both the pancreatic � cell and some neuronal glucodetection
mechanisms (Marty et al., 2007). The selective re-expression of
GLUT2 in astrocytes, but not neurons, rescued the normal hypogly-
cemia defense mechanism in these global GLUT2-KO mice (Marty
et al., 2005), thus suggesting that astrocytes form an obligatory com-
ponent of CNS glucodetection mechanisms.

To address this question, we applied the techniques of single-
unit extracellular recordings from identified gastric vago-vagal
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reflex control neurons in the hindbrain and strain gauge record-
ings of gastric motility in the intact anesthetized rat. Our results
suggest that intact astrocyte function in the dorsal hindbrain is
essential to the development of the hypermotility evoked by cen-
tral cytoglucopenia.

Materials and Methods
All experimental procedures were conducted under the approval of the
Pennington Biomedical Research Center’s Institutional Animal Care and
Use Committee and were performed according to the guidelines set forth
by the National Institutes of Health. Long–Evans rats of either sex (body
weight between 300 and 500 g) obtained from the Pennington Biomed-
ical Research breeding colony were used in these studies. Animals were
housed in a temperature-controlled room under 12 h light/dark cycle
and provided water and food ad libitum.

In vivo single unit extracellular recordings from identified gastric-
NST and -DMN neurons
Surgical preparation. Methods for recording from identified gastric-NST
and -DMN vago-vagal reflex neurons were previously described in detail
(Rogers and McCann, 1989; McCann and Rogers, 1990, 1992; Viard et
al., 2012). Animals were not food deprived before the experiment; how-
ever, to facilitate the insertion of the gastric stimulating balloon in the rat
(described later in this section), these animals were maintained on a
nutritionally complete liquid diet of Ensure (Abbott Laboratories) for a
minimum of 24 h before the experiment. This liquid diet was so readily
accepted by most rats, we frequently needed to refill the bottles a second
time during the day to insure that no animal was food deprived before
5:00 P.M. Rats (N � 91) were deeply anesthetized with thiobutabarbital
(Inactin, Sigma-Aldrich; 150 mg/kg, i.p.). This long-term anesthesia is
preferred due to its minimal interference with autonomic reflexes
(Buelke-Sam et al., 1978). Using aseptic technique, a cannula was secured
in the trachea to insure a clear airway. A laparotomy was done to expose
the stomach and the proximal part of the duodenum. A small incision in

the proximal duodenum was made to remove gastric contents via lavage
through the pylorus. Once the stomach was empty, a small gastric bal-
loon was inserted through the duodenal incision, past the pylorus, and
into the antrum. The gastric balloon was constructed from the small
finger of a surgical glove and attached to a piece of silastic tubing (0.065
inch outer diameter) which was exteriorized through the duodenal inci-
sion and secured via purse-string ligature. The abdominal muscle wall
and skin were closed with the tubing from the balloon exiting via the
incision. The tubing was connected to a pressure transducer (Isotec,
Harvard Instruments) to monitor gastric pressure. Instrumented rats
were secured in a stereotaxic frame. A midline incision was made in the
scalp and the cervical musculature was retracted. The foramen magnum
was opened; removal of the dura and arachnoid membranes exposed the
caudal portion of the floor of the fourth ventricle.

Extracellular electrophysiological recordings. A single glass micropipette
(tip diameter � 1 �m), filled with 2 M NaCl plus 1% pontamine sky blue
for iontophoretic marking of recording sites, was used in the identifica-
tion and recording of activity of gastric-NST or -DMN neurons, as de-
scribed previously (McCann et al., 1992; Viard et al., 2012). Extracellular
signals from the micropipette were amplified (5000�; WPI DAM 50
Differential Amplifier) and bandpass filtered (300 –3000 Hz; Warner In-
struments LPF 202A) before being displayed on an oscilloscope and
stored for later analysis on an AM Systems LabChart 7 PC-based wave-
form analysis system (AD Instruments).

Gastric-DMN neurons typically exhibit a characteristic, spontaneous,
pacemaker activity; tonic basal DMN firing rate (FR) of �2–3 spikes/s.
Moderate distension (0.1–1.0 ml) of the stomach via the antral balloon
causes a sharp and stimulus-dependent reduction in spontaneous
DMN-FR that is time-locked to the period of antral balloon distension
(McCann and Rogers, 1990, 1992, 1994; Viard et al., 2012).

The gastric-NST neurons located just dorsal to the DMN were identi-
fied by their transition from quiescence to activation during a 10 s antral
balloon distension of 1 ml. This 1 ml stimulus challenge was chosen as it
produces a response midway between resting activity and maximal acti-
vation firing rates (for the NST) or inhibition (for the DMN; McCann
and Rogers, 1990, 1992, 1994; Viard et al., 2012). Examples of gastric-
NST or -DMN responses to gastric distension are shown in Figure 2.

Experimental design: single-unit extracellular recordings from gastric-
DMN and -NST neurons. Once the instrumented animal was placed in
the stereotaxic frame and all surgical preparations for neurophysiological
recordings of neurons in the hindbrain were complete, the recording
micropipette was directed toward either the NST or DMN nuclei via an
hydraulic microdrive (�300 �m anterior and lateral to calamus; �200 –
600 �m below brainstem surface). All animals were monitored for nor-
mal gastric-NST or -DMN responses to 1.0 ml antral distension. Animals
were randomly assigned to one of five experimental groups: (1) 2-deoxy-
D-glucose (2DG; Sigma-Aldrich) alone (3 mg in 10 �l � 18 �mol; Gran-
neman and Friedman, 1983). Application of 2DG (competitive blocker
of glucose utilization) to the floor of the 4V was used to mimic a hypo-
glycemic condition by interfering with hindbrain intracellular glucose
availability (Ritter et al., 1978, 1998). (2) Fluorocitrate (FC; Sigma-
Aldrich) alone (1 or 5 nmole in 5 �l; as per Hassel et al., 1992; Swanson
and Graham, 1994; Martín et al., 2007; Erlichman and Leiter, 2010)
intraventricular or intrathecal injection studies). Astrocyte function and sig-
naling was interrupted by the use of FC, a reversible metabolic inhibitor that
selectively affects glia (Hassel et al., 1992; Erlichman et al., 1998; Erlichman
and Leiter, 2010). (3) FC (1 or 5 nmole) followed by 2DG to determine
whether neuronal responses are influenced by astrocytic activity.

In each case, the experimental agent was applied to the floor of the
fourth ventricle (4V) using a Hamilton syringe. Sixty minutes later,
gastric-NST or -DMN neurons were again identified according to their
responses to the 1.0 ml antral distension; 10 s duration. (In the case of the
FC�2DG combination, the FC was applied 4V first. Thirty minutes later,
the 2DG was applied 4V and the usual 60 min exposure preceded neuro-
physiological recordings).

At the end of the neurophysiological recording session, the location of
the last recorded gastric neuron (either NST or DMN) could be marked
by applying 2 uA positive direct current for 1 min to the pontamine-filled
recording micropipette using a stimulus isolation unit (WPI). Locations

Figure 1. Schematic diagram of primary components involved in gastric accommodation
reflex responsible for controlling gastric tone and motility (adapted from Rogers and Hermann,
2012). Vagal afferent sensors are activated when the antrum is distended with a small balloon.
Vagal afferents release glutamate onto second-order NST neurons. In turn, NST neurons inhibit
tonically active gastric vagal motor neurons that control tone and motility. The central hypoth-
esis of these studies is that glucose-sensitive astrocytes in the NST can modulate gastric vago-
vagal control in response to cytoglucopenia. Given the high density of astrocytes in the NST
versus the DMN (Hermann et al., 2009), it is highly likely that low glucose challenges are trans-
duced by glia in the NST. Still, we cannot rule out the possibility of direct astrocyte-DMN
communications.
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of the recording sites were then validated his-
tologically as previously described (Viard et al.,
2012).

Data analysis. Recordings were made from
both gastric-NST and -DMN neurons, which
form the afferent and efferent portion of the
gastric-accommodation reflex (GAR), respec-
tively. Vagal afferent activation of the normally
quiescent NST neurons provokes a reflex sup-
pression of tonic DMN activity (McCann and
Rogers, 1992; Rogers and Hermann, 2012; Vi-
ard et al., 2012). Basal FR was defined as the
number of action potential spikes occurring
during the 10 s interval immediately before
evoking GAR response (i.e., 1 ml gastric disten-
sion held for 10 s). The number of action po-
tentials that occurred during the 10 s gastric
stimulation (GAR) was compared with the pre-
ceding basal FR. Modulation of normal gastric-
NST or -DMN responses to consistent
stimulation (i.e., 1 ml antral distension) during
glucoprivation was evaluated in the presence of
2DG. Contribution of astrocyte activity to neu-
ronal activity during glucoprivation was evalu-
ated in the presence of 2DG preceded by FC.
The effect of astrocyte input on NST or DMN
activity, in general, was also evaluated in the
presence of FC alone (Fig. 3).

Statistical comparisons of either basal FR or
evoked GAR responses were made across all
experimental groups of NST (or DMN) neu-
rons by using overall one-way ANOVA. Dun-
nett’s post hoc test of differences between
individual groups and the control condition
were conducted. P � 0.05 was considered sta-
tistically significant.

Gastric motility: effects of glucoprivic
stimuli in the hindbrain
Surgical preparations. Rats were prepared for gastric strain gauge re-
cording of motility patterns as previously described in detail (Rogers
and Hermann, 1987; Hermann and Rogers, 1995; Chen et al., 1997;
Hermann et al., 2002, 2006). Briefly, rats (N � 35) that had not been
food deprived were anesthetized with thiobutabarbital, as described
in Surgical preparation, above. A tracheal cannula was placed to
maintain a clear airway. After a midline laparotomy, the gastric an-
trum was exposed and a miniature strain gauge (RB Products) was
sutured to the exterior of the antrum. Strain gauge leads were exteri-
orized through the laparotomy incision and the abdomen sutured
closed, in layers. Rats were then placed in a stereotaxic frame and the
floor of the 4V was exposed, as described in Extracellular recording,
above.

Before surgical placement of the strain gauge in the animal, strain
gauge outputs were calibrated in units of grams by suspending weights
from the gauges. In this way, we could label the y-axis of the sample
motility plots in convenient units of mass. Strain gauge leads were con-
nected to a Wheatstone bridge amplifier whose output was analyzed by a
PC-driven AD Instruments Powerlab 8/30.

Experimental design. Two studies were performed to evaluate the rela-
tionship between intact hindbrain astrocyte functioning and increases in
gastric motility triggered by glucoprivic or low glucose stimuli. Both
studies used the same surgical and animal preparations and instrumen-
tation. Gastric motility and tone were monitored continuously. In the
first set of experiments, all stimuli where administered directly onto the
floor of the 4V. Animals were randomly assigned to one of four groups:
(1) Control � Saline, 10 �l; (2) Glucoprivic condition � 2DG, 3 mg in 10
�l; (3) Astrocytic metabolic blocker � FC, either 1 or 5 nmole in 10 �l; or
(4) FC followed by 2DG � FC � 2DG, in this case, FC preceded the 4V
application of 2DG by 60 min.

In the second study, either saline or FC was applied to the 4V as
described above. One hour after the 4V pretreatment, insulin (10 units/
kg, s.c.) was administered systemically. As above, gastric tone and motil-
ity were monitored continuously.

To verify that vago-vagal innervation of the stomach had not been
disrupted during the surgical instrumentation session or as a conse-
quence of exposure to FC, thyrotropin releasing hormone (TRH;
0.2 nmole in 2 �l) was applied 4V at the end of the experiment. TRH
causes a vagally mediated increase in gastric motility via direct action on
neurons in the NST and DMN (Rogers and Hermann, 1987; McCann et
al., 1988; Rogers and McCann, 1989;Taché et al., 1990). Thus, if FC
causes any generalized effects to damage or disrupt hindbrain neuronal
circuits regulating motility, then we would expect FC pretreatment to
also cause a significant disruption in TRH-induced increases in motility
relative to the saline pretreated control group.

Data analysis. Gastric activity was quantified across 10 min epochs
by motility indexing (MI) according to a formulation put forward by
Ormsbee and Bass (1976). Contraction data are graded according to
the relationship:

MI � nA�1–2	 � 2�nA2–4	 � 4�nA4–8	 � 8�nA � 8	,

where MI is the final index per unit of time selected (e.g., 10 min);
nA(1–2) is the number of contractions in the amplitude range from
just-detectable to twice just-detectable. nA(2– 4) is the number of con-
tractions 2– 4 times just detectable, etc. In these experiments, the 10 min
MI for the period immediately before either 4V or SC drug injection
served as baseline activity; motility indices were also calculated at 30, 60,
and 120 min after the treatment for comparison.

The size of the MI between preparations can be influenced by numer-
ous factors, such as the specific location of attachment of the gastric
strain gauge, the tension across the points of attachment, the amount of

Figure 2. Effects of 4V 2DG glucoprivation and FC on single identified gastric reflex control neurons in the hindbrain. Left panels,
Single-unit NST neuron responses to gastric balloon distension (1 ml). Note that 2DG reduces the excitation of the NST neuron
responding to vagal afferent distension information. Although the astrocytic metabolic blocker (FC) alone has no effect on NST
neuron responsiveness, FC blunts the 2DG effect. Right panels, These DMN neurons are reflexly inhibited by NST neurons as can be
readily observed from their response to the same gastric distension signal. 2DG greatly accelerates basal DMN firing and obstructs
the firing rate inhibition normally caused by gastric distension. Again, FC has no effect of and by itself on DMN firing; however, the
2DG effect on DMN responsiveness is blocked by FC. A, Control; B, 4V 2DG alone; C, 4V FC � 2DG; D, 4V FC alone. Insets in A (in both
left and right panels), Multiple extracellular action potentials of the neuron being monitored are superimposed on an expanded
time scale to show the unitary nature of the recordings. Compression of the spike train records for the purpose of evaluating 10 s
intervals causes an apparent distortion of spike shape and amplitude. All spike train records analyzed for this study were confirmed
to be from single units.
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residual food, etc.; therefore, each animal served as its own control. That
is, the MI under basal conditions was considered “100%” for each indi-
vidual animal; any changes in MI were reflected against this 100% back-
ground. Examples of raw gastric motility are shown in Figure 4;
quantitated motility indices across the four time periods are shown in
Figure 5. One-way ANOVA was done on the 60 min MI across the ex-
perimental groups. Dunnett’s post hoc test of differences between indi-
vidual groups and the control condition were conducted. P � 0.05 was
considered statistically significant.

Results
In vivo single-unit extracellular recordings from identified
gastric neurons
NST recording studies
A total of 136 gastric-NST neurons were identified by antral bal-
loon distension. NST neurons involved in the GAR are typically
quiescent, producing �2 spikes every 10 s (Fig. 2; McCann and
Rogers, 1992; Viard et al., 2012). These basal firing rates of
gastric-NST neurons were not changed relative to control under
any of the conditions tested (p � 0.05).

Under control conditions, antral distension (1 ml) evoked an
increased firing rate for GAR-NST neurons averaging 10.4 
 1.4
spikes/10 s (average 
 SEM; Fig. 3). 2DG pretreatment caused a
substantial reduction in reflex-induced spike production (1.8 

0.4 spikes/10 s). Neither 1 nmole nor 5 nmole FC treatment,
alone, had any effects on either the basal NST firing rate or the
GAR-induced firing rate compared with control condition

(13.7 
 2.0 and 10.1 
 1.8, respectively). However, 4V pretreat-
ment with either dose of FC blocked the effect of 2DG to reduce
NST-reflex responsiveness (12.3 
 2.8 and 9.1 
 1.6, respec-
tively), such that the NST response to gastric distension was not
different from control conditions [Fig. 3; ANOVA of GAR-NST
firing rate in response to 1 ml antral distension F(5,130) � 6.409,
p � 0.0001; Dunnett’s post-test *p � 0.05; Note that, statistical
analyses were performed on the male only data (N � 75), as well
as the male plus female data (N � 91), no significant differences
were observed between those datasets (data not shown). There-
fore, all reported statistical analyses included data from both
males and females].

DMN recording studies
Gastric-DMN neurons (N � 178) were identified by antral bal-
loon distension. As previously reported (McCann and Rogers,
1992; Viard et al., 2012), these neurons characteristically main-
tain a steady basal firing rate that is markedly inhibited in
response to gastric distension. Under control conditions, gastric-
DMN neurons presented an average basal firing rate of 23.7 
 2.2
spikes/10 s (Fig. 3). After pretreatment with 4V 2DG, basal firing
of gastric-DMN neurons increased significantly to 43.6 
 5.7
spikes/10 s (F(5,172) � 5.408, p � 0.0001; Dunnett’s post-test #
p � 0.05). Pretreatment with FC, alone (either 1 or 5 nmole
dose), had no effect on basal DMN firing (21.7 
 2.9 and 23.2 

3.0 spikes/10 s, respectively). However, pretreatment with FC

Figure 3. Averaged (mean 
 SEM) basal and evoked firing rates of identified gastric-NST and -DMN neurons responding to 1 ml balloon distension of the antrum (GAR). Top row, Normally
quiescent gastric-NST neurons are readily activated by 1 ml balloon distension of the antrum (McCann et al., 1992; Rogers et al., 2013). This response is not significantly altered by 4V pretreatment
with the glial metabolic blocker, FC alone, at either dose level. In contrast, 4V 2DG substantially reduces NST responsiveness to the same stimulus. 4V FC pretreatment eliminates the inhibitory effect
of 2DG on NST responsiveness to antral distension (N � 136; Dunnett’s post hoc, *p � 0.05). Bottom row, Activity of gastric-DMN neurons is essentially the mirror image of the NST with antral
distension causing a reduction in spontaneous DMN firing. As seen with the gastric-NST, FC alone does not affect this relationship. However, 4V 2DG causes a substantial increase in basal DMN activity.
Although antral distension still causes a proportional reduction in DMN firing rate, the evoked response to the distension-GAR by the DMN neurons is significantly elevated. Pretreatment with 4V FC
eliminates these 2DG effects (N � 178; Dunnett’s post hoc; *p � 0.05, firing rate during GAR; #p � 0.05, basal firing rate).

Hermann et al. • Astrocytes, Hypoglycemia, and Gastric Motility J. Neurosci., August 6, 2014 • 34(32):10488 –10496 • 10491



(either 1 or 5 nmole) blocked the 2DG
effect to increase the basal firing rate of
gastric-DMN neurons firing (25.0 
 2.7
and 20.4 
 2.2 spikes/10 s, respectively).

Antral distension reduced the firing
rate of these identified gastric-DMN neu-
rons. Under control conditions, 1 ml dis-
tension suppressed the basal firing rate to
11.4 
 1.3 spikes/10 s (Fig. 3B). Pretreat-
ment with 4V 2DG yielded a significantly
different reflex-induced firing rate of
22.0 
 5.1 spikes/10 s (F(5,172) � 4.025,
p � 0.0018; Dunnet’s post-test *p � 0.05).
Whereas pretreatment with either 1 or 5
nmole FC alone had no effect on reflex-
induced firing rate (7.4 
 1.5 and 8.3 

2.0 spikes/10 s, respectively), pretreat-
ment with either dose of FC before 2DG
exposure suppressed 2DG’s effect on
reflex-induced DMN firing rate. In other
words, pretreatment with FC before 2DG
challenge yielded essentially the same
gastric-DMN firing rate during antral dis-
tension as seen under control conditions
(9.8 
 2.8 and 7.5 
 1.6 spikes/10 s,
respectively).

Although 2DG affected both the basal
and reflex-induced change in firing rate of
gastric-DMN neurons, the amount of
suppression in firing rate was propor-
tional to that seen in the control group.
That is, basal firing rates of gastric-DMN
neurons were suppressed �50% in re-
sponse to antral distension (Fig. 3).

Motility studies
Central glucoprivic challenge: 4V 2DG
Compared with saline control group, 4V 2DG produced a signif-
icant increase in MI within 60 min of delivery of 2DG (Figs. 5A,
6A). This effect on motility is similar to that previously reported
by Cato et al. (1990) following systemic glucoprivation with 2DG.
Fourth ventricular FC, alone, had no effect on motility but pre-
treatment with 4V FC (either 1 or 5 nmoles) blocked the 4V
2DG-induced increase in MI (ANOVA F(4,16) � 6.26, p � 0.0031;
Dunnett’s post hoc comparisons; *p � 0.05). 4V application of
TRH 3 h after other 4V challenges caused a large increase in MI
that was not different across the saline, FC, or FC � 2DG groups
(Fig. 6C); thus vago-vagal neurocircuitry involved in gastric
function was not compromised by surgical preparations or expo-
sure to FC. Note that TRH was not applied to the “2DG alone”
cases because gastric motility was still quite elevated at this time
and there was no concern about integrity of vago-vagal circuits.

Systemic low glucose challenge: subcutaneous insulin
Subcutaneous injection of insulin (10 unit/kg) evoked large in-
crease in gastric motility (Figs. 5B, 6B) similar to that reported by
Bulatao and Carlson (1924) in the dog and Cato et al. (1990) in
the rat. Pretreatment with 4V-FC (1 nmole) reduced but did not
eliminate this insulin-induced increase in motility. However, the
5 nmole dose of 4V-FC was able to suppress the insulin-induced
increase in motility (ANOVA F(2,12) � 4.24, p � 0.0406; Dun-
nett’s post hoc comparisons; *p � 0.05).

Discussion
Our results show that a localized glucoprivic challenge (4V-2DG)
reduces the responsiveness of NST neurons to antral distension.
Perhaps as a result, DMN neurons belonging to this gastric con-
trol reflex also show a marked increase in basal firing under the
local effects of 2DG. This connection is expected as a result of
the strong inhibitory input from the NST to the DMN; thus, remov-
ing NST input to DMN GAR neurons will disinhibit them (McCann
and Rogers, 1992; Rogers and Hermann, 2012). Though FC, alone,
had no effects on either NST or DMN basal or GAR activity, FC
blocked the effects of 2DG on NST and DMN behavior (Figs. 2, 3).
Our observations of 2DG effects on gastric-NST and -DMN neurons
are readily explained by the basic vago-vagal relationship of these
neurons as described above. However, these studies have not ruled
out the unusual possibility that gluco-sensitive astrocytes may be
having direct effects on DMN neurons as well.

These in vivo electrophysiological results were mirrored in
the results of our in vivo motility studies using strain gauges to
monitor gastric activity of the anesthetized preparation. 4V-
2DG caused a significant increase in basal motility that would
be the result of increased cholinergic vagal-motor (DMN) in-
put to the gastric enteric plexus (Schemann and Grundy,
1992). This gastrointestinal effect of dorsal hindbrain cellular
glucoprivation was blocked by pretreatment with the glial specific
inhibitor, FC. As we saw in our in vivo electrophysiological studies,
4V-FC alone had no effect on motility. Together, these results sug-

Figure 4. Glucoprivic stimuli evoke increases in gastric motility that can be blocked by fourth ventricular application of FC in the
anesthetized rat. Plots on the left are gastric strain gauge recordings taken before any experimental manipulation. Plots on the
right represent strain gauge recordings 1 h after the application of a stimulus. A, 4V 2DG causes a significant increase in gastric
motility. B, FC, an astrocyte-specific metabolic inhibitor, applied to the 4V before 2DG (4V FC�2DG) blocks the 2DG effect. C, FC
applied to the 4V (4V FC) alone has no effect on basal gastric motility pattern. D, Subcutaneous insulin produces a dramatic increase
in gastric motility (Insulin, s.c.). E, 4V FC largely blocks the effects of insulin to increase gastric motility (4V FC � Insulin s.c.). These
data suggest that astrocytes in the hindbrain detect glucoprivic conditions and can activate vagal pro-motility circuits.

10492 • J. Neurosci., August 6, 2014 • 34(32):10488 –10496 Hermann et al. • Astrocytes, Hypoglycemia, and Gastric Motility



gest that the hypoglycemic or local glucoprivic effects to increase
gastric motility involve astrocytic modulation of the synapses be-
tween vagal afferents, the NST, and the DMN.

The NST and dorsal hindbrain have long been associated with
the central detection of the glucose availability and the control of
the glycemic state (Bernard, 1855). Systemic administration of
2DG evokes increased c-fos expression in the NST of rats (Ritter

et al., 1998; Young et al., 2000). Injection of a similar glucoprivic
agent (5-thio-D-glucose) directly into the NST also drives coun-
ter regulatory responses, such as increased food intake (Ritter et
al., 2000) and increases in serum glucagon and stress hormone
levels (Andrew et al., 2007).

At first glance, the c-fos data (Ritter et al., 1998; Young et al.,
2000) seems at odds with our present results. That is, our neuro-

Figure 5. Plots of averaged (mean 
 SEM) gastric motility indices over time following glucoprivic challenges. A, At time “0 min” either saline, FC, or 2DG was applied to the floor of the 4V.
Statistical analyses were performed on the “60 min” data (Fig. 6A, circled). Compared with saline control group, 4V 2DG produced a significant increase in MI within 60 min of delivery of 2DG. 4V FC
(either 1 or 5 nmole) alone had no effect on motility. However, pretreatment with either dose of 4V FC blocked the 4V 2DG-induced increase in motility. B, At time “0 min,” the instrumented animal
received a subcutaneous injection of insulin (10 unit/kg). One hour before the systemic insulin injection, the animal had received either saline or FC via 4V. Within 60 min of systemic injection, insulin
evoked large increases in gastric motility. Pretreatment with 1 nmole 4V-FC reduced but did not block this insulin-induced increase in motility. However, the 5 nmole dose of 4V-FC completely
blocked the insulin-induced hypermotility.
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physiological data on identified gastric-
NST neurons shows that 2DG clearly
inhibits the NST-neurons involved in the
GAR and inhibition of neuronal activity
does not cause c-fos expression (Hoffman
et al., 1993). However, these earlier c-fos
observations (Ritter et al., 1998; Young et
al., 2000) were made before the realization
that astrocytes can express c-fos when ac-
tivated (Edling et al., 2007) and that they
are active participants in autonomic sig-
naling (Hermann and Rogers, 2009). In-
deed, our recent work shows that low
glucose levels or 2DG can activate signifi-
cant calcium accumulation in astrocytes
(McDougal et al., 2013) and large in-
creases in cytoplasmic calcium triggers
c-Fos gene transcription in astrocytes
(Edling et al., 2007). Additionally, Young
et al. (2000) did note that the brain c-fos
response to 2DG was 70% blocked by a
gliotoxin, methionine sulfoximine, sug-
gesting that astrocytes may have a role in
gluco-sensing. Thus, in all likelihood,
many of the c-fos-positive cells in the NST
responding to 2DG in those earlier studies
were probably astrocytes. We obtained a
similar result in our studies of the effects
of the cytokine tumor necrosis factor-�
(TNF�) in the NST. Specifically, TNF� ac-
tivated significant numbers of cells in the
NST; �29% were phenotypically identi-
fied to be tyrosine-hydroxylase-positive
(i.e., presumably noradrenergic) neurons,
�10% were nitrergic neurons, and 54% of
the c-fos-activated cells in the NST were
phenotypically identified to be astrocytes
(Hermann and Rogers, 2009).

In our neurophysiological experiments,
this astrocyte activation apparently pro-
voked an inhibition of gastric-NST neurons
and an excitation of gastric-DMN neurons.
This activity is further reflected in in-
creased gastric motility elicited by hind-
brain glucoprivation (2DG) or systemic
insulin injection.

Marty et al. (2005) showed that trans-
genic mice with a global GLUT2-deletion
were unable to elicit the counter-
regulation response of induced glucagon
release following hypoglycemic condi-
tions of glucoprivation. Selective re-
expression of GLUT2 (an obligatory
component of many glucodetection
schemes) (Thorens, 2001) in astrocytes,
but not neurons, rescued the normal
counter regulation response in these
knock-out mice (Marty et al., 2005). The
results from our present studies suggest
that astrocytes in the NST may also regu-
late vago-vagal reflex control of gastric
motility in response to hypoglycemic
challenge.

Figure 6. Statistical comparisons of motility indices. A, 2DG applied to the 4V significantly increases gastric motility compared
with control (saline 4V). Although 4V FC alone has no effect on gastric motility, either dose of 4V FC (1 or 5 nmole) blocks the
pro-motility effects of 4V 2DG (N � 20; Dunnett’s post hoc comparisons; *p � 0.05). B, Subcutaneous insulin (10 units/kg)
produces a dramatic increase in motility index. Although 1 nmole 4V FC effects to reduce this insulin effect are not significant, 5
nmole FC was able to block the increase in gastric motility at the 60 min time point (N � 15; Dunnett’s post hoc comparisons; *p �
0.05). C, 4V application of TRH 3 h after other 4V challenges caused a large increase in MI that was not different across the saline,
FC, or FC � 2DG groups. This final challenge was administered to verify that the vago-vagal neurocircuitry involved in gastric
function was not compromised by surgical preparations or exposure to FC. Note that TRH was not applied to the 2DG alone cases
because gastric motility was still elevated at this time and there was no concern about integrity of vago-vagal circuit.
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Previous work (Kahlert and Reiser, 2000; Arnold, 2005) and
our own data (McDougal et al., 2013) suggest that glucoprivic
stimuli can cause an increase in calcium flux in astrocytes, though
the mechanism explaining this effect is not clear. Evidence in
cultured systems suggests that astrocytes are highly dependent on
glycolysis for ATP production (Kahlert and Reiser, 2000); thus,
removal of glucose or blocking glucose utilization may tran-
siently starve astrocytes of glucose for ATP production. This ef-
fect could be quite rapid in astrocytes expressing the bidirectional
GLUT2 transporter. With impaired glycolysis and the resulting
drop in ATP, the calcium-ATPase pump in the endoplasmic reticu-
lum (ER) of astrocytes fails and ER calcium is released to the cyto-
plasm (Kahlert and Reiser, 2000; Arnold, 2005). More cellular
physiological studies will be required to determine whether this
mechanism applies to gluco-sensitive NST-astrocytes.

Cytoplasmic calcium is a trigger for “gliotransmission”
(Araque et al., 1999; Zhang and Haydon, 2005; Verkhratsky et al.,
2012). ATP and/or glutamate are commonly released from astro-
cytes by gliotransmission. ATP, hydrolyzed to adenosine, can act
as a potent inhibitory purinergic agonist and could be responsible
for inhibiting NST neurons (Pascual et al., 2005; Fellin et al.,
2006). Further imaging and electrophysiological studies of astrocyte-
NST neuron interactions will be required to determine whether ATP
is released by astrocytes activated by cytoglucopenia.

For now, we posit the hypothesis that: (1) astrocytes in the
NST are necessary for the normal detection of glucoprivic stim-
uli; (2) low-glucose-activated NST astrocytes release an inhibi-
tory gliotransmitter, perhaps adenosine, to inhibit NST neurons
involved in the inhibitory control of excitatory gastric-DMN
neurons; and (3) inhibition of NST neurons disinhibits sponta-
neously active gastric DMN neurons, causing their increase in
firing and the resultant increase in motility.
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