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Glucagon-like peptide 1 receptor (GLP-1R) agonists are
U.S. Food and Drug Administration–approved weight
loss drugs. Despite their widespread use, the sites of
action through which GLP-1R agonists (GLP1RAs) affect
appetite and body weight are still not fully understood.
We determined whether GLP-1Rs in either GABAergic
or glutamatergic neurons are necessary for the short-
and long-term effects of the GLP1RA liraglutide on food
intake, visceral illness, body weight, and neural network
activation. We found that mice lacking GLP-1Rs in vGAT-
expressing GABAergic neurons responded identically to
controls in all parameters measured, whereas deletion
of GLP-1Rs in vGlut2-expressing glutamatergic neurons
eliminated liraglutide-induced weight loss and visceral
illness and severely attenuated its effects on feeding.
Concomitantly, deletion of GLP-1Rs from glutamatergic
neurons completely abolished the neural network acti-
vation observed after liraglutide administration. We con-
clude that liraglutide activates a dispersed but discrete
neural network to mediate its physiological effects and
that these effects require GLP-1R expression on gluta-
matergic but not GABAergic neurons.

The incretin glucagon-like peptide 1 (GLP-1) is produced
mainly in intestinal L cells and a discrete population of
hindbrain neurons. GLP-1 is released from the intestine
after a meal and acts through its receptor (GLP-1R) to in-
crease insulin and decrease glucagon secretion in a glucose-
dependent manner (1). As such, long-acting synthetic
GLP-1R agonists (GLP1RAs) are useful therapeutic agents
to treat type 2 diabetes (2). Of note, long-acting GLP1RAs,

such as liraglutide, not only improve blood glucose ho-
meostasis but also cause significant weight loss (3). In
rodents and humans, the weight loss is associated with
a reduction in food intake with little effect on energy ex-
penditure (4,5). Despite these clinically significant effects
on body weight, the cellular mechanisms by which GLP1RAs
modulate feeding are unclear, and understanding these
mechanisms remains an important research goal.

GLP-1R is expressed in the pancreas, heart, kidney,
gastrointestinal tract, and brain (1). We and others have
shown that GLP-1R–expressing cells in the central nervous
system (CNS) are required for the full anorectic and body
weight effects of peripherally administered liraglutide in
both mice and rats (6,7). GLP-1Rs are distributed across
the CNS, including in areas known to be critical for the
regulation of food intake and body weight (8,9). The
fact that local microinfusion of GLP1RAs into numerous
CNS nuclei is sufficient to decrease food intake (10)
suggests that many GLP-1R–expressing neuronal pop-
ulations contribute to the anorectic effects of periph-
erally administered liraglutide. To date, genetic deletion of
GLP-1R from specific brain nuclei known to be involved in
energy balance has shown that GLP-1Rs in the paraven-
tricular hypothalamus (PVH), arcuate nucleus, and ventro-
medial nucleus of the hypothalamus are not necessary
for the anorectic effects of peripherally administered
GLP1RAs (11–13).

These results are consistent with a model in which
the anorectic effects of GLP1RAs are distributed across
the CNS rather than contained in a single anatomic site
(10). Because cell-specific targeting of GLP-1R expression
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has yet to identify critical neural populations required for
GLP1RA action, we used established neuron-specific Cre
lines to target broad and mostly nonoverlapping neuronal
populations: vGlut2-expressing glutamatergic and vGAT-
expressing GABAergic neurons (14). With the use of Cre-
dependent reporter animals, we examined and cataloged
the brain regions and neuronal subtypes activated by
liraglutide and found a discrete pattern of neural activa-
tion that encompasses both glutamatergic and GABAergic
neurons. We then deleted GLP-1R from each population
and examined the behavioral and physiological outcomes
at baseline and in response to short- and long-term
liraglutide treatment in both lean and obese mouse mod-
els. We found that GLP-1Rs expressed in GABAergic
neurons are dispensable for liraglutide-induced anorexia,
weight loss, and neural network activation, whereas GLP-
1Rs in glutamatergic neurons are required for these
effects.

RESEARCH DESIGN AND METHODS

Animals
Glp1r-flox (6), vGAT-Cre (14), vGlut2-Cre (14), Glp1r-Cre
(15), and L10-GFP reporter (16) mice have been described
previously (see Supplementary Data for breeding strate-
gies). All studies were approved by the University of Mich-
igan institutional animal care and use committee.

Immunohistochemistry
Pair-housed vGAT-GFP, vGlut2-GFP, and Glp1r-GFP (n =
7–8 per genotype and treatment, sexes combined) and
singly housed male Glp1r-flox, vGATDGlp1r, and vGlut2DGlp1r

(n = 5 per genotype and treatment) were used for Fos
analysis. Mice were fasted at 9:00 A.M. and subcutaneously
injectedwith either liraglutide (400mg/kg; NovoNordisk) or
saline (10 mL/kg body weight) at 11:00 A.M. At 1:00 P.M.,
mice were perfused and brains processed for immunostain-
ing as previously described (17) (see Supplementary Data for
antibodies used and protocol).

Microscopy and Image Analysis
Coordinates and landmarks for regions of interest were
identified by counterstaining and the mouse brain atlas
(18) (Supplementary Table 1). For each nucleus, counts
from the left and right side were added, and then those
from each coronal plane were averaged to yield one count
per nucleus per mouse (see Supplementary Data regarding
image acquisition and analysis).

Model Characterization
Knockdown of Glp1r in the hypothalami of vGATDGlp1r and
vGlut2DGlp1r mice was confirmed by semiquantitative real-
time PCR (RT-PCR). Hypothalamic tissue was microdis-
sected from male mice in the long-term liraglutide study
(see below), with treatment groups collapsed (n = 13–14
per genotype) and processed and analyzed as previously
described (19) (Supplementary Data).

For in situ hybridization (ISH), Glp1r-flox, vGATDGlp1r,
and vGlut2DGlp1r mice were decapitated under anesthesia;

whole brains were dissected, flash-frozen in isopentane
chilled on dry ice, and stored at 280°C. Sixteen-microm-
eter-thick cryostat coronal sections were thaw-mounted to
slides and stored at 280°C. Slides were processed for ISH
using RNAScope per the manufacturer’s protocol (Ad-
vanced Cell Diagnostics), and the multiplex fluorescent
assay (320850) was used to visualize Glp1r (418851) and
Cre (312281-C3) probes using Amp 4 Alt-A.

Animal Studies
Dosages of liraglutide were chosen on the basis of previous
studies (6). For the longitudinal study, mice (n = 10 per sex
and genotype) were singly housed at age 4 weeks, and body
weight and food intake were monitored weekly. At age 13–
15 weeks, mice were fasted at 10:00 A.M. and then sub-
cutaneously injected with either liraglutide (400 mg/kg) or
saline at 5:00 P.M. Preweighed food was given at 6:00 P.M.,

and food intake was measured 1, 2, 4, and 24 h later. Body
weight was measured at the 24-h time point. One week
later, all mice were given the opposite treatment (saline or
liraglutide) in a crossover design, and the study was re-
peated. At age 15–17 weeks, mice were fasted at 9:00 A.M.,

and basal fasting blood glucose was measured at 1:00 P.M.

with a glucometer (Contour Next EZ; Bayer). Mice were
then injected with liraglutide (400 mg/kg) or saline as
above and blood glucose measured at 3:00 P.M. The cross-
over treatment was performed 1 week later. At age 18 weeks,
brains from the male Glp1r-flox, vGATDGlp1r, and vGlut2DGlp1r

mice were collected for Fos immunohistochemistry (IHC)
analysis.

For the long-term liraglutide study, male Glp1r-flox,
vGATDGlp1r, and vGlut2DGlp1r mice (n = 6–8 per genotype
and treatment) were weaned into group housing with
standard rodent chow. At age 5 weeks, the food was
switched to high-fat chow (D12451; Research Diets),
and the mice were singly housed at age 9 weeks. At age
11 weeks, mice were randomly assigned to either the saline
control or liraglutide group and subcutaneously injected
once per day (5:00 P.M.) for 2 weeks using a previously
described ascending dosing schedule (6). Body weight and
food intake were measured daily. On day 15, mice were
decapitated under anesthesia and the hypothalamus was
isolated, snap-frozen on dry ice, and stored at 280°C for
semiquantitative RT-PCR analysis (see above). Gonadal
and perirenal fat pads were removed and weighed. To
assay conditioned taste avoidance (CTA), male and female
Glp1r-flox, vGATDGlp1r, and vGlut2DGlp1r mice (n = 8 per
genotype and treatment) were singly housed at age 10–
12 weeks, and the assay was performed as previously
described (20) (Supplementary Data).

Statistics
Data are presented as mean 6 SEM, and statistical anal-
yses were performed with GraphPad Prism 7 software.
Specific tests performed for each experiment, along with
n values, are included in the figure legends. Post hoc tests
after ANOVA were performed only if the interaction be-
tween the two variables was significant at P , 0.05.
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RESULTS

Liraglutide Activates Both GABAergic and
Glutamatergic Neurons
To characterize the subtypes of neurons activated by
liraglutide, we generated vGAT- and vGlut2-GFP mice to
label GABAergic and glutamatergic neurons, respectively
(Fig. 1A). We then performed IHC for Fos, an early marker
of neural activation, after liraglutide or saline injection.
Representative images from brain regions known to be
activated by GLP1RAs (21,22) show specific GFP expres-
sion in the GABAergic central amygdala (CeA) versus the
glutamatergic basolateral amygdala and lateral parabra-
chial nucleus (lPBN) (Fig. 1B and C). Liraglutide induced

a significant increase in Fos+ cells in five regions: CeA,
lPBN, bed nucleus of the stria terminalis (BNST), caudal
nucleus of the solitary tract (cNTS), and area postrema
(AP) (Fig. 1D–H). No effect of liraglutide on Fos activation
in the lateral septum, paraventricular thalamus, PVH,
arcuate, ventromedial hypothalamus, lateral dorsal teg-
mental nucleus, or rostral NTS were found (Supplementary
Fig. 1).

The CeA and BNST are largely GABAergic regions, and
93.6 6 1.2% and 88.9 6 2.7%, respectively, of the Fos+
neurons in these regions were vGAT-GFP+. Conversely, in
the glutamatergic lPBN, 95.46 1.1% of Fos+ neurons were
vGlut2-GFP+. The cNTS and AP were more heterogeneous

Figure 1—Characterization of neuronal subtypes activated by liraglutide. A: Breeding schematic with genetic constructs used to generate
vGAT-GFP and vGlut2-GFP mice. B and C: Representative images from the CeA (B) and lPBN (C), showing Fos IHC (red) after saline or
liraglutide injection in vGAT-GFP (green) and vGlut2-GFP (green) neurons. Blue is DAPI. Scale bars = 100 mm. Regions of interest for
quantification are highlighted by a dotted line.D–H: Quantification of Fos+ neurons per section in five regions. The proportion of Fos+ neurons
positive for vGAT-GFP or vGlut2-GFP is indicated (n $ 6). Data were analyzed by unpaired Student t test between drug treatments. White
bars indicate GFP-negative neurons. ***P , 0.001. BLA, basolateral amygdala; CMV, cytomegalovirus; eGFP, enhanced green fluorescent
protein; Lira, liraglutide; Sal, saline; scp, superior cerebellar peduncle.
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in the expression of vGlut2- and vGAT-GFP. In the cNTS,
50.9 6 3.5% of Fos+ cells were vGAT-GFP+, and 69.9 6
2.8% were vGlut2-GFP+. In the AP, 45.4 6 3.3% of Fos+
cells were vGAT-GFP+, and 93.26 1.5% were vGlut2-GFP+.
These combined percentages exceed 100, suggesting that
a fraction of cNTS and AP neurons express both vGAT and
vGlut2 during development. Thus, peripheral liraglutide
injection leads to activation of specific brain regions con-
taining both GABAergic and glutamatergic neurons, consis-
tent with a model of distributed GLP1RA action (10).

GLP-1R–Expressing Glutamatergic Neurons Mediate
the Short-term Feeding Effects of Liraglutide
To test the role of GLP-1Rs expressed in GABAergic versus
glutamatergic neurons in response to GLP1RAs, we gen-
erated mice lacking Glp1r in either vGlut2- or vGAT-
expressing cells (Fig. 2A). In the hypothalamus, Glp1r
mRNA expression levels were 45.3 6 5.1% and 50.2 6
5.3% of controls in vGATDGlp1r and vGlut2DGlp1r mice,
respectively (Fig. 2B). To confirm that this knockdown
was cell-type specific, we performed double ISH for Glp1r
and Cre transcripts in the liraglutide-responsive AP, which
comprises both glutamatergic and GABAergic cell types.
Glp1r-flox control mice had robust expression of Glp1r and
no Cre throughout the AP. In vGATDGlp1r mice, no overlap
of Cre and Glp1r in the AP was found. In vGlut2DGlp1rmice,
we observed many neurons expressing Cre, but Glp1r
expression was absent throughout the AP (Fig. 2C). The

absence of Glp1r from the AP of vGlut2DGlp1r mice is con-
sistent with transient developmental vGlut2 expression
across this region.

vGATDGlp1r and vGlut2DGlp1r mice exhibited normal
body weight, food intake, and blood glucose at baseline
(Supplementary Fig. 2). We then assessed the response of
these genotypes to GLP1RA administration with regard to
food intake, body weight, and blood glucose. After liraglu-
tide injection, control and vGATDGlp1r mice of both sexes
decreased their 24-h food intake by 60–70% compared with
saline injection. Liraglutide produced a significant but dra-
matically attenuated anorectic effect in vGlut2DGlp1r mice,
with 24-h food intake decreasing by only 15–20% compared
with saline treatment (Fig. 3A). Of note, liraglutide-induced
anorexia was delayed in vGlut2DGlp1r mice relative
to vGATDGlp1r and control mice (Supplementary Fig. 3),
suggesting that some aspect of the effects of GLP1RAs
may be mediated by non-vGlut2–expressing neurons. These
results indicate that GLP-1Rs in glutamatergic neurons are
required for the full anorectic effect of liraglutide.

Twenty-four hours after liraglutide injection, control
and vGATDGlp1r mice lost ;5–6% of their body weight,
whereas vGlut2DGlp1rmice maintained normal body weight
(Fig. 3B). Liraglutide lowered blood glucose equally in
males of all three genotypes, but in females, only control
and vGATDGlp1r mice responded (Supplementary Fig. 4).
Because liraglutide is known to cause visceral illness, we
tested whether this effect requires GLP-1R in GABAergic

Figure 2—Generation and validation of vGATDGlp1r and vGlut2DGlp1r mice. A: Breeding schematic with genetic constructs. B: Semi-
quantitative RT-PCRofGlp1r in the hypothalamus of malemice (n$ 13 per group). Data analyzed by one-way ANOVA. ***P, 0.001 by Tukey
multiple comparisons test. C: Representative ISH images showing efficient knockdown of Glp1r (green) in cells containing Cre recombinase
(red) in the AP. Blue is DAPI. Inset in left panels are shown at higher magnification in the right panels. Scale bars = 50 mm (left panels) and
10 mm (right panels).
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or glutamatergic neurons by using a CTA assay. After
learning to associate a novel taste (saccharin water) with
lithium chloride (positive control), mice of all genotypes
demonstrated a decreased preference for the saccharin
water, indicating that the lithium chloride was aversive
(Fig. 3C). In contrast, liraglutide induced CTA in control
and vGATDGlp1r but not vGlut2DGlp1r mice, thus revealing
that GLP-1Rs in glutamatergic neurons are also necessary
for the visceral illness response to liraglutide.

Long-term Liraglutide-Induced Weight Loss Is
Mediated by GLP-1R–Expressing Glutamatergic
Neurons
To model the clinical use of liraglutide as an obesity
therapy, we fed a second cohort of male Glp1r-flox,
vGATDGlp1r, and vGlut2DGlp1r mice a high-fat diet to induce
obesity. After 6 weeks, all three genotypes had gained
significant weight (15–20%) compared with genotype- and

age-matched controls from the previous study, with no
differences between groups (Glp1r-flox 29.5 6 0.6 g,
vGATDGlp1r 29.6 6 0.6 g, vGlut2DGlp1r 31.2 6 0.7 g; not
significant by one-way ANOVA).

Obese mice were then treated daily with liraglutide or
saline for 14 days. As seen in the short-term studies, Glp1r-
flox control and vGATDGlp1rmice showed a decrease in food
intake and body weight 24 h after liraglutide injection,
whereas no effect was observed in vGlut2DGlp1r mice. Body
weights of Glp1r-flox control and vGATDGlp1r mice pla-
teaued at ;90% of original weight after 3 days of liraglu-
tide treatment, whereas saline-treated mice steadily gained
weight (Fig. 4A). In contrast, liraglutide had no effect
on weight gain in vGlut2DGlp1r mice. The sustained body
weight loss in Glp1r-flox and vGATDGlp1r mice was accom-
panied by a significant but transient drop in food intake
that returned to normal after 4 days of treatment (Fig. 4B).
Food intake of vGlut2DGlp1r mice was not affected by

Figure 3—Short-term effects of liraglutide in vGATDGlp1r and vGlut2DGlp1r chow-fed mice. Males and females are displayed separately (A and
B) and combined (C). Change in total food intake (A) and body weight (B) 24 h after liraglutide or saline control injection. CTA test results (C )
display the taste preference for saccharin after pairing with either saline, liraglutide, or lithium chloride (positive control). n$ 10 (A and B) and
n = 8 (C). Repeated-measures two-way ANOVA (A and B) or standard two-way ANOVA (C) was performed followed by Sidak (A and B) or
Tukey (C ) multiple comparisons test. Open symbols indicate saline treatment, partially filled symbols indicate lithium chloride treatment, and
closed symbols indicate liraglutide treatment. *P , 0.05, **P , 0.01, ***P , 0.001.
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liraglutide during the study. Long-term liraglutide reduced
visceral fat pad weights in Glp1r-flox controls and vGATDGlp1r

mice but had no effect on fat pad weights in vGlut2DGlp1r

mice (Supplementary Fig. 5). Together, these results sug-
gest that GLP-1R–expressing glutamatergic neurons me-
diate both the short-term anorexia and the long-term
weight loss effects of liraglutide.

Liraglutide Activates a Neuronal Network Through
GLP-1R–Expressing Glutamatergic Neurons
To identify neural responses associated with these differ-
ent behavioral phenotypes, we examined Fos IHC after saline
and liraglutide treatment in male Glp1r-flox, vGATDGlp1r,
and vGlut2DGlp1r mice. In both Glp1r-flox controls
and vGATDGlp1r mice, liraglutide treatment significantly
increased Fos+ cells in the same regions identified pre-
viously (i.e., CeA, BNST, lPBN, cNTS, AP). Somewhat
surprisingly, Fos activation in all of these regions (both
glutamatergic and GABAergic) was completely absent in
vGlut2DGlp1r mice (Fig. 5). These data suggest that a pop-
ulation of glutamatergic GLP-1R–expressing neurons are
activated directly by liraglutide and then engage a down-
stream neural network that is both glutamatergic and
GABAergic to elicit potent physiological effects.

Glp1r–Expressing Neurons in the lPBN and AP Are
Activated by Liraglutide
To identify which GLP-1R–expressing neurons are directly
activated by liraglutide, we generated Glp1r-GFP mice (Fig.
6A). The pattern of Glp1r-GFP expression across the brain
generally agreed with that reported for Glp1r expression
using other methods (8,9) (Supplementary Fig. 6). Glp1r-
GFP mice were injected with saline or liraglutide for sub-
sequent Fos analysis. Although Glp1r-GFP+ neurons were
found in all five identified regions of interest, most were
not activated by liraglutide. In the CeA, BNST, and cNTS,
only 9.4 6 1.1%, 10.7 6 1.0%, and 9.4 6 1.2%, respec-
tively, of Fos+ neurons also expressed Glp1r-GFP. On the
other hand, 28.66 2.2% and 84.36 1.3% of lPBN and AP

Fos+ neurons, respectively, were Glp1r-GFP+ (Fig. 6B and
C). Thus, the lPBN and AP contained the highest percentage
of liraglutide-activated Fos+ neurons that also expressed
Glp1r-GFP, suggesting that glutamatergic neurons in these
regions are critical for GLP1RA actions.

DISCUSSION

Consistent with previously published data on other
GLP1RAs (21–24), we found that peripheral liraglutide
activates a rather limited network of cells in the BNST,
CeA, lPBN, cNTS, and AP. Of the five liraglutide-activated
nuclei that we identified, two (BNST, CeA) are primarily
composed of vGAT-positive neurons, one (lPBN) almost
exclusively is composed of vGlut2-positive neurons, and
two (cNTS, AP) contain a mixture of both cell types. To test
the role of these neuron groups in mediating the effects
of liraglutide, we deleted Glp1r specifically in neurons
expressing vGAT or vGlut2. We found that mice lacking
GLP-1R in vGlut2-expressing neurons had a blunted ano-
rectic response to liraglutide and did not lose body weight
after short- or long-term treatment, whereas loss of Glp1r
from vGAT-expressing neurons had no effect on liraglutide
responsiveness. These data indicate that GLP-1Rs in
vGlut2-expressing neurons are required for the majority of
the anorectic and weight loss effects of liraglutide. Further-
more, we found that GLP1RA administration was associ-
ated with a distinct pattern of neuronal activation across
both glutamatergic and GABAergic cell groups that depends
on a direct effect of liraglutide onGLP-1R–expressing vGlut2+
neurons.

Nausea is a common early side effect of GLP1RAs in
humans and may contribute to the initial appetite loss and
subsequent weight loss (25). In rodents, drug-induced
visceral illness can be inferred by the formation of a CTA
to a novel taste paired with the drug (with the caveat that
rats will sometimes exhibit CTA even to substances that
they find rewarding, such as amphetamines [26]) and/or
by pica (consumption of a nonnutritive clay after drug

Figure 4—Long-term effects of liraglutide in vGATDGlp1r and vGlut2DGlp1r high-fat diet–fed male mice. Body weight change from baseline (A)
and daily food intake (B) during a 14-day treatment with once daily liraglutide or saline control injection. All mice were fed a 45% high-fat diet
6 weeks before and during the study (n $ 6). Data were analyzed by repeated-measures two-way ANOVA followed by Dunnett multiple
comparisons test. **P , 0.01, ***P , 0.001 at each time point compared with saline-treated controls of the same genotype.
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treatment). Long-term liraglutide treatment induced pica
in rats only at the onset of treatment, mirroring reports
of nausea in patients (27). Although well characterized in
rats, the validity of the pica assay has been questioned in
mice (28). In both rats and mice, peripheral administra-
tion of GLP1RAs also led to the formation of a CTA that
is mediated by GLP-1R–expressing cells in the brain
(6,21,27). Some evidence has suggested that the nausea
and anorexia caused by GLP1RAs are achieved by separate
and dissociable mechanisms. For example, in rats, direct
administration of GLP1RAs into the fourth ventricle (29),
the PVH (30), and the nucleus accumbens (31) reduces
food intake without inducing CTA, although this may be
dose dependent.

The CeA has been implicated as a neural mediator for
the aversive effects of GLP1RAs because GLP1RA infusion
into the CeA induced CTA without reducing food intake
(27,29). The current results suggest that the CeA is not
a direct site of action for peripherally administered liraglu-
tide (although it could be a downstream target) because
mice lacking Glp1r in the GABAergic CeA still formed a CTA
to liraglutide. On the other hand, bona fide species differ-
ences between mice and rats, particularly pertaining to the

GLP-1 system and CTA, have been identified previously
(32). Thus, we cannot exclude the possibility that the CeA
is an important direct site for GLP-1–induced aversion in
rats but not in mice. Nevertheless, the current results
suggest that although the sites of action may be separable,
both the aversive and the anorectic effects of liraglutide
require GLP-1R expression on vGlut2+ neurons.

Studies that used various methodological approaches in
rats have implicated vagal GLP-1Rs in the anorectic effect
of intraperitoneally administered GLP1RAs (7,33,34).
However, rats subjected to subdiaphragmatic vagal affer-
ent deafferentation responded normally to intravenous
and subcutaneous liraglutide injection (35,36). Taken to-
gether, these studies suggest that the sites (peripheral vs.
central) of action of GLP1RAs may differ depending on the
route of drug administration as well as on the dosage. The
current study was not specifically designed to test the role of
vagal versus central GLP-1R. Because GLP-1R–expressing
neurons in the nodose ganglion are glutamatergic (15)
and would be deleted in vGlut2DGlp1r mice, a contribu-
tion of vagal afferent glutamatergic GLP-1R–expressing
neurons in the anorectic effect of liraglutide cannot be
fully excluded. However, mice lacking GLP-1Rs on vagal

Figure 5—Neuronal activation in vGATDGlp1r and vGlut2DGlp1rmice after liraglutide injection.A andB: Representative images from the CeA (A)
and lPBN (B) showing Fos IHC (brown) after saline or liraglutide injection. Sections were counterstained with hematoxylin. Scale bars =
100 mm.C–G: Quantification of Fos+ neurons in each of five brain regions (n$ 3). Data were analyzed by two-way ANOVA followed by Tukey
multiple comparisons test. Open symbols indicate saline treatment, and closed symbols indicate liraglutide treatment. **P , 0.01, ***P ,
0.001.
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afferents responded normally to the same dose of sub-
cutaneous liraglutide used in this study (6), underscoring
the importance of central GLP-1R–expressing neurons in
our paradigm.

GLP-1–expressing neurons in the brainstem are gluta-
matergic and project to the hypothalamus (37,38). Activa-
tion of brainstem GLP-1 neurons induces Fos expression in
hypothalamic regions (39), suggesting that the hypothala-
mus mediates some of the effects of endogenous brainstem-
derived GLP-1. However, the role of the hypothalamus in
the physiological response to peripherally administered
GLP1RAs is less clear. Some studies have found hypothalamic
neuronal activation after short-term peripheral GLP1RA
injection, whereas others, including the current study,
have not (21,22,40). Mice with GLP-1R deleted from the
majority of the hypothalamus (Nkx2.1-Cre), the PVH (Sim1-
Cre), or the ventromedial nucleus (SF1-Cre) had normal
anorectic responses to peripherally administered GLP1RAs
(11–13). In addition, decerebrate rats, in which hindbrain-
forebrain connectivity is severed, reduced their food intake
comparably with control rats after peripheral GLP1RA ad-
ministration (41). The current data support a model in which
hypothalamic GLP-1Rs are not required for the anorectic
effects of peripherally administered GLP1RAs.

In this study, mice lacking GLP-1R in either GABAergic
or glutamatergic neurons did not differ from controls in
body weight or food intake under basal conditions or when
fed a high-fat diet, suggesting that GLP-1R in these neural
populations is not necessary for normal appetite and body
weight regulation. Indeed, whole-body Glp1r-knockout as
well as pan-neuronal Glp1r-knockout mice exhibit normal
food intake and bodyweight (6,42). However, the possibility

of developmental compensation for loss of this receptor
should not be overlooked. In rats, intracerebroventricular
injection of a specific GLP-1R antagonist, exendin(9-39) has
been shown to increase food intake in the short and long
term, suggesting that neuronal GLP-1Rs contribute to nor-
mal feeding behavior (43,44). Site-specific manipulations,
such as antagonist microinfusion or RNA interference–
mediated Glp1r knockdown are further unraveling the roles
of specific Glp1r-expressing populations in normal physiol-
ogy (45–47). Future studies in mice should use site-specific
viral delivery for Cre-mediated excision of Glp1r in adult
mice or tamoxifen-inducible mouse strains to circumvent
developmental compensation.

Endogenous GLP-1 can regulate feeding in the short
term by signaling satiety as well as by inhibiting gastric
emptying (34,48). Because synthetic GLP1RAs have been
engineered for prolonged biological activity, it is plausible
that the actions of GLP1RA will mimic those of endoge-
nous GLP-1 in addition to inducing visceral illness. In the
current study, control animals ate significantly less food
within 1 h of liraglutide injection, and this effect was
maintained for 24 h. Of note, vGlut2DGlp1r mice also
exhibited a blunted food intake reduction at the 4- and
24-h time points after liraglutide administration, suggest-
ing a role for nonglutamatergic GLP-1R–expressing cells in
some aspect of the anorectic response. Future meal pat-
tern analyses and gastric emptying studies will clarify the
role of specific neuronal subsets in these physiological
responses.

Long-term liraglutide administration decreased food
intake for only 3 days in control and vGATDGlp1r mice,
whereas body weight was reduced throughout the study.

Figure 6—Identification of liraglutide-activated neurons expressing Glp1r. A: Breeding schematic with genetic constructs used to generate
Glp1r-GFP mice. B: Representative images from the CeA and AP showing Fos IHC (red) after saline or liraglutide injection in Glp1r-GFP
(green) neurons. Blue is DAPI. Scale bars = 100 mm. Regions of interest for quantification are highlighted by a dotted line. C: Quantification of
Fos+ neurons per section in each region. In each column, the proportion of Fos+ neurons positive forGlp1r-GFP is indicated in black (n$ 6).
Data were analyzed by unpaired Student t test between drug treatments.White bars indicateGFP-negative neurons. **P, 0.01, ***P, 0.001.
CMV, cytomegalovirus; eGFP, enhanced green fluorescent protein; Lira, liraglutide; Sal, saline.
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Persistent weight reduction in the setting of transient
anorexia suggests establishment of a new body weight
set point. This phenomenon is seen with multiple weight
loss regimens (e.g., lorcaserin [49], vertical sleeve gastrec-
tomy [50]), and the mechanism underlying this shared
response requires additional investigation. Future studies
are needed to determine whether this transient anorexia
reflects cellular desensitization or changes in neuronal re-
sponse patterns after long-term liraglutide administration.

Liraglutide induces a characteristic pattern of Fos ex-
pression in a mixture of GABAergic and glutamatergic cell
groups; moreover, this pattern requires GLP-1Rs on vGlut2+
but not vGAT+ neurons, which supports the hypothesis that
a population of GLP-1R–expressing glutamatergic neurons
serves as a gateway to transduce the signal of peripheral
liraglutide into the brain. To identify the critical population
of neurons, we treated Glp1r-GFP reporter mice with lir-
aglutide and examined Fos activation specifically in Glp1r+
cells. We found that the greatest overlap of GLP-1R-GFP
expression and Fos activation was within the AP and to
a lesser extent in the lPBN, suggesting that glutamatergic
cells in these two brain regions may be particularly impor-
tant for liraglutide action.

The AP is a sensory circumventricular organ known to
play important roles in autonomic output, nausea, and the
response to emetic drugs (51). It is activated in response to
peripheral administration of GLP1RAs (24,52), and lira-
glutide binds the AP in a GLP-1R–dependent manner (35).
The current results suggest that the AP is an important site
mediating the anorectic effects of GLP1RAs. In contrast,
AP lesions in rats did not decrease the short-term ano-
rectic or long-term weight loss effects of GLP1RAs (35,53).
Although the apparent contradiction of these results with
the current study might be explained by differences in
drug, dose, species, and/or experimental paradigm, this
discrepancy suggests the existence of both AP-dependent
and AP-independent responses to peripheral GLP1RAs.
The lPBN could be a candidate site for AP-independent
actions of GLP1RAs because 1) it is glutamatergic, 2) it
expresses GLP-1R and is activated by peripheral GLP1RAs
(23,24), and 3) direct lPBN infusion of exendin-4 decreases
food intake and body weight (46). The NTS also has been
identified as a potential site of action of GLP1RAs (10).
Although the current study cannot completely exclude an
NTS contribution, we found little liraglutide-induced Fos
in NTS Glp1r-GFP cells. Furthermore, ISH revealed very
few neurons expressing Glp1r mRNA in this region (data
not shown). Determining the relative contribution of each
of these regions to GLP1RA action will require future
nucleus-specific manipulations.

In conclusion, we have used genetic mouse models to
clarify the mechanisms whereby liraglutide decreases food
intake and body weight. We found that short-term pe-
ripheral liraglutide injection activates several brain regions
that comprise both GABAergic and glutamatergic neurons.
By inactivating Glp1r in each population, we determined
that liraglutide acts through GLP-1R exclusively expressed

on glutamatergic, vGlut2-expressing neurons to activate
a specific neuronal circuit, induce visceral illness, and re-
duce food intake and body weight in both the short and
the long term. Moreover, GLP-1R expressed in GABAergic,
vGAT-expressing neurons is not required for these effects.
GLP-1R–expressing neurons in the AP and lPBN may be
important direct targets through which peripherally ad-
ministered liraglutide engages the CNS. Understanding
the neural mechanisms by which liraglutide exerts its
beneficial effects not only will help to elucidate its mech-
anism of action but also may reveal neural circuit compo-
nents that might be exploited for more effective weight
loss therapies.
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