The Journal of Neuroscience, October 12, 2011 - 31(41):14453-14457 - 14453

Brief Communications

Glucagon-Like Peptide 1 Receptors in Nucleus Accumbens
Affect Food Intake

Amanda M. Dossat, Nicole Lilly, Kristen Kay, and Diana L. Williams
Department of Psychology and Program in Neuroscience, Florida State University, Tallahassee, Florida 32306-4301

Central glucagon-like peptide 1 receptor (GLP-1R) stimulation suppresses food intake, and hindbrain GLP-1 neurons project to numer-
ous feeding-relevant brain regions. One such region is the nucleus accumbens (NAc), which plays a role in reward and motivated
behavior. Using immunohistochemical and retrograde tracing techniques in rats, we identified a robust projection from GLP-1 neurons
in the nucleus of the solitary tract to the NAc. We hypothesized that activation of NAc GLP-1Rs suppresses feeding. When injected into the
NAc core of rats at doses subthreshold for effect when administered to the lateral ventricle, GLP-1 significantly reduced food intake
relative to vehicle at 1, 2, and 24 h posttreatment. The same doses had no effect when injected into the NAc shell. NAc core treatment with
ventricle-subthreshold doses of the GLP-1R antagonist exendin (9 -39) caused significant hyperphagia at 2 h posttreatment, suggesting
that endogenous stimulation of NAc core GLP-1Rs plays a role in limiting food intake. It has been suggested that GLP-1 can cause nausea,
but we found that NAc core administration of GLP-1 did not cause a conditioned taste aversion to saccharin, suggesting that the anorexic
effect of NAc core GLP-1 is not caused by malaise. Finally, we observed that NAc core injection of GLP-1 significantly increased c-Fos
expression in the NAc core. We conclude that that GLP-1Rs in the NAc play a physiologic role in food intake control, and suggest that the

GLP-1 projection to NAc core may link satiation signal processing in the hindbrain with forebrain processing of food reward.

Introduction

Hindbrain glucagon-like peptide 1 (GLP-1) neurons are hypoth-
esized to play a role in the control of food intake (Hayes et al.,
2010). These cells are located primarily in the nucleus of the
solitary tract (NTS) and project throughout the brain to many
feeding-relevant areas (Rinaman, 2010). GLP-1 neurons are ac-
tivated by meal-related stimuli, including gastric distention
(Vrang et al., 2003), and many studies have demonstrated that
GLP-1 injection into the cerebral ventricles. reduces food intake
(Turton et al., 1996; Williams et al., 2009a). Conversely, chronic
blockade of central GLP-1 receptors (GLP-1R) with intracere-
broventricular antagonist treatment increases food intake and
body weight, and RNA interference-mediated knockdown of
mRNA for preproglucagon, the precursor of GLP-1, in the NTS
also causes hyperphagia and weight gain (Barrera et al., 2011).
Together, these loss-of-function studies support the idea that
neuronal GLP-1 plays a physiologic role in the maintenance of
energy balance. GLP-1R agonists are now used clinically in hu-
mans for treatment of type 2 diabetes, and in addition to their
effects on glucose homeostasis, they also reduce appetite and
body weight (Bradley et al., 2010). For these reasons, it is critical
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to determine which GLP-1R-expressing neuronal populations
mediate these effects.

Experiments in which GLP-1R agonists and antagonists are
administered intracerebroventricularly suggest that GLP-1R
populations across the brain play a role in mediating GLP-1’s
effects, but such studies do not identify specific nuclei. Thus far,
the paraventricular nucleus of the hypothalamus (PVN) is the
only identified site where direct injection of low doses of GLP-1
reduces food intake (McMahon and Wellman, 1998). The PVN
has high GLP-1 fiber density and GLP-1R expression (Merch-
enthaler et al., 1999; Tauchi et al., 2008), but a number of other
feeding-relevant brain regions also receive GLP-1 projections
and contain GLP-1R. Here, we focused on the nucleus accum-
bens (NAc) as a potential site of action for central GLP-1. In the
rat, both the NAc core and shell contain GLP-1 fibers and
GLP-1R (Merchenthaler et al., 1999; Rinaman, 2010). The NAc is
well known for its role in drug addiction and reward-motivated
behavior, and it is established that manipulations of NAc can
affect food intake (Berridge et al., 2010). Perhaps the most well
studied example is the increase in intake of high-fat food elicited
by intra-NAc injection of the p-opiod receptor agonist DAMGO
(Will et al., 2003). We hypothesized that NAc GLP-1 receptor
activation reduces food intake, and that endogenous GLP-1 ac-
tion in NAc plays a physiologic role in the control of ingestion.
First, we characterized the GLP-1 neuron projection to NAc
using retrograde tracing and immunohistochemistry. We then
examined the effects of injection of GLP-1 or the GLP-1R antag-
onist exendin (9-39) (Ex9) into the NAc, and provide evidence
that the NAc core is a GLP-1-sensitive region. Together, our data
supports the idea that the GLP-1 projection to NAc is involved in
food-intake control.
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Materials and Methods

Animals

Naive male Wistar rats (mean body weight 325 g at the start of experi-
ments; Charles River Laboratories) were maintained individually in
temperature-controlled vivariums on a 12-h-light:12-h-dark cycle in
plastic cages with food hoppers. Distilled water and rat chow (Purina)
were available ad libitum except where otherwise noted. Rats were han-
dled daily and habituated to experimental procedures before the studies.
All experimental procedures were approved by the Florida State Univer-
sity Institutional Animal Care and Use Committee and conform to the
standards of the Guide for the Care and Use of Laboratory Animals
(National Research Council 1996).

Retrograde tracing

Injections. Rats received unilateral 0.5 ul microinjections of 4% Fluoro-
gold (n = 3; Fluorochrome) or Red RetroBeads (n = 3; Lumaflor) into
the NAc core under 2—4% isoflurane in 1 L oxygen/min inhaled contin-
uously during surgery. Each rat was injected in two locations with a 30G
Hamilton microsyringe (VWR) and pump (World Precision Instru-
ments) at a rate of 100 nl/min for Fluorogold and 300 nl/min for Ret-
roBeads. Stereotaxic coordinates for the first injection were 1.5 mm
lateral to midline, 1.2 or 1.5 mm anterior to bregma, and 7.4 mm ventral
to skull surface. The second injection was 2.0 mm anterior to bregma at
the same lateral and ventral coordinates. Carprofen (5 mg/kg, s.c.; Butler
Schein Animal Health Supply) was administered before surgery. Body
weights were monitored during recovery.

Perfusions. At 3 (for RetroBead-injected rats) or 5 (for Fluorogold-
injected rats) days postinjection, rats were anesthetized (180 mg/kg ket-
amine and 30 mg/kg xylazine, i.p.) and transcardially perfused with 10
mM PBS and 4% paraformaldehyde. Brains were removed and sunk in
30% sucrose in PBS and then frozen in isopentane on dry ice. Coronal
cryostat sections (20 um) through the NAc were slide-mounted for in-
jection placement verification and stored at —80°C, while coronal mi-
crotome sections (40 wm) through the NTS were collected into 0.02 m
TBS with 0.1% sodium azide and stored at 4°C.

Immunohistochemistry. Staining for GLP-1 followed a previously de-
scribed protocol (Rinaman, 1999). Antibodies were diluted in 0.3%
Triton-X, 1% BSA, and 1% normal donkey serum in 10 mm PBS. The
rabbit anti-GLP-1 primary (Bachem) was diluted at 1:5000 and the sec-
ondary for RetroBead-containing sections was 1:500 donkey anti-rabbit
Alexa-488 (Invitrogen). The secondary for Fluorogold-containing sec-
tions was 1:1000 donkey anti-rabbit Cy3 (Jackson Immunoresearch).
RetroBead-containing sections were mounted and coverslipped with
Fluoro-Gel (Electron Microscopy Sciences). Fluorogold-containing sec-
tions were double-labeled for Flurogold. Because both primaries were
rabbit, these sections were incubated in 10% normal rabbit serum in
0.3% Triton-X and 1% BSA in PBS for 2 h followed by overnight incu-
bation with 1:100 donkey anti-rabbit IgG Fab fragment (Jackson Immu-
noresearch) before incubation with 1:3000 rabbit anti-Fluorogold
(Millipore). The secondary was 1:500 donkey anti-rabbit Alexa-488 (In-
vitrogen), and these sections were mounted and coverslipped with Aqua
Polymount (Polysciences). Control sections incubated without prima-
ries or without secondaries showed no staining. Control sections from
Fluorogold-injected rats were stained for GLP-1 and went through all
subsequent steps except for incubation with the anti-Fluorogold pri-
mary. These sections showed no donkey anti-rabbit Alexa-488 binding.

Analysis. Tracer injection placement was verified by examination of
sections through NAc. From each rat, we assessed a series of 16 alternat-
ing sections through the caudal NTS, ~14.16 mm through 15.24 mm
posterior to bregma (Paxinos and Watson, 2007). Slides were examined
with an Olympus BX41 fluorescence microscope and monochromatic
digital images were acquired with a Retiga EXI Aqua camera and
Q-Capture software (Hunt Optics). We used Adobe Photoshop CS4 to
adjust contrast, add color, and merge images of tracer and GLP-1 immu-
noreactivity. RetroBead injections diffused only within ~1 mm of the
medial NAc core injection sites, whereas Fluorogold injections diffused
throughout NAc core and shell and reached neighboring structures in
some cases. Therefore, we only quantified sections from RetroBead-
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injected rats. GLP-1-labeled cells, RetroBead-containing cells, and cells
containing both were counted by eye.

Food intake experiments

Cannulation. Rats were implanted with 26G guide cannulas (Plastics
One) targeting the lateral ventricle (LV) or NAc core or shell as described
previously (Williams et al., 2009a). Coordinates for the LV were 1.5 mm
lateral to midline, 0.9 mm posterior to bregma, and 2.7 mm ventral to
skull surface. NAc core coordinates were 1.2 mm anterior to bregma, 1.5
mm lateral, and 4.9 mm ventral to skull surface. NAc shell coordinates
were 0.8 mm lateral, 1.5 mm anterior to bregma, and 5.9 mm ventral to
skull surface. Injectors (30G) used in the experiments extended 2.0 mm
(for LV) or 2.5 mm (for NAc) below the end of the guide cannulas. LV
cannulation was verified through observation of water drinking induced
by Angiotensin II (Sigma-Aldrich). All placements were verified histo-
logically after behavioral experiments ended.

LV administration studies. Within-subjects counterbalanced designs
(n = 10) were used to determine the dose-response for food intake
effects of LV-injected GLP-1 and Ex9 (American Peptides). On experi-
ment days, food was removed 2 h before the onset of the dark cycle. One
hour before dark, rats received an LV injection of 0, 0.033, 0.15, 0.3, 1, or
3 ug of GLP-11n 2 ul saline. Food was returned immediately before dark
and intake was measured 1, 2, and 24 h later. Body weight was recorded
daily and injections were separated by at least 48 h. The feeding responses
t00,2.5,5, 10, or 20 ug of Ex9in 2 pl saline were then examined using the
same protocol with the same rats.

NAc administration studies. We chose doses of GLP-1 and Ex9 that had
no significant effect on food intake in the LV dose—response studies.
Injections and feeding measurements were performed as described
above, except injection volume was 0.5 ul. To determine the effect of
intra-NAc core GLP-1, we examined the feeding response to saline versus
0.025 g of GLP-1 in one group of rats (n = 7), and then the effect of
saline versus 0.1 ug of GLP-1 in a second group (n = 8). Another group
of NAc core-cannulated rats (n = 8) received saline and 1, 2, or 3 ug of
Ex9 in counterbalanced order. Rats with NAc shell-targeted cannulas
(n = 11) received saline and 0.025 or 0.1 ug of GLP-1 in counterbalanced
order.

Conditioned taste aversion

To determine whether intra-NAc core GLP-1 produces conditioned taste
aversion (CTA), we used a previously described protocol (Oberbeck et
al,, 2010) in which intra-NAc core saline or 0.1 ug of GLP-1, or intra-
peritoneal injection of 1 ml of 0.6 M LiCl (# = 5/group) was paired with
0.02% saccharin. Rats were given ad libitum access to a 0.02% saccharin
and water on the following day and intakes were measured for 24 h.

GLP-1-induced c-Fos

NAc core-cannulated rats from the feeding experiments were used in this
study. Food was removed 2 h before treatment and rats were divided into
two groups: intra-NAc core injection of saline (# = 5) or 0.1 ug of GLP-1
(n = 7). Ninety minutes postinjection, rats were anesthetized and tran-
scardially perfused as described above. Coronal cryostat sections (20 um)
were slide-mounted and stained for c-Fos as previously described (Wil-
liams et al., 2009b) using rabbit anti-c-fos primary (EMD Biosciences)
and donkey anti-rabbit Alexa-488. Photographs were taken as described
above, and ImageJ (NIH) was used to count c-Fos-like immunoreactivity
bilaterally on four or five sections through NAc surrounding the site of
injection. Sections through the center of injection were excluded so that
tissue damage-related artifact was not mistakenly counted as c-Fos.

Statistical analysis

Data are reported as mean = SEM. Effects were evaluated by paired-
samples Student’s ¢ test or within- or between-subjects one-way
ANOVA, as appropriate. Post hoc comparisons were made with Tukey’s
Honestly Significant Difference test. p values of <0.05 were considered
significant.

Results

Colocalization of retrograde tracer with GLP-1

Neurons positive for GLP-1 were observed throughout the cau-
dal NTS with highest density near the level of the obex. Few were
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Figure 1.
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Representative images of fluorescent immunostaining and retrograde tracing of the projection from NTS neurons to NAc. 4, NAcimage showing the location and minimal spread of

RetroBead injection (ac, anterior commissure). B, , A low-magpnification image of the caudal NTS (B) and a corresponding diagram (C) based on Paxinos and Watson (2007) are provided for
orientation (Cu, cuneate nucleus; Gr, gracile nucleus; st, solitary tract; 10N, dorsal motor nucleus of the vagus; ¢, central canal). Higher-magnification images are taken from the area inside the white
box in B. B, D, F, G, I, GLP-1 neurons (green cytoplasmic fluorescence) are visible in the NTS. B, E, F, H, I, Magenta cytoplasmic fluorescence identifies neurons that are retrogradely labeled by
RetroBeads (B, E, F) or Fluorogold (H, I). B, F, I, Colocalization of GLP-1 and tracer is shown by merging images of GLP-1and tracer. Arrows indicate several double-labeled cells.
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Figure2. A, B, Dose—response function for the food intake effects of LV-injected GLP-1 (A)
and Ex9 (B). *p << 0.05 relative to saline.

observed at the caudal-most level of the area postrema and none
were observed anterior to that point. Retrograde tracer was found
throughout the caudal NTS and colocalized with GLP-1 in many
cells (Fig. 1). We identified 251.0 = 2.45 GLP-1 neurons and
180.0 = 23.79 RetroBead-containing neurons. Among these,
65.67 * 8.04 were both GLP-1- and RetroBead-positive. Thus,
26.21 = 3.4% of NTS GLP-1 neurons were retrogradely labeled.
Amongall retrogradely labeled caudal NTS neurons, 37.8 = 8.1%
were GLP-1-positive.

LV GLP-1 and Ex9 effects on food intake

LV injection of 1 and 3 g of GLP-1 reduced food intake relative
tosaline at 1 and 2 h postdark onset (p < 0.01), while lower doses
did not differ from saline (Fig. 2A; 1 h data not shown). There
were no significant effects on 24 h intake or body weight. LV
treatment with 20 ug of Ex9 increased food intake at 1 and 2 h
postdark onset (p < 0.01), with no effect of lower doses (Fig. 2 B;
1 h data not shown). At 24 h, 20 ug of Ex9 was still effective
(saline, 24.61 * 1.33 g; 20 ug of Ex9,29.4 = 1.11 g; p < 0.01).

Effects of intra-NAc treatment

NAc cannula placements are illustrated in Figure 3A. Intra-NAc
core injection of 0.025 and 0.1 wg of GLP-1 each reduced food
intake relative to saline at 1 and 2 h postdark onset (p < 0.05)

(Fig. 2 B; 1 h data not shown). A significant effect was observed at
24 h (saline, 25.1 = 0.9 g; 0.025 ug, 23.0 * 1.0 g 0.1 ug, 23.3 *
0.8 g5 p < 0.05 for each dose vs saline). Body weight was not
affected. NAc shell injection of the same doses had no effect on
food intake or body weight at any point measured (Fig. 2 B).

As shown in Figure 3C, NAc core injection of 3 ug of Ex9 (p <
0.001) effectively increased food intake at 2 h posttreatment.
There was a main effect of Ex9 at 24 h (F; 15, = 3.54, p < 0.05)
with a trend toward increased intake after 3 ug of Ex9 (saline,
26.1 = 1.37 g; 3 ug, 29.06 £ 1.17 g; p = 0.08), but no effect on
body weight.

Conditioned taste aversion
Rats preferred saccharin after it was paired with intra-NAc core
saline injection, and rats in the NAc core 0.1 ug of GLP-1 group
were not significantly different (Fig. 3D). Rats in the control
group given LiCl displayed an aversion to saccharin (LiCl vs sa-
line and GLP-1, ps < 0.001).

c-Fos induction

Intra-NAc core injection of 0.1 ug of GLP-1 substantially in-
creased the number of c-Fos-positive nuclei in the NAc core
region (mean number of c-Fos-positive cells per section,
counted bilaterally: saline, 112.2 * 32.7; GLP-1, 544.5 = 37.6;
p < 0.001; Fig. 4). Although the injections were unilateral,
c-Fos expression was similar on the injected and noninjected
sides. The boundary between core and shell is difficult to de-
lineate without counterstaining, but few cells in the shell re-
gion contained c-Fos immunoreactivity.

Discussion

Our results support the hypothesis that the GLP-1 neuronal pro-
jection to the NAc plays a physiologic role in the control of food
intake. Retrograde tracer injections into the medial NAc core
identified a strong GLP-1 projection to this forebrain region.
GLP-1 injection directly into the NAc core suppressed intake at
doses that were subthreshold for effect when delivered to the LV.
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A, Diagram of representative NAc core and shell injection placements based on the atlas of Paxinos and Watson (2007). Additional rats’ injections were identified in similar locations at

points between the anterior—posterior levels shown here. B, NAc core, but not shell, injection of GLP-1 reduced food intake. €, Ex9 injected into the NAc core increased feeding. D, Percentage of
saccharin out of total saccharin plus water consumed in a 24 h test of CTA. Rats that previously experienced saccharin paired with intra-NAc core saline or GLP-1 strongly preferred to drink saccharin
over water, but rats that received a saccharin-LiCl pairing showed aversion to saccharin. *p << 0.05 relative to saline.
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Figure4. A-D, Representative images of c-Fos immunoreactivity (dark nuclear staining) in
the NAcof arat that received intra-NAc core saline (4, core region; B, shell region) and a rat that
received intra-NAc core GLP-1 (C, core region; D, shell region). ac, Anterior commissure.

Our findings suggest that the core is more relevant for GLP-1
action than the shell, because intra-NAc shell injection of the
same doses of GLP-1 had no effect. We observed significant c-Fos
induced by intra-NAc core GLP-1 as well, adding confidence to
the conclusion that NAc core neurons are GLP-1-responsive.
These effects demonstrate that responses can be driven by phar-
macologic GLP-1R activation in NAc core, but do not necessarily
mean that endogenous GLP-1 release in NAc has any impact on
feeding. Our demonstration that intra-NAc core Ex9 treatment
increased food intake addresses this issue and supports the con-
clusion that neuronal GLP-1 release at this site plays a role in
limiting food consumption.

Central GLP-1Rs have been implicated in the response to vis-
ceral illness in several studies. LV or third intracerebroventricular
injection of GLP-1 causes CTA (Thiele et al., 1997; Kinzig et al.,
2002), and blockade of GLP-1R impairs LiCl-induced anorexia
and formation of CTA (Seeley et al., 2000). Therefore, it is im-
portant to consider the possibility that the effects of intra-NAc
GLP-1 observed here are related to illness responses and not to
the control of food intake under normal physiologic circum-
stances. The fact that NAc core Ex9 treatment increased food

intake goes some way to address this issue. None of the manipu-
lations in this experiment are known to cause malaise, so it seems
unlikely that this hyperphagic response could be due to relief
from visceral illness. Rather, we suggest that this Ex9-induced
hyperphagia reveals a role of endogenous GLP-1 in the physio-
logic control of food intake. To further address this issue, we
asked whether intra-NAc core GLP-1, at a dose that significantly
reduced food intake, could also produce a CTA. Rats treated with
LiCl showed a robust CTA, but intra-NAc core GLP-1 produced
no aversion. Together, our data support the suggestion that the
anorexia we observed after NAc GLP-1 treatment is not due to
viscerosensory stress.

GLP-1Rs expressed in different brain regions appear to play
different functional roles. Previous investigations have identified
the PVN as a nucleus in which GLP-1 affects food intake, but
PVN GLP-1 treatment has no effect on glucose homeostasis and
does not produce a CTA (McMahon and Wellman, 1998; Sando-
val et al., 2008). The present study adds the NAc core as a second
site for GLP-1’s food intake effects without induction of CTA.
GLP-1 injected into the NAc shell had no effect on feeding, and it
remains to be seen what other effects may be obtained with shell
GLP-1R stimulation. In contrast to the effects obtained with PVN
or NAc core treatment, injection of GLP-1 into the central nucleus of
the amygdala causes CT A without affecting food intake (Kinzig etal.,
2002). GLP-1Rs are also expressed in the arcuate nucleus of the hy-
pothalamus (ARC), an area known to be important for food intake
control. GLP-1 action in the ARC, however, affects glucose homeo-
stasis and not food intake (Sandoval et al., 2008). Therefore, while
there is some overlap, different GLP-1 neuronal projections are not
entirely redundant with one another in terms of the physiologic and
behavioral processes they influence.

The present studies focused on neuronal GLP-1, but it is es-
tablished that intestinal GLP-1 and peripheral GLP-1R play a role
in food intake control as well (Williams, 2009). GLP-1 can cross
the blood—brain barrier freely (Kastin et al., 2002), but it is un-
likely that GLP-1 released from the intestine reaches brain
GLP-1R because the half-life of the active form of GLP-1 is <2
min (Holst and Deacon, 2005). However, this is not the case for
the degradation-resistant GLP-1R agonists exendin-4 and lira-
glutide. A recent study suggests that the longer-term (i.e., 24 h)
anorexic effects of peripheral injection of these agonists are in fact
mediated by brain GLP-1Rs (Kanoski et al., 2011). This raises the
question of whether NAc GLP-1Rs may play a role in mediating
the effects of peripherally administered exendin-4 or liraglutide.
Because humans now use these agonists in type 2 diabetes treat-
ment, this issue has clinical relevance.
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Research on the role of the NAc in food intake control has
focused in particular on hedonic intake—ingestion in the ab-
sence of homeostatic need, due to factors such as pleasure or
reward obtained by eating. Although the NAc has been impli-
cated in hedonic eating, it has not been considered to play a major
role in the homeostatic control of food intake (Kelley et al., 2005).
Conversely, GLP-1 has been considered a player in homeostatic
feeding, with mediatory roles in meal-related satiety (Hayes et al.,
2009) and the central effects of the adiposity hormone leptin
(Goldstone et al., 1997). NTS GLP-1 neurons receive direct vagal
afferent input (Hisadome et al., 2010) and are activated by gastric
distention (Vrang et al., 2003) and ingestion of palatable, energy-
dense food (Gaykema et al., 2009). Based on the data presented
here, we hypothesize that meal-related signals from the gastroin-
testinal tract promote the release of GLP-1 in the NAc, where
stimulation of GLP-1R act to reduce food intake. This GLP-1
projection to NAc may be the first identified behaviorally relevant
connection between hindbrain satiety-processing neurons and a
rostral forebrain region involved in reward.
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