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Negative Energy Balance Blocks Neural and Behavioral
Responses to Acute Stress by “Silencing” Central
Glucagon-Like Peptide 1 Signaling in Rats

James W. Maniscalco, Huiyuan Zheng, Patrick J. Gordon, and X Linda Rinaman
Department of Neuroscience, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

Previous reports indicate that caloric restriction attenuates anxiety and other behavioral responses to acute stress, and blunts the ability
of stress to increase anterior pituitary release of adrenocorticotropic hormone. Since hindbrain glucagon-like peptide-1 (GLP-1) neurons
and noradrenergic prolactin-releasing peptide (PrRP) neurons participate in behavioral and endocrine stress responses, and are sensi-
tive to the metabolic state, we examined whether overnight food deprivation blunts stress-induced recruitment of these neurons and their
downstream hypothalamic and limbic forebrain targets. A single overnight fast reduced anxiety-like behavior assessed in the elevated-
plus maze and acoustic startle test, including marked attenuation of light-enhanced startle. Acute stress [i.e., 30 min restraint (RES) or 5
min elevated platform exposure] robustly activated c-Fos in GLP-1 and PrRP neurons in fed rats, but not in fasted rats. Fasting also
significantly blunted the ability of acute stress to activate c-Fos expression within the anterior ventrolateral bed nucleus of the stria
terminalis (vlBST). Acute RES stress suppressed dark-onset food intake in rats that were fed ad libitum, whereas central infusion of a
GLP-1 receptor antagonist blocked RES-induced hypophagia, and reduced the ability of RES to activate PrRP and anterior vlBST neurons
in ad libitum-fed rats. Thus, an overnight fast “silences” GLP-1 and PrRP neurons, and reduces both anxiety-like and hypophagic
responses to acute stress. The partial mimicking of these fasting-induced effects in ad libitum-fed rats after GLP-1 receptor antagonism
suggests a potential mechanism by which short-term negative energy balance attenuates neuroendocrine and behavioral responses to
acute stress.
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Introduction
Stress responses include activation of the hypothalamic–pitu-
itary–adrenal (HPA) axis, which is initiated by the recruitment of

corticotropin-releasing hormone (CRH) neurons in the paraven-
tricular hypothalamus (PVN), and culminates in increased circu-
lating levels of adrenocorticotropic hormone (ACTH) and
glucocorticoids (Charmandari et al., 2005). In rats, the endocrine
response to acute stress often is accompanied by hypophagia
(suppressed food intake) and by increased anxiety-like behavior
(Davis, 2002; Davis et al., 2010; Calvez et al., 2011; Maniam and
Morris, 2012). Interestingly, hormonal and behavioral stress re-
sponses are profoundly modulated by metabolic state (Dallman
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Significance Statement

The results from this study reveal a potential central mechanism for the “metabolic tuning” of stress responsiveness. A single
overnight fast, which markedly reduces anxiety-like behavior in rats, reduces or blocks the ability of acute stress to activate
hindbrain neurons that are immunoreactive for either prolactin-releasing peptide or glucagon-like peptide 1, and attenuates the
activation of their stress-sensitive projection targets in the limbic forebrain. In nonfasted rats, central antagonism of glucagon-like
peptide 1 receptors partially mimics the effect of an overnight fast by blocking the ability of acute stress to inhibit food intake, and
by attenuating stress-induced activation of hindbrain and limbic forebrain neurons. We propose that caloric restriction attenu-
ates behavioral and physiological responses to acute stress by “silencing” central glucagon-like peptide 1 signaling pathways.
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et al., 1999). Caloric restriction reduces central drive to the HPA
axis in rats, as evidenced by reduced PVN expression of c-Fos and
CRH (Brady et al., 1990; Kiss et al., 1994; Dallman et al., 1999),
and by reduced baseline and stress-evoked plasma ACTH levels
(Hanson et al., 1994; Chacón et al., 2005). Downregulated CRH
expression might also contribute to the reduced hypophagic re-
sponses to acute stress during periods of negative energy balance
(Krahn et al., 1986, 1988; Rothwell, 1990). Food restriction or
overnight deprivation reduces anxiety-like behavior in rats, as
assessed in the elevated plus-maze (EPMZ) and open field tests
(Genn et al., 2003; Inoue et al., 2004). Further, the amplitude of
the acoustic startle response, which reflects anxiety level (Davis et
al., 1997b, 2010; Walker and Davis, 1997), is reportedly reduced
in rats after a period of food restriction that reduces body weight
(BW) by 15% (Martin-Iverson and Stevenson, 2005). Attenuated
anxiety appears to be an adaptive response to negative energy
balance, since it promotes foraging behavior and thereby in-
creases the likelihood of body energy repletion.

Although metabolic tuning of behavioral and endocrine stress
responses during caloric deficits seems adaptive, the underlying
mechanisms remain unclear. We propose that reduced signaling
from the caudal nucleus of the solitary tract (cNTS), specifically
from prolactin-releasing peptide (PrRP)-positive (PrRP�) nor-
adrenergic (NA) neurons of the A2 cell group (PrRP� A2
neurons) and from glucagon-like peptide-1 (GLP-1)-positive
(GLP-1�) neurons, plays a role. PrRP� A2 and GLP-1 neurons
receive interoceptive feedback signals (Rinaman, 2007), opti-
mally positioning them to monitor the metabolic state. Further,
their central axonal projections contribute to stress-induced hy-
pophagia, activation of the HPA axis, and anxiogenesis (Cecchi et
al., 2002; Kinzig et al., 2003; Rinaman, 2003, 2010, 2011; Ritter et
al., 2003; Rinaman and Dzmura, 2007; Schiltz and Sawchenko,
2007; Bienkowski and Rinaman, 2008; Zheng and Rinaman,
2013). Moreover, we recently reported that overnight fasting
markedly reduces the ability of a visceral stressor (intraperitoneal
injection of cholecystokinin) to activate A2 neurons and GLP-1
neurons, and also blunts the activation of PVN neurons (i.e.,
including CRH neurons at the apex of the HPA axis) in rats
(Maniscalco and Rinaman, 2013).

The present study confirms and extends previous reports that
food deprivation reduces anxiety-like behavior in rats, including
marked suppression of light-enhanced acoustic startle in rats
fasted overnight. We newly demonstrate in ad libitum-fed rats
that acute restraint (RES) or elevated platform (EP) stress acti-
vates c-Fos expression by GLP-1 and PrRP� A2 neurons within
the cNTS, and by neurons within hypothalamic and limbic fore-
brain target regions that receive GLP-1 and PrRP axonal input,
and that an overnight fast reduces or eliminates this stress-
induced neural activation. Finally, the functional relevance of
fasting-induced “silencing” of cNTS neurons is supported by new
experimental evidence that central GLP-1 signaling contributes
to the ability of acute stress to activate c-Fos expression by limbic
forebrain and hindbrain neurons, and underlies the ability of
acute stress to suppress food intake in rats fed ad libitum.

Materials and Methods
Adult male Sprague Dawley rats (Harlan Laboratories) were housed sin-
gly in hanging stainless steel wire mesh cages in a temperature-controlled
room (20 –22°C) on a 12 h light/dark cycle (lights off at 7:00 P.M.). Rats
had ad libitum access to pelleted chow (catalog #5001, Purina) and water,
except as noted. All experiments were conducted in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the University of Pittsburgh Institutional

Animal Care and Use Committee. In an initial study to determine the
effect of overnight fasting on body weight and blood glucose levels, ex-
perimentally naive rats (250 –270 g BW) were individually weighed at
4:00 P.M., and then deprived (DEP) of food (but not water) for 17 h
overnight (n � 5 DEP rats) or remained ad libitum fed (n � 5). Rats were
reweighed the following morning at 9:00 A.M., at which time blood was
collected via tail nick to measure glucose levels (Contour Blood Glucose
Meter and Test Strips, Bayer). The overnight change in BW for each rat
was calculated. BW data and blood glucose levels were combined and
averaged within the fasted and fed groups, and were compared statisti-
cally between groups using Student’s t test.

Experiment 1
Effect of fasting on anxiety-like behavior in the elevated plus maze. The
EPMZ is a validated test of behavioral anxiety in rats that measures
approach–avoidance conflict generated by the motivation and fear asso-
ciated with exploring novel environments (Montgomery, 1958; Pellow et
al., 1985). Experimental manipulations that increase or decrease central
noradrenergic or GLP-1 receptor signaling lead to increased and de-
creased anxiety-like behavior in the EPMZ, respectively, as evidenced by
changes in the number of entries and time spent within the “anxiogenic”
open arms of the maze (Cecchi et al., 2002; Kinzig et al., 2003; Zheng and
Rinaman, 2013). A significant increase in open arm time and/or entries is
interpreted as reduced anxiety-like behavior, reflecting an anxiolytic
treatment effect (Pellow et al., 1985). To confirm previous reports that
negative energy balance reduces anxiety in rats as assessed in the EPMZ
(Genn et al., 2003; Inoue et al., 2004), experimentally naive rats (225–275
g BW) were deprived of food (but not water) for 16 –18 h overnight (n �
6 DEP rats) or were fed ad libitum (n � 6) before behavioral assessment.
On the day of the experiment, rats were removed from their home cages
between 8:30 A.M. and 10:30 A.M., and were placed into the center of the
EPMZ. The EMPZ comprised two open arms (45 � 10 cm, � 550 lux)
with transparent 1-cm-high edging, and two closed arms (45 � 10 � 48
cm, �12 lux) extending from a common central platform (10 � 10 cm)
elevated 90 cm above the floor. The EPMZ was located in a quiet, evenly
lit behavioral testing room immediately adjacent to the animal housing
room. Behavior on the EPMZ was videotaped for 5 min, and then rats
were returned to their home cages. The EPMZ was cleaned with a mild
odor-neutralizing cleanser and allowed to dry between rats. Tapes were
later manually scored by an investigator who was blinded to the experi-
mental group to determine open arm time, closed arm time, center time,
open arm entries, and closed arm entries, according to previously de-
scribed procedures (Walf and Frye, 2007). A rat was considered to have
entered a maze arm when all four paws initially occupied it. Additionally,
an automated software system (ANY-maze, Stoelting Co.) was used to
determine the total distance traveled on the maze by each rat during the
5 min test.

Statistics. Multivariate ANOVA was used to reveal differences between
rats in the ad libitum-fed versus DEP groups on open arm time, closed
arm time, center time, open arm entries, closed arm entries, total entries,
and total distance traveled. Differences were considered significant at
p � 0.05.

Experiment 2
Effects of fasting on acoustic startle amplitude and light-enhanced startle.
An overnight fast clearly increases the motivation of rats to seek out and
procure food, which could promote increased EPMZ open arm activity
independent of reduced anxiety. Thus, anxiety-like behavior in ad
libitum-fed versus overnight-fasted rats also was assessed using the
acoustic startle procedure (Davis et al., 1997a; Walker and Davis, 1997),
which does not include an exploratory behavioral component. In the
light-enhanced startle (LES) test, startle reactivity ( peak amplitude) is
increased in the presence of light (Walker and Davis, 1997). Baseline
startle and LES each reflect anxiety-like behavior in rats, because both are
increased by anxiogenic drugs and treatments, and are decreased by an-
xiolytic drugs and treatments (Davis et al., 1997a; Groenink et al., 2008).
To test the hypothesis that overnight fasting produces anxiolytic effects,
acoustic startle reflex amplitude was measured between 9:00 A.M. and
11:00 A.M. in experimentally naive ad libitum-fed (n � 8) and overnight
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food-deprived rats (n � 8) using the SR-LAB System (San Diego Instru-
ments). To ensure similar BWs on the day of startle testing (since rats lose
�9% of their BW after an overnight fast; see Results), rats selected for the
fasted group were 8 –10% heavier than rats in the ad libitum-fed group on
the day before testing. On the day of startle testing, fasted rats weighed
259.3 � 2.1 g (range, 232–285 g), which was similar to the weights of rats
in the ad libitum-fed group (257.8 � 1.8 g; range, 230 –287 g; p � 0.68,
Student’s t test).

Rats were tested in two ventilated chambers, each containing a stabili-
meter comprising a Plexiglas cylinder (8.2 cm in diameter) mounted on
a Plexiglas base. A tweeter mounted 24 cm above the cylinder provided
background noise (50 dB) and delivered acoustic startle stimuli (90, 95,
and 105 dB white noise bursts; for 50 ms each) in a pattern controlled by
the SR-LAB software. Startle responses were transduced by a piezoelec-
tric accelerometer mounted on a platform below the cylinder, digitized,
rectified, and recorded as 100 1 ms readings, beginning at the onset of
each startle stimulus. The peak amplitude response to each startle stim-
ulus (in millivolts) was used as the dependent measure. A standard ap-
proach for running the acoustic startle and LES protocols (Walker and
Davis, 1997) was slightly modified to include interstimulus intervals that
varied randomly between 20 and 40 s, and were matched between testing
chambers. Each ad libitum-fed or overnight-fasted rat was tested twice on
the same day in the same chamber. Chambers and cylinders were cleaned
between rats. Half of the fed and fasted rats were tested in chamber 1, and
the other half in chamber 2. For each rat, after 5 min acclimation to the
chamber, acoustic startle amplitudes were measured in the dark (Phase I,
lights off) and subsequently in the light (Phase II; 500 lux illumination),
with 60 min home-cage rest between the two tests (with no food avail-
able). The primary dependent variables for each rat were average peak
startle amplitudes at each noise intensity during Phase I dark testing
(10� per intensity, presented in randomized order as per the study by
Walker and Davis, 1997), average peak startle amplitudes at each noise
intensity during Phase II light testing (10� per intensity, randomized
order), and the proportional change in average peak startle amplitude
between Phase I and Phase II (LES) at each noise intensity level.

Statistics. Statistical analyses confirmed no chamber-based differences
in acoustic startle amplitudes at any noise intensity level within either the
fed or fasted groups, and so data from individual rats tested in each
chamber were combined and analyzed by feeding condition. Peak startle
amplitudes were analyzed by two-way repeated-measures ANOVA, with
light condition (Phase I vs Phase II) and noise intensity (90, 95, and 105
dB) as within-subjects repeated measures, and feeding condition (ad
libitum-fed vs fasted) as the between-subjects factor. LES was analyzed by
ANOVA, with feeding condition as the between-subjects factor. Differ-
ences were considered significant at p � 0.05.

Experiment 3
Effect of fasting on neural c-Fos responses to acute stress. Experimentally
naive rats (225–275 g BW) had ad libitum chow access, or were deprived
of food (but not water) for 16 –18 h overnight in their home cages before
acute stressor treatment. On the day of the experiment, rats were re-
moved from their home cages between 8:30 A.M. and 10:30 A.M., and
were either RES in a perforated Plexiglas tube for 30 min (n � 4 ad
libitum-fed rats; n � 8 DEP rats) or were exposed to an illuminated EP
(i.e., the open arm of the EPMZ, 45 � 10 cm, � 550 lux, with transparent
1 cm-high edging, and exit blocked) for 5 min (n � 6 ad libitum-fed rats;
n � 6 DEP rats). Rats were returned to their home cages after RES or EP
exposure. Additional nonhandled (NH) control rats (n � 6 ad libitum-
fed rats; n � 7 DEP rats) remained undisturbed in their home cages
during the same time period.

Ninety minutes after RES or EP stressor onset, rats were deeply anes-
thetized with pentobarbital sodium (39 mg/1.0 ml, i.p.; Fatal Plus Solu-
tion, Butler Schein) and perfused transcardially with a brief saline rinse
followed by fixative application (100 ml of 2% paraformaldehyde and
1.5% acrolein in 0.1 M phosphate buffer, followed by 100 ml of 2%
paraformaldehyde alone). Brains were post-fixed in situ overnight at 4°C,
then removed from the skull and cryoprotected for 24 – 48 h in 20%
sucrose. Brains were blocked and sectioned coronally (35 �m) using a
Leica freezing-stage sliding microtome. Tissue sections were collected in

six serial sets, and stored at �20°C in a cryopreservant solution (Watson
et al., 1986) to await immunohistochemical processing.

Immunohistochemistry. Primary and secondary antisera were diluted
in 0.1 M phosphate buffer containing 0.3% Triton X-100 and 1% normal
donkey serum. Two sets of tissue sections from each rat were incubated in
a rabbit polyclonal antiserum against c-Fos (1:20,000; PC38, EMD
Chemicals), followed by biotinylated donkey anti-rabbit IgG (1:500;
Jackson ImmunoResearch). Sections were then treated with Elite Vec-
tastain ABC reagents (Vector Laboratories) and reacted with diamino-
benzidine (DAB) intensified with nickel sulfate to produce a blue-black
nuclear c-Fos reaction product. To visualize c-Fos within hindbrain
GLP-1 neurons, one set of c-Fos-labeled tissue sections was subsequently
incubated in a rabbit polyclonal antiserum against GLP-1 (1:10,000;
T-4363, Bachem), followed by biotinylated donkey anti-rabbit IgG (1:
500; Jackson ImmunoResearch), Elite Vectastain ABC reagents (Vector
Laboratories), and reacted with plain DAB to produce a brown cytoplas-
mic reaction product.

The second set of c-Fos immunoperoxidase-labeled tissue sections was
used to simultaneously visualize c-Fos expression by dopamine � hy-
droxylase (D�H)-positive (D�H �) and PrRP � A2 neurons in the cNTS,
and within the PrRP terminal-rich region of the anterior ventrolateral
bed nucleus of the stria terminalis (vlBST). For this purpose, sections
were incubated in a cocktail of mouse anti-D�H (1:5000; MAB308, Mil-
lipore) and rabbit anti-PrRP (1:1000; H-008-52, Phoenix Pharmaceuti-
cals), followed by a cocktail of Alexa Fluor 488-conjugated donkey
anti-mouse IgG (1:300; Jackson ImmunoResearch) and Cy3-conjugated
donkey anti-rabbit IgG (1:300; Jackson ImmunoResearch) to produce
green and red fluorescent cytoplasmic signals, respectively.

A third set of tissue sections from each rat was used to visualize c-Fos
within the GLP-1 terminal-dense region of the medial parvocellular PVN
(mpPVN). Tissue sets were first processed for GLP-1 immunoperoxidase
labeling, as described above. Reacted sections were then incubated in one
of two rabbit antisera raised against c-Fos protein: one was provided by
Dr. Philip Larsen (Panum Institute, Copenhagen, Denmark) (1:5000);
and the second was purchased from EMD Chemicals (1:2000; PC38).
Statistical comparisons confirmed that these c-Fos antisera produced
similar results. Tissue sections were then incubated in Cy3-conjugated
donkey anti-rabbit IgG (1:300; Jackson ImmunoResearch) to produce a
red fluorescent nuclear signal localizing c-Fos protein.

Imaging and quantification of c-Fos expression by GLP-1 neurons.
GLP-1 neurons were visualized using a light microscope and 20�/40�
objectives to determine the number of GLP-1 � neurons and the propor-
tion that were double labeled for c-Fos. GLP-1 neurons were counted
bilaterally within the cNTS and adjacent reticular formation through the
entire rostrocaudal extent of both GLP-1 cell groups [i.e., from the cer-
vical spinal cord through the cNTS just rostral to the area postrema (AP);
�15.46 –13.15 mm caudal to bregma]. The criteria for counting a neuron
included brown GLP-1 cytoplasmic labeling and a visible nucleus;
double-labeled GLP1 neurons were those that displayed visible blue-
black nuclear c-Fos immunolabeling, regardless of intensity. c-Fos-
positive (c-Fos �) GLP-1 neurons were represented as a proportion of
total GLP-1 neurons counted within the cNTS and/or reticular
formation.

Imaging and quantification of c-Fos expression by PrRP� and PrRP-
negative A2 neurons. PrRP � and PrRP-negative (PrRP �) A2 neurons (all
of which were D�H �) were imaged using a 20� objective on an Olym-
pus microscope equipped for bright-field and epifluorescent illumina-
tion, and photographed using a digital camera (Hamamatsu Photonics).
Neurons were counted in photographic images using Adobe Photoshop
CS4 imaging software. The criteria for counting a neuron included clear
cytoplasmic D�H labeling and a visible nucleus. PrRP � A2 neurons also
were immunopositive for cytoplasmic PrRP, whereas PrRP � A2 neurons
were not. Neurons were considered to be c-Fos � if their nucleus con-
tained c-Fos immunoperoxidase labeling, regardless of intensity. For il-
lustration purposes, c-Fos immunoperoxidase was photographed in the
blue light channel and then inverted to facilitate the depiction of labeling
in combination with immunofluorescent PrRP and D�H labeling (see
Fig. 4). Single-, double-, and triple-labeled neurons were counted bilat-
erally through the rostrocaudal extent of the A2 cell group (i.e., from
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the cervical spinal cord through the cNTS just rostral to the AP;
�15.46 –13.15 mm caudal to bregma). In each analyzed case, c-Fos �

A2 neurons that were PrRP � or PrRP � were represented as a per-
centage of total PrRP � and PrRP � A2 neurons counted, respectively.

Imaging and quantification of c-Fos expression in the mpPVN. Forebrain
tissue sections labeled for GLP-1 immunoperoxidase and c-Fos immu-
nofluorescence were viewed on the Olympus photomicroscope de-
scribed above. Using a 10� objective, photographic images were
captured from a single selected rostrocaudal level through the mpPVN
(�1.78 mm caudal to bregma). This selected level was characterized by
dense GLP-1 terminal labeling that clearly defined the boundaries of the
mpPVN (Maniscalco and Rinaman, 2013, their Fig. 3). c-Fos � neurons
within this defined region were counted bilaterally on captured images
using Adobe Photoshop CS4 imaging software. The criterion for count-
ing a neuron as c-Fos � was the presence of visible red fluorescent nuclear
immunolabeling, regardless of intensity.

Imaging and quantification of c-Fos expression in the PrRP terminal-
dense region of the anterior vlBST. Forebrain tissue sections labeled for
c-Fos immunoperoxidase and PrRP/D�H immunofluorescence were
viewed on the Olympus photomicroscope described above. Using a 10�
objective, photographic images were captured from a single selected ros-
trocaudal level of the anterior vlBST (� 0.3 mm caudal to bregma) that is
characterized by particularly dense PrRP and D�H terminal labeling (see
Fig. 6). Using Adobe Photoshop CS4 imaging software, a region of inter-
est (ROI) was mapped around the densest PrRP terminal labeling bilat-
erally by an investigator blinded to experimental group. c-Fos � neurons
were then counted bilaterally within the defined ROI, which largely cor-
responded to the fusiform subnucleus of the anterior vlBST. The crite-
rion for counting c-Fos � neurons within each ROI was the presence of
blue-black nuclear immunoperoxidase labeling, regardless of intensity.
The number of c-Fos � neurons per 100 �m 2 (ROI area) was quantified
and averaged bilaterally in each rat. For illustration purposes, c-Fos im-
munoperoxidase was photographed in the blue light channel and then
inverted to facilitate the depiction of labeling in combination with im-
munofluorescent PrRP and D�H labeling (see Fig. 6).

Statistics. Paired samples t tests were used to compare the number of
GLP-1 neurons located within the reticular formation versus the cNTS,
and to compare c-Fos activation percentages between reticular and cNTS
GLP-1 neurons following each experimental treatment. Two-way multi-
variate ANOVA was used to reveal the main effects and interactions
between stress treatment (NH vs RES vs EP) and feeding status (ad libi-
tum vs DEP) on c-Fos activation of GLP-1 neurons, PrRP � A2 neurons,
PrRP � A2 neurons, mpPVN neurons, and vlBST neurons. When F val-
ues indicated significant effects, ANOVAs were followed by Fisher’s least
significant difference post hoc analyses. Differences were considered sig-
nificant at p � 0.05. Pearson’s R correlation coefficient was used to
determine whether significant correlations existed between the propor-
tion of GLP-1 neurons activated within the reticular formation and the
cNTS, and between the activation of PrRP � A2 or GLP1 neurons and the
activation of neurons within the mpPVN and/or anterior vlBST.

Experiment 4
Role of central GLP-1 signaling in stress-induced hypophagia and c-Fos
expression. After demonstrating that acute RES stress (and EP) activates
c-Fos expression by GLP-1 and PrRP � A2 neurons in ad libitum-fed rats,
but not fasted rats (see Results), we next examined whether stress-
induced activation of cNTS neurons contributes to behavioral responses
to acute stress in nonfasted, ad libitum-fed rats. Since specific PrRP
receptor antagonists are not currently available, we performed the fol-
lowing experiments using a specific GLP-1 receptor antagonist, exendin-
(9 –39; Ex9), to establish a potential role of endogenous central GLP-1
signaling in RES-induced hypophagia (i.e., suppression of food intake)
and activation of central c-Fos expression.

Cannulation procedures. Experimentally naive rats (285–310 g BW)
were anesthetized by inhalation of isoflurane (1–3% in oxygen; Halocar-
bon Laboratories) and were placed into a stereotaxic frame in the flat-
skull position. Rats were fitted with long-term indwelling 21 gauge
stainless steel guide cannulas (Plastics One) that were aimed at the lateral
ventricle. Guide cannulae were positioned 1.4 mm lateral and 0.9 mm

caudal to bregma, with the cannula tip positioned 2.7 mm below the
surface of the skull. For intracerebroventricular infusions, a 26 gauge
injector extended 1.0 mm beyond the tip of the guide cannula into the
lateral ventricle. Cannulae were fixed to the skull with anchor screws and
dental acrylic, and fitted with removable obturators that extended to the
tip of the cannula. Rats were allowed to recover for 4 – 6 d after cannula-
tion surgery, at which point all rats exceeded their presurgery BW.

RES-induced hypophagia in rats after intracerebroventricular Ex9. Be-
ginning 4 –5 d after surgery, ad libitum-fed rats (n � 24) were acclimated
for 3 d to mock cannula injections at 6:00 P.M. This included gentle
restraint by hand and obturator manipulation, which was intended to
mimic the injection procedure, except for infusions. On each food intake
measurement day, rats were deprived of food (but not water) for 2 h
before dark onset. Baseline intake measures were conducted in all rats on
the day before their experimental treatment day. Rats were then assigned
to one of the following four experimental treatment groups: (1) intrace-
rebroventricular saline (3 �l over 1.5 min; n � 6); (2) intracerebroven-
tricular Ex9 (catalog #2081, Tocris Bioscience; 100 �g in 3 �l of saline;
n � 6); (3) intracerebroventricular saline plus RES; and (4) intracerebro-
ventricular Ex9 plus RES. In Groups 3 and 4, intracerebroventricular
saline or Ex9 infusions were administered 15 min before 30 min RES,
which was completed just before lights out. At dark onset (7:00 P.M.),
preweighed pelleted chow was placed on the home cage floor, and intake
was measured to the nearest 0.1 g at 30 and 60 min (corrected for spillage
beneath the cage). The amount of food consumed (in grams) was repre-
sented as the percentage of BW to correct for small between-animal BW
differences.

Evaluation of cannula placement. Correct cannula placement in rats
used in the hypophagia experiment was verified several days after collect-
ing food intake data. For this purpose, water-replete rats were injected
intracerebroventricularly with 2 �l of sterile saline containing 5 ng of
angiotensin II (AngII; catalog #H-1705, Bachem). Only data from rats
that drank at least 5 ml of water within 10 min after AngII injection are
included in the study (n � 24).

Statistics. Food intake data at each time point (0 –30, 30 – 60, and a
cumulative 0 – 60 min) were analyzed by ANOVA to reveal the main
effects of the experimental treatment group on chow intake, followed by
post hoc t tests with Bonferroni correction for multiple comparisons to
reveal differences between treatment groups. Differences were consid-
ered significant at p � 0.05.

RES-induced c-Fos expression in ad libitum-fed rats after intracerebro-
ventricular injection of Ex9. A separate group of intracerebroventricularly
cannulated rats (n � 16) maintained on ad libitum chow were acclimated
for 3 d to handling and mock cannula injections as described above (see
Cannulation procedures). Three of these rats were used in a small pilot
study to evaluate the effect of intracerebroventricular injection alone on
central c-Fos expression. For this purpose, between 9:00 A.M. and 10:00
A.M., rats were handled but received no intracerebroventricular injec-
tion (n � 1), injected intracerebroventricularly with saline (n � 1), or
injected intracerebroventricularly with Ex9 (n � 1; volume and dose as in
the RES-induced hypophagia experiment reported above), then were
returned to their home cages. Rats were anesthetized and perfused 2 h
after handling/injection, and their brains were processed for localization
of c-Fos plus PrRP or GLP-1, as described in Experiment 3. In the han-
dled but noninjected rat, 26% of PrRP neurons and 22% of GLP-1 neu-
rons were double labeled for c-Fos, which are similar to the activation
values in noncannulated, nonstressed, ad libitum-fed control rats in Ex-
periment 3 (see Results). In the rat injected intracerebroventricularly
with saline solution, 31% of PrRP neurons and 58% of GLP-1 neurons
were activated, similar to the activation values in the Ex9-injected pilot
rat (28% PrRP neurons, 63% GLP-1 neurons). Thus, intracerebroven-
tricular injection alone activated GLP-1 � neurons above baseline con-
trol levels, regardless of the infusate. There were no differences in the low
levels of c-Fos activation within the anterior vlBST across the three pilot
study rats (0.8 –1.1 neurons per 100 �m 2), similar to the low activation
levels in noncannulated, nonstressed ad libitum-fed controls in Experi-
ment 3 (see Results). Conversely, intracerebroventricular injection ro-
bustly activated c-Fos within the mpPVN (512 c-Fos � mpPVN cells
counted in the saline rat, 576 c-Fos � mpPVN cells counted in the Ex9
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rat), which exceeded mpPVN activation in noncannulated ad libitum-fed
rats after acute stress in Experiment 3 (see Results). Relatively few c-Fos �

cells (142 cells) were counted in the mpPVN of the cannulated but non-
injected pilot rat, which was similar to the counts in noncannulated,
nonstressed ad libitum-fed control rats in Experiment 3 (see Results).
These pilot data indicate that intracerebroventricular infusion alone, re-
gardless of the infusate, activates GLP-1 and mpPVN neurons, but does
not appear to increase PrRP or anterior vlBST neuronal activation com-
pared with nontreated, ad libitum-fed controls.

To evaluate the effect of intracerebroventricular Ex9 pretreatment on
RES-induced c-Fos, the remaining cannulated rats (n � 13) were re-
moved from their home cages between 8:30 A.M. and 10:30 A.M., in-
jected intracerebroventricularly with saline (n � 5) or Ex9 (n � 8),
returned to their home cages for 30 min, subjected to RES for 30 min, and
returned again to their home cages. Two hours after intracerebroventric-
ular injection and 90 min after RES onset, rats were deeply anesthetized
and perfused transcardially with fixative, and their brains were sectioned
and processed for dual immunoperoxidase localization of nuclear c-Fos
(using a nickel-enhanced DAB reaction) together with cytoplasmic PrRP
or GLP-1 (i.e., plain brown DAB reaction). After tissue processing, cor-
rect intracerebroventricular cannula placement was verified histologi-
cally by microscopic localization of the cannula tract targeting the lateral
ventricle, and also by the presence of robust c-Fos activation of ependy-
mal cells lining the ventricles in all intracerebroventricularly injected
rats. Treatment-induced activation of PrRP � and GLP-1 � cNTS neu-
rons, and activation within the anterior vlBST was analyzed quantita-
tively, as described in Experiment 3.

Results
In an initial study to evaluate the impact of overnight (17 h) food
deprivation, DEP rats (n � 5) lost �9.2% of their prefasting BW
(range, �8.1% to �10.6%), whereas ad libitum-fed rats (n � 5)
gained �5% BW over the same time period (range, 4.1– 6.5%), a
significant difference (p � 0.05). Morning blood glucose levels
also were significantly reduced after an overnight fast (63.8 � 3.1
mg/dl in DEP rats vs 94.5 � 2.2 mg/dl in ad libitum-fed rats;
p � 0.05).

Experiment 1: overnight fasting reduces anxiety-like behavior
on the EPMZ
Overnight DEP significantly attenuated anxiety-like behavior on
the EPMZ (Fig. 1). ANOVA indicated that, compared with ad
libitum-fed rats (n � 6), DEP rats (n � 6) spent significantly
more time in the EPMZ open arms (F(1,11) � 31.85; p � 0.001)
and significantly less time in the EPMZ closed arms (F(1,11) �
38.09; p � 0.001). There was no effect of feeding status on the
amount of time spent in the EPMZ center zone (F(1,11) � 0.93;
p 	 0.05; data not shown). DEP rats also made significantly more
open arm entries (F(1,11) � 405.00; p � 0.001) but a similar num-
ber of closed arm entries (F(1,11) � 0.15; p 	 0.05) compared with
ad libitum-fed rats. There was no effect of feeding status on total
distance traveled during the 5 min EPMZ test (DEP rats, 17.24 �
3.21 m; ad libitum-fed rats, 16.88 � 1.65 m; p 	 0.05).

Experiment 2: overnight fasting reduces acoustic startle
amplitude and LES
Repeated-measures ANOVA revealed significant main effects of
noise intensity (F(2,28) � 303.7), feeding condition (F(1,14) �
145.2), and lighting conditions (F(1,14) � 147.0) on acoustic star-
tle amplitude (p � 0.05 for each). There also were significant
two-way interactions between noise intensity and feeding condi-
tion (F(2,28) � 109.2), and between lighting and feeding condition
(F(1,14) � 97.1), and a significant three-way interaction among
noise intensity, lighting condition, and feeding condition
(F(2,28) � 44.1; p � 0.05 for each). Post hoc t comparisons dem-

onstrated that acoustic startle amplitude in ad libitum-fed rats
(n � 8) was higher in the Phase II test (light) versus the Phase I
test (dark) at each noise intensity level (Fig. 2). Acoustic startle
amplitudes elicited by the 95 and 105 dB (but not 90 dB) stimuli
were increased in the Phase II (light) test in fasted rats (n � 8), but
by much smaller amounts than in ad libitum-fed rats (Fig. 2A). A
separate ANOVA based on the anxiogenic effect of light within
individual subjects confirmed that the magnitude of LES at each
noise intensity level was significantly lower in fasted versus fed
rats (Fig. 2B).

Experiment 3
Overnight fasting reduces neural c-Fos activation after acute stress
As expected, feeding status and/or stress treatment did not affect
the total number of immunoreactive hindbrain GLP-1, PrRP�,

Figure 1. Overnight fasting attenuates anxiety-like behavior in the EPMZ. A, Group sum-
mary data depicting time spent in the open versus the closed arms of the EPMZ by ad libitum-fed
(n �6) or fasted rats (n �6). B, Group summary data depicting the number of open arm versus
closed arm entries by ad libitum-fed or fasted rats. Asterisks indicate significant differences
between ad libitum-fed and fasted groups. *p � 0.05. ad lib, Ad libitum .
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or PrRP� A2 neurons (Table 1). However, two-way ANOVA
revealed significant main effects and interactions between stres-
sor treatment and feeding status on c-Fos expression by hind-
brain GLP-1 neurons, PrRP� A2 neurons, PrRP� A2 neurons,
and within the vlBST (Table 1). There also was a significant main
effect of stress treatment on c-Fos expression within the mpPVN,
but no main effect of feeding status and no significant interaction
effect.

GLP-1 neuronal distribution and activation
Consistent with our recent report examining the effect of an over-
night fast on visceral stress-induced neural activation (Manis-
calco and Rinaman, 2013), a moderate proportion (�32%) of
GLP-1 neurons were c-Fos� in ad libitum-fed, NH control rats
(Fig. 3E). Conversely, GLP-1 neurons did not express c-Fos in
NH rats following DEP. Compared with baseline activation, RES
and EP stress each significantly increased the proportion of
GLP-1 neurons expressing c-Fos in ad libitum-fed rats, with a
greater degree of activation induced by EP compared with RES
(Fig. 3E). However, GLP-1 neurons were not activated in DEP
rats after either RES or EP stress.

A t test for paired samples demonstrated that the proportion
of all GLP-1 neurons located within the cNTS (56.55 � 1.37%)
was significantly greater than the proportion of GLP-1 neurons
located within the reticular formation (43.45 � 1.37%; t(36) �
4.775; p � 0.001). However, there were almost no significant
differences between the proportion of cNTS and reticular GLP-1
neurons that expressed c-Fos after each combination of experi-
mental treatments (Table 2). The one exception was a small but

Figure 2. Overnight fasting reduces acoustic startle amplitude and attenuates light-
enhanced startle. A, Group summary data depicting peak startle amplitudes at each noise in-
tensity (90, 95, or 105 dB) in ad libitum-fed (n � 8) versus overnight-fasted rats (n � 8) tested
in Phase I “dark” versus Phase II “light” conditions. *Startle amplitude is significantly elevated in
light versus dark testing conditions at all three noise intensity levels in fed rats, but only at 95
and 105 dB in fasted rats (within-feeding group comparisons, p � 0.05); @under both lighting
conditions, startle amplitudes at each noise intensity level are significantly lower in fasted
versus fed rats, p � 0.05. B, Group summary data depicting the magnitude of light-enhanced
startle, calculated as the percentage increase in startle amplitude in Phase II (light) versus Phase
I (dark) conditions at each noise intensity level. @The magnitude of light-enhanced startle is
significantly lower in fasted versus fed rats at each noise intensity level, p � 0.05.

Table 1. Multivariate ANOVA main effects, interactions, and p values for c-Fos
counts in ad libitum-fed or DEP rats following NH, RES, or EP treatment

Effect source Dependent variable F p value

Treatment (F(2,31) ) Activation of GLP-1
neurons (%)

43.52 �0.001*

NH vs RES vs EP Activation of PrRP � A2
neurons (%)

36.79 �0.001*

Activation of PrRP � A2
neurons (%)

45.06 �0.001*

cFos � Neurons in mpPVN 21.09 �0.001*
cFos � Neurons per 100

�m 2 in vlBST
71.25 �0.001*

Number of GLP-1 neurons
per section

0.05 	0.05

Number of PrRP neurons
per section

2.96 	0.05

Feeding status (F(1,31) ) Activation of GLP-1
neurons (%)

800.97 �0.001*

Ad libitum vs DEP Activation of PrRP � A2
neurons (%)

175.87 �0.001*

Activation of PrRP � A2
neurons (%)

29.80 �0.001*

cFos � neurons in mpPVN 3.51 0.07
cFos � neurons per 100

�m 2 in vlBST
16.89 �0.001*

Number of GLP-1 neurons
per section

0.02 	0.05

Number of PrRP neurons
per section

0.89 	0.05

Interaction (F(2,31) ) Activation of GLP-1
neurons (%)

41.79 �0.001*

Treatment � feeding status Activation of PrRP � A2
neurons (%)

10.88 �0.001*

Activation of PrRP � A2
neurons (%)

6.45 �0.01*

cFos � neurons in mpPVN 2.50 	0.05
cFos � neurons per 100

�m 2 in vlBST
3.85 �0.05*

Number of GLP-1 neurons
per section

0.28 	0.05

Number of PrRP neurons
per section

0.26 	0.05

*Statistically significant.
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statistically significant difference in the
distribution of activated neurons in DEP
rats after RES, in which activation was
very low overall but was significantly
higher among the reticular population of
GLP-1 neurons. The activation of cNTS
GLP-1 neurons correlated strongly with
the activation of reticular GLP-1 neurons
across all stress treatment conditions and
both feeding groups (r � 0.972; p �
0.001), and also selectively within ad
libitum-fed rats (r � 0.917; p � 0.001).
The activation of GLP-1 neurons among
DEP rats was so low that the absence of a
correlation within this feeding group was
not surprising. While numerous studies
have noted the presence of GLP-1 neurons
within the caudal medullary reticular for-
mation (Larsen et al., 1997; Rinaman,
1999a), the present study is the first to quan-
tify and report their substantial contribu-
tion (i.e., �44%) to the total GLP-1 neural
population.

A2 neuronal activation
Ad libitum-fed rats displayed moderate
c-Fos activation of PrRP� A2 neurons
(�28%) under NH control conditions, and
significantly increased activation after either
RES or EP (Fig. 4C), similar to GLP-1 neural
activation patterns. Markedly smaller pro-
portions of PrRP� A2 neurons expressed
c-Fos under NH control or stress conditions
(Fig. 4D). In contrast to the increased effec-
tiveness of EP versus RES in activating
GLP-1 neurons in ad libitum-fed rats (Fig.
3E), RES activated significantly larger pro-
portions of PrRP� and PrRP� A2 neurons
than were activated by EP in ad libitum-fed
rats (Fig. 4C,D). Similar to the effect of DEP
in virtually abolishing GLP-1 neural activa-
tion under all treatment conditions (Fig.
3E), DEP eliminated c-Fos expression by
PrRP� and PrRP� A2 neurons under NH
control conditions and after EP stress (Fig.
4C,D). Compared with activation in ad
libitum-fed rats, DEP significantly attenu-
ated (but did not eliminate) the ability of
RES to activate both PrRP� and PrRP� A2
neurons compared with activation under
NH control conditions or after EP.

mpPVN neuronal activation
Regardless of feeding status, c-Fos activation
within the mpPVN was increased to a simi-
lar degree following RES and EP stress com-
pared with NH controls (Table 1, Fig. 5). A
main effect of feeding status on c-Fos counts
approached, but did not reach, statistical
significance (p � 0.07; Table 1), and there
was no significant interaction between feed-
ing status and stress treatment on mpPVN
c-Fos counts. Although the ANOVA results

Figure 3. Fasting eliminates c-Fos activation within cNTS and medullary reticular GLP-1 neurons at baseline (nonhandled) and
after acute stress. A–D, Representative color images depicting neuronal c-Fos expression (black nuclear label) within GLP-1 �

neurons (brown cytoplasmic label) in the cNTS (A, C) and reticular formation (B, D) in rats exposed to elevated platform stress. A,
Robust c-Fos activation within the cNTS (�14.36 mm caudal to bregma) in an ad libitum-fed rat. Inset, Higher-magnification view
of several c-Fos � GLP-1 neurons. B, c-Fos �/GLP-1 � neurons within the reticular formation in an ad libitum-fed rat. C, cNTS
GLP-1 � neurons do not express c-Fos in a fasted rat after elevated platform exposure. Inset, Higher-magnification view of several
GLP-1 � neurons, none of which express c-Fos. D, Reticular GLP-1 neurons do not express c-Fos in a fasted rat after elevated
platform exposure. E, Summary data illustrating the proportion of double-labeled neurons (i.e., both GLP-1 and c-Fos �) within
the cNTS and adjacent reticular formation in ad libitum-fed rats (solid bars) or fasted rats (DEP; open bars) after no manipulation
(nonhandled), after restraint stress, or after elevated platform stress. See Table 1 for two-way ANOVA results. Fasting completely
eliminated c-Fos expression by GLP-1 neurons. Asterisks indicate significantly reduced (*p � 0.05) GLP-1 c-Fos activation in DEP
rats versus ad libitum-fed rats within the same treatment group. Within the same feeding status group (i.e., ad libitum or DEP), bars
with different letters (i.e., A, B, C) are significantly different ( p � 0.05), whereas bars with the same letter (a) are not. ad lib, Ad
libitum; cc, central canal. Scale bars: (in A) A, C, 200 �m; (in B) B, D, 50 �m.
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formally preclude post hoc t comparisons between ad libitum-fed and
DEP rats in each stress treatment group, the data shown in Figure 5
are consistent with the hypothesis that DEP reduced c-Fos activation
in the mpPVN under NH control conditions and after EP stress, but
not after RES.

Anterior vlBST neuronal activation
Low baseline levels of c-Fos expression were present within the
vlBST in NH control rats, regardless of feeding status (Fig. 6C).
RES and EP stress each significantly increased vlBST c-Fos ex-
pression, with RES stress evoking a larger increase than EP stress
(Fig. 6C). The ability of RES or EP to activate c-Fos in the vlBST
was modestly but significantly attenuated in DEP rats, in which
RES-induced c-Fos activation remained significantly higher than
activation after EP stress (Table 1, Fig. 6C).

Experiment 4: role of central GLP-1 signaling in stress-
induced hypophagia and c-Fos activation in ad libitum-fed
rats
ANOVA indicated significant main effects of experimental treat-
ment group on food intake at the 0 –30 min time point (F(3,23) �
14.3; p � 0.001) and also cumulatively from 0 to 60 min (F(3,23) �
216.254; p � 0.012), although no significant treatment effect was
observed in the 30 – 60 min time period. As depicted in Figure 7,
post hoc t comparisons during the first 30 min (0 –30 min) and
cumulatively (0 – 60 min) confirmed that intracerebroventricular
injection of saline followed by RES significantly reduced food
intake compared with intake under baseline conditions, and also
compared with intake by rats in each experimental treatment
group (Fig. 7; n � 24 rats for baseline data, and n � 6 rats per
experimental group). Food intake was statistically similar in rats
under baseline, intracerebroventricularly injected saline, and in-
tracerebroventricularly injected Ex9 plus RES conditions (Fig. 7).
Thus, intracerebroventricular injection of Ex9 by itself did not
affect food intake in the absence of RES stress, but prevented the
hypophagic response to RES (Fig. 7).

In addition to blocking RES-induced hypophagia, intracere-
broventricular injection of Ex9 significantly attenuated the ability
of RES to activate PrRP neurons within the cNTS, and to activate
neurons within the PrRP terminal-rich anterior vlBST in ad
libitum-fed rats (Fig. 8; p � 0.05 for each comparison, saline vs
Ex9). Conversely, �75– 80% of GLP-1 neurons were activated
after RES, regardless of intracerebroventricular pretreatment
(Fig. 8). As stated in Materials and Methods, our pilot study
indicated that intracerebroventricular injection alone activated
�60% of GLP-1 neurons (similar to the effect of RES in noncan-
nulated, ad libitum-fed rats), and also activated robust c-Fos ex-
pression within the mpPVN that exceeded activation after RES in
noncannulated ad libitum-fed control rats (Experiment 3). This
robust mpPVN activation prevented the detection of an intrace-

rebroventricular pretreatment effect on RES-induced mpPVN
activation, and so the mpPVN data were not quantified or ana-
lyzed statistically.

Discussion
Previous reports indicate that caloric deficits attenuate anxiety-
like behavior and stress-induced hypophagia in rats (Lennie et al.,
1995; Youngblood et al., 1997; Heiderstadt et al., 2000; Martin-
Iverson and Stevenson, 2005; Levay et al., 2007). The present
study established that overnight fasting reduces anxiety-like be-
havior on the EPMZ. Fed rats spent most of the 5 min EPMZ test
moving between the two closed arms, with very little open arm
exploration. Conversely, fasted rats allocated significantly more
time to exploring the illuminated, “anxiogenic” open arms, re-
flecting an anxiolytic effect of caloric deficit. Interestingly, there
were no differences between fed and fasted rats in total distance
traveled on the maze, arguing against a general fasting-induced
increase in locomotion. However, since increased motivation to
feed could account for increased open arm exploration in the
EPMZ test, independent of decreased anxiety, behavior in an-
other group of fed and fasted rats was assayed using the acoustic
startle test, which does not include an exploratory component. In
the LES test, baseline startle reactivity (peak amplitude) is in-
creased in the presence of light, which is anxiogenic in rats
(Walker and Davis, 1997). Acoustic startle amplitudes are sup-
pressed in rats after a longer period of food restriction that re-
duces BW by 15% (Martin-Iverson and Stevenson, 2005), and the
present results newly indicate that baseline startle amplitudes and
the magnitude of LES are significantly reduced in rats after a
single overnight fast. Since baseline startle amplitude and LES are
increased by anxiogenic drugs and treatments, and are decreased
by anxiolytic drugs and treatments (Davis et al., 1997a; Groenink
et al., 2008), the present results support the view that overnight
fasting is anxiolytic.

As discussed below, our new findings reveal a potential mech-
anism for fasting-induced shifts in stress responsiveness and
anxiety-like behavior. Specifically, we report that overnight food
deprivation nearly abolishes the ability of stress to activate GLP-1
and PrRP� A2 neurons within the cNTS. We further demon-
strate that central GLP-1 receptor signaling is necessary for the
ability of acute RES stress to suppress food intake in nondeprived
rats, and also to fully activate PrRP neurons and neurons within
the anterior vlBST. Thus, fasting-induced “silencing” of GLP-1
neurons (and perhaps PrRP� A2 neurons) is a potential mecha-
nism through which negative energy balance decreases behav-
ioral stress responsiveness.

Fasting suppresses GLP-1 neuronal activation
The majority of GLP-1 neurons within the cNTS and medullary
reticular formation were activated in fed rats after RES or EP

Table 2. Paired-samples t tests comparing mean differences between the proportion of NTS GLP-1 neurons and reticular GLP-1 neurons activated to express c-Fos following
each experimental treatment combination

Feeding status Treatment

NTS Reticular

t (df) p value nMean SEM Mean SEM

Ad libitum NH 33.80 6.69 30.55 4.01 0.787 (5) 	0.05 6
RES 69.91 1.95 61.08 4.39 2.503 (3) 	0.05 4
EP 73.90 2.97 74.82 3.37 0.289 (5) 	0.05 6

DEP NH 0.26 0.26 0.00 0.00 1.000 (6) 	0.05 7
RES 0.00 0.00 1.52 0.48 3.133 (7) �0.05* 8
EP 0.14 0.14 1.02 0.80 1.032 (5) 	0.05 6

*Statistically significant.
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stress. Since GLP-1 neurons in rats are glutamatergic (Zheng et
al., 2015) and their axon terminals synapse directly onto mpPVN
CRH neurons (Sarkar et al., 2003), stress-induced activation of
these neurons likely contributes to the activation of the HPA axis.
Indeed, GLP-1 receptor signaling facilitates glutamate release and
increases PVN neuronal spike frequency (Acuna-Goycolea and
van den Pol, 2004). In contrast to results in fed rats, GLP-1 c-Fos
activation was abolished in fasted rats across all treatment condi-
tions. This extends previous findings that fasting eliminates
GLP-1 activation after systemically administered cholecysto-
kinin, which recruits vagal (visceral) sensory inputs to the cNTS
(Maniscalco and Rinaman, 2013). There was no difference be-
tween cNTS and reticular GLP-1 populations in their response to
acute RES or EP stress (Table 2), suggesting that both populations
receive similar inputs conveying cognitive stress signals from the
forebrain to the hindbrain (Dayas and Day, 2001; Dayas et al.,
2004).

Figure 4. Overnight fasting (DEP) reduces the activation of noradrenergic PrRP � and
PrRP � A2 neurons at baseline and after acute stress. A, B, Representative color images of
sections through the cNTS (�14.36 mm caudal to bregma) from two rats exposed to restraint
stress. Sections are triple labeled for neuronal c-Fos expression (blue nuclear label), PrRP (red),
and D�H (green). All PrRP � neurons are also D�H � and thus appear yellow/orange.

4

Green cells are D�H �/PrRP � A2 neurons. A, Restraint robustly activates cNTS c-Fos expression
in an ad libitum-fed rat, including activation of most PrRP �/D�H � neurons and a smaller
proportion of PrRP �/D�H � neurons. Inset, Higher-magnification view of several c-Fos �/
PrRP �/D�H � neurons. B, Restraint activates relatively few PrRP �/D�H � or PrRP �/
D�H � neurons in a fasted rat. Inset, Higher-magnification view of several PrRP �/D�H � and
PrRP �/D�H � neurons, some of which express c-Fos. C, D, Summary data reporting the pro-
portion of PrRP �/D�H � neurons expressing c-Fos (C), or PrRP �/D�H � neurons expressing
c-Fos (D) in ad libitum-fed rats (solid bars) or fasted rats (DEP; open bars) after no manipulation
(nonhandled; n � 6 ad libitum, n � 7 DEP), restraint stress (n � 4 ad libitum, n � 8 DEP), or
elevated platform stress (n � 6 ad libitum, n � 6 DEP). C, DEP eliminated c-Fos expression by
PrRP �/D�H � neurons in nonhandled control rats or in rats after elevated platform stress and
significantly reduced c-Fos expression by PrRP �/D�H � neurons in rats exposed to restraint.
D, Relatively few PrRP �/D�H � neurons expressed c-Fos in nonhandled control rats, regard-
less of feeding status. Fasting attenuated stress-induced c-Fos expression in PrRP �/D�H �

neurons. See Table 1 for two-way ANOVA results. In C and D, asterisks indicate significantly
reduced (*p � 0.05) neural c-Fos expression in DEP versus ad libitum-fed rats in the same stress
group. Within the same feeding status group (i.e., ad libitum or DEP), bars with different letters
(i.e., A, B, C or a, b, c) are significantly different ( p � 0.05). ad lib, Ad libitum; cc, central canal.
Scale bar: (in A) A, B, 200 �m.

Figure 5. Summary data illustrating the number of c-Fos � neurons within the GLP-1
terminal-rich region of the mpPVN in ad libitum-fed rats (solid bars) or fasted rats (DEP; open
bars) after no manipulation (nonhandled; n � 6 ad libitum, n � 7 DEP), restraint stress (n � 4
ad libitum, n � 8 DEP), or elevated platform stress (n � 6 ad libitum, n � 6 DEP). Compared
with nonhandled control rats, either restraint or elevated platform exposure increased c-Fos
expression within the mpPVN, regardless of feeding status. Despite the apparent trend toward
reduced mpPVN c-Fos activation in fasted rats under nonhandled control conditions or after
elevated platform exposure, there was no significant main effect of feeding status, and no
interaction between feeding status and stress treatment on mpPVN c-Fos activation (see Table
1 for two-way ANOVA results). ad lib, Ad libitum.
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The consequences of GLP-1 “silencing” in fasted rats likely
include anxiolysis, blunted HPA axis activation (Kinzig et al.,
2003), and attenuation of other stress responses in which central
GLP-1 receptor signaling has been implicated (O’Shea et al.,
1996; Gülpinar et al., 2000; Yamamoto et al., 2002). Paradoxi-
cally, however, food deprivation increases plasma corticosterone
(CORT) at baseline and after acute restraint stress, despite con-
currently reduced plasma ACTH (Akana et al., 1994; Chacón et
al., 2005). This may facilitate glucose mobilization for energy-
dependent functions during periods of caloric deficit (Dallman et
al., 1999).

Central GLP-1 signaling suppresses food intake (Turton et al.,
1996; Rinaman, 1999b), and previous reports using Ex9 indicate
that endogenous GLP-1 receptor signaling is necessary for the
suppression of food intake after visceral stress (Rinaman, 1999b;
Grill et al., 2004). In the present study, intracerebroventricular
saline infusion followed by RES stress reduced dark-onset food
intake by 70% during the first 30 min, and by 60% overall during
the first hour, which is consistent with previous reports that RES
suppresses food intake (Krahn et al., 1986; Rybkin et al., 1997;
Calvez et al., 2011). Importantly, the hypophagic response to RES
was abolished by intracerebroventricular pretreatment with Ex9,
which (in different rats) also significantly attenuated the ability of
RES to activate PrRP neurons in the cNTS and neurons within the
anterior vlBST. These results support the view that endogenous
GLP-1 receptor signaling is necessary for acute stress-induced
hypophagia, which may depend on the activation of PrRP� A2

Figure 6. Fasting reduces c-Fos activation within the anterior vlBST after acute stress. A, B,
Representative color images depicting neuronal c-Fos expression (blue nuclear label) within the
coextensive PrRP (red) and D�H (green) terminal-rich region of the vlBST (�0.26 mm caudal to
bregma). A, In an ad libitum-fed rat, many neurons within and surrounding the vlBST express
c-Fos after restraint. B, Fewer vlBST neurons express c-Fos in a fasted rat after restraint. C,
Summary data reporting the number of c-Fos � neurons per 100 �m 2 area of the PrRP/D�H
terminal-rich vlBST in ad libitum-fed rats (solid bars) or fasted rats (DEP; open bars) after no
manipulation (nonhandled; n � 6 ad libitum, n � 7 DEP), restraint stress (n � 4 ad libitum,
n � 8 DEP), or elevated platform stress (n � 6 ad libitum, n � 6 DEP). See Table 1 for two-way
ANOVA results. Fasting did not affect baseline c-Fos, but significantly attenuated stress-induced
c-Fos expression in the vlBST. Asterisks indicate significantly reduced (*p � 0.05) vlBST neural
c-Fos expression in DEP rats versus ad libitum-fed rats in the same treatment group. Within the
same feeding status group (i.e., ad libitum or DEP), bars with different letters (i.e., A, B, C or a, b,
c) are significantly different ( p � 0.05). AC, Anterior commissure; ad lib, Ad libitum. Scale bar:
(in A) A, B, 200 �m.

Figure 7. The ability of restraint stress to suppress dark-onset food intake in ad libitum-fed
rats is blocked by lateral intracerebroventricular administration of a specific GLP-1 receptor
antagonist (Ex9). Chow intake (expressed as a percentage of body weight) is illustrated from 0
to 30 min, from 30 to 60 min, and cumulatively (0 – 60 min) at baseline (n � 24), and after each
experimental treatment (n � 6/group). Control intracerebroventricular infusion of saline vehi-
cle or Ex9 alone did not alter chow intake. After intracerebroventricular infusion of saline,
restraint stress significantly reduced food intake during the first 30 min. This hypophagic effect
was not compensated for during the second 30 min period, such that the cumulative 60 min
intake remained suppressed. Pretreatment with intracerebroventricular injection of Ex9 signif-
icantly attenuated restraint stress-induced hypophagia during the first 30 min and at the cu-
mulative 60 min time point. *Significantly less intake ( p � 0.05) compared with baseline and
compared with intake by rats in all other treatment groups within the same time bin.
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neurons and their downstream targets. This new finding comple-
ments a previous report implicating central GLP1 signaling in
hormonal and anxiogenic responses to acute stress in rats (Kinzig
et al., 2003). Thus, fasting-induced “silencing” of hindbrain
GLP-1 neurons, at least as measured by c-Fos expression, is a
viable mechanism through which fasting can retune physiologi-
cal and behavioral responses to stress.

Fasting suppresses activation of PrRP � NA neurons
Acute stress significantly increased c-Fos activation of PrRP� A2
neurons in ad libitum-fed rats, with a higher proportion of acti-
vated neurons after RES (�90%) compared with EP exposure (�
52%). These results extend previous reports that PrRP� A2 neu-

rons are stress sensitive (Maruyama et al.,
2001; Morales and Sawchenko, 2003; Zhu
and Onaka, 2003). Overnight fasting
eliminated PrRP� neural c-Fos activation
under baseline conditions and after EP
exposure, and substantially attenuated
RES-induced activation. Thus, PrRP� A2
neurons are inhibited or otherwise si-
lenced by overnight food deprivation,
similar to GLP-1 neurons. Interestingly,
similar to the effect of overnight food de-
privation, intracerebroventricular injec-
tion of Ex9 attenuated the ability of RES to
activate PrRP� A2 neurons in ad libitum-
fed rats, suggesting that GLP-1 signaling
either directly or indirectly contributes to
stress-induced activation of these neu-
rons. Conversely, Ex9 pretreatment did
not reduce GLP-1 neural activation after
RES.

PrRP� A2 neuronal recruitment may
contribute to HPA axis activation and
anxiety, since these neurons project
densely to the mpPVN and anterior vlBST
(Maruyama et al., 1999; Morales et al.,
2000; Banihashemi and Rinaman, 2006;
Rinaman, 2010, 2011). Central ventricu-
lar or intra-PVN administration of nor-
epinephrine or PrRP drives the HPA axis
(Plotsky, 1987; Itoi et al., 1999; Cole and
Sawchenko, 2002; Seal et al., 2002; Mera et
al., 2006), and pharmacological antago-
nism of NA signaling or an immunotoxic
lesion of A2 neurons that innervate the
mpPVN and anterior vlBST attenuates
anxiety and CORT responses to stress
(Cecchi et al., 2002; Bienkowski and Rina-
man, 2008; Zheng and Rinaman, 2013).
Thus, fasting-induced suppression of
PrRP� A2 neuronal signaling pathways
may attenuate acute stress responses.
Central PrRP receptor blockade is not
currently feasible, making it difficult to
test the role of endogenous PrRP signaling
in behavioral and endocrine stress re-
sponses. Although central Ex9 pretreat-
ment reduced PrRP neural activation after
RES stress, our pilot study indicated that
intracerebroventricular infusion alone ac-
tivated robust c-Fos expression within the

mpPVN that exceeded RES-induced activation, precluding the
analysis of potential Ex9-mediated reductions in mpPVN activa-
tion. A previous report indicates that intracerebroventricular in-
jection of Ex9 blunts RES-induced HPA axis responses (Kinzig et
al., 2003), suggesting that the currently observed robust c-Fos
response to intracerebroventricular infusion alone reflects tran-
sient and/or non-CRH neural activation.

Fasting decreases neural activation in the anterior vlBST
Neuroendocrine and anxiety-like responses to acute stress are
mimicked and facilitated by central GLP-1, PrRP, and NA signal-
ing within the mpPVN and anterior vlBST (Cecchi et al., 2002;
Kinzig et al., 2003; Rinaman, 2010, 2011; Maniscalco et al., 2013).

Figure 8. Lateral intracerebroventricular infusion of a GLP-1 receptor antagonist (Ex9) significantly reduces the ability of RES
stress to activate PrRP � cNTS neurons and neurons within the anterior vlBST in ad libitum-fed rats. A, The majority of PrRP �

neurons (brown) express c-Fos (black nuclei) after RES in rats pretreated with intracerebroventricular injection of saline (SAL). B,
RES-induced c-Fos within the PrRP-rich anterior vlBST in a rat treated with intracerebroventricularly injected saline after RES. C,
RES-induced activation of PrRP neurons is reduced in rats pretreated with intracerebroventricular injection of Ex9. D, RES-induced
activation of neurons within the PrRP-rich anterior vlBST is reduced in rats pretreated with intracerebroventricular injection of Ex9.
E, Quantification of RES-induced activation of PrRP and GLP-1 neurons in rats pretreated with intracerebroventricular injection of
either saline (n � 5) or Ex9 (n � 8); *p � 0.05, intracerebroventricular saline vs Ex9. F, Quantification of RES-induced activation
within the anterior vlBST in rats pretreated intracerebroventricularly with either saline (n � 5) or Ex9 (n � 8); *p � 0.05,
intracerebroventricularly injected saline vs Ex9. Scale bars: (in C, D) A–D, 200 �m.
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The anterior vlBST exerts control over autonomic, neuroendo-
crine, and behavioral responses to homeostatic threats via effer-
ent projections to the mpPVN, central nucleus of the amygdala,
periaqueductal gray, and other brain regions (Gray and Mag-
nuson, 1992; Dong et al., 2001; Crestani et al., 2013). The anterior
vlBST receives moderate innervation by GLP-1 neurons (Rina-
man, 2011) and particularly dense innervation from PrRP� A2
neurons (Figs. 6, 8). Considering this, we hypothesized that
fasting-induced silencing of GLP-1 and PrRP� A2 neurons
would attenuate stress-induced activation of both mpPVN and
anterior vlBST neurons. Although a main effect of feeding status
on mpPVN c-Fos activation failed to reach statistical significance
(p � 0.07), stress-induced activation of neurons within the ante-
rior vlBST was significantly attenuated in fasted rats, perhaps
contributing to the anxiolytic effect of overnight food depriva-
tion observed in rats tested in the EPMZ. Indeed, the present
study demonstrated that pretreatment with intracerebroventric-
ular injection of Ex9 significantly attenuated RES-induced c-Fos
within the PrRP-rich region of the anterior vlBST, which is con-
sistent with results of a previous study reporting that intracere-
broventricular injection of Ex9 reduces anxiety-like behavior in
the EPMZ (Kinzig et al., 2003).

Mechanisms underlying fasting-induced suppression of GLP-
1 and PrRP/A2 neural activation
Since rats consume most of their calories during the dark period,
a single overnight fast generates acute negative energy balance
and elicits marked changes in physiology, including overnight
activation of the HPA axis (Akana et al., 1994; Dallman et al.,
1999), loss of body weight, and a 30% drop in plasma glucose
levels (present results). Presumably, overnight fasting generates
feedback signals that inhibit GLP-1 and PrRP/A2 neurons, desen-
sitize them to excitatory inputs, and/or silence those inputs dur-
ing the subsequent light cycle (i.e., when experiments were
conducted in the present study). GLP-1 and noradrenergic PrRP
neurons comprise only a small subset of all cNTS neurons that are
sensitive to visceral sensory feedback, but they collectively pro-
vide most neural output from the cNTS to the hypothalamus and
limbic forebrain, and are implicated in mediating endocrine and
behavioral stress responses (Rinaman, 2010; Maniscalco et al.,
2013). We did not quantify the effects of overnight fasting on
total cNTS neural activation after acute stress, and do not argue
that the effects of fasting are specific only to GLP-1 and PrRP
neurons. Neurons within the cNTS receive direct glutamatergic
innervation from vagal afferent neurons as well as central inputs
from a variety of brainstem, hypothalamic, and limbic forebrain
regions, and cNTS neurons also are sensitive to circulating factors
(e.g., leptin and ghrelin) that convey information regarding di-
gestive and metabolic status (Altschuler et al., 1989; Miselis et al.,
1991; Schwartz et al., 1991; Stornetta et al., 2002; Appleyard et al.,
2007; Hisadome et al., 2010; Potes and Lutz, 2010; Maniscalco et
al., 2013). Fasting presumably reduces some excitatory inputs
and/or increases some inhibitory inputs to the cNTS, including
inputs to GLP-1 and A2 neurons, thereby preventing their acti-
vation after acute visceral (Maniscalco and Rinaman, 2013) or
nonvisceral stress (present study). Additional research is war-
ranted to identify the nature and source of these inputs.

Conclusions
Results from the present study indicate that a single overnight fast
decreases anxiety-like behavior, markedly reduces the ability of
acute stress to activate GLP-1 and PrRP� A2 neurons within the
cNTS, and attenuates stress-induced neuronal activation within

the NA/PrRP terminal-rich vlBST. Our results also establish a
role for endogenous GLP-1 receptor signaling in central neural
activation and behavioral responses to acute stress. We conclude
that metabolic tuning of hindbrain GLP-1 neurons (and perhaps
PrRP� A2 neurons) is a potential mechanism through which
negative energy balance decreases central drive to the HPA axis,
promotes anxiolysis, and attenuates hypophagic responses to
acute stress.
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