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Anatomical evidence links
the stomach to the central
amygdala, a region responsive to
local GLP-1R agonist induced
feeding and nausea-like
behaviors in male mice
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1Institute of Neuroscience and Brain Diseases, Xiangyang Central Hospital, Af�liated Hospital of Hubei
University of Arts and Science, Xiangyang, Hubei, China, 2Department of Endocrinology, Xiangyang
Central Hospital, Af�liated Hospital of Hubei University of Arts and Science, Xiangyang, Hubei, China,
3Songjiang Hospital and Songjiang Research Institute, Shanghai Key Laboratory of Emotions and
Affective Disorders, Shanghai Jiao Tong University School of Medicine, Shanghai, China
Background: The glucagon-like peptide-1 receptor (GLP-1R) agonist liraglutide
is an effective therapeutic agent for obesity, primarily through its ability to
suppress appetite and delay gastric emptying. However, the central neural
substrates mediating its effects on food intake remain incompletely de�ned.
Methods: Male mice received subcutaneous liraglutide injections in the cervical
region to evalutates its effects on feeding behavior and body weight regulation.
Retrograde transsynaptic tracing using pseudorabies virus (PRV) was employed to
identify central amygdala (CeA) involvement in gastric-related neural circuits. The
functional role of the CeA in feeding regulation was examined using chemogenetic
and optogenetic activation, while local microinjection of GLP-1R agonists or
antagonists into the CeA was used to evaluate receptor-speci�c effects.
Results: Gastric wall injection of PRV anatomically revealed a direct connection
between the stomach and the CeA. Site-speci�c administration of GLP-1R agonists
into the CeA induced hypophagia and nausea-like behaviors in male mice.
Conclusions: This study provides anatomical evidence that the CeA of male mice
is involved in gastric regulatory circuits, and shows that the CeA responds to site-
speci�c GLP-1R activation to induce hypophagia and nausea-like behaviors.
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1 Introduction

Obesity is a chronic and progressive condition that is clo
associated with multiple comorbidities, placing a substantial bu
on individuals, healthcare systems, and socioecono
development (1). Globally, more than one billion people a
affected by obesity, underscoring the urgent need for effe
therapeutic strategies (2). Glucagon-like peptide-1 recept
agonists (GLP-1RAs), including liraglutide and semaglutide,
emerged as promising pharmacological interventions for ob
management (3). Liraglutide has been shown to reduce appetite
delay gastric emptying, thereby promoting weight loss in o
individuals (4). However, the central neural mechanis
under ly ing l i rag lut ide treatment for obesi ty rema
incompletely understood.

Current research on central glucagon-like peptide-1 rece
(GLP-1R) signaling has primarily focused on the hypothalamus
hindbrain. In the arcuate nucleus (ARC), pro-opiomelanocor
cocaine- and amphetamine-regulated transcript neurons expre
GLP-1Rs can directly bind peripherally administered liraglut
leading to sustained neuronal depolarization (5). However,
anorectic responses to systemic GLP-1RA treatment persist
after genetic deletion of hypothalamic GLP-1Rs (6). Previous study
has shown that inhibition of vagal afferent signaling effecti
reduces exendin-4 (Ex-4)-induced c-Fos expression in
paraventricular hypothalamus (PVH), but increases the num
of c-Fos-expressing cells in the amygdala, lateral exte
parabrachial nucleus, caudal ventrolateral medulla, and d
vagal complex (DVC) (7). Subsequently, cell-speci� c ablation
studies targeting GLP-1Rs in the hindbrain DVC, including
dorsal motor nucleus of the vagus, area postrema, and nu
tractus solitarius (NTS), demonstrate that DVC GLP-1Rs
critical for the anorectic effects of peripherally administe
exendin-4 and semaglutide (8). However, the precise circuit-lev
mechanisms and compensatory pathways underlying these e
remain incompletely understood.

The amygdala, a key limbic structure composed of the cen
basolateral, and lateral nuclei, plays essential roles in emo
processing, reward, and motivated behaviors (9). Beyond its
established roles in fear and stress responses, increasing ev
indicates that the central amygdala (CeA) is also involve
regulating feeding behavior associated with aversion or re
(10). Lesions of the CeA attenuate the anorectic effects of GL
agonists, particularly in the context of palatable food intake (11).
Notably, GLP-1R is broadly expressed in the CeA, with enrichm
in speci� c subregions and partial overlap with protein kinase
delta (PKCd)-expressing neurons (12). PKCdCeAneurons, primarily
located in the lateral and capsular subdivisions (13), have been
implicated in appetite suppression and meal termination thro
inputs from calcitonin gene-related peptide-expressing neuron
the NTS and parabrachial nucleus (9, 14). GLP-1R activation ha
been shown to engage PKCd-related intracellular signalin
pathways in other brain regions (15), suggesting a potentia
functional convergence between GLP-1R signaling and
feeding circuits. In addition, nausea induced by intraperiton
Frontiers in Endocrinology 02
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administration of cisplatin markedly increases the mR
expression of AMPA and NMDA glutamate receptor subu
within the CeA (16). Similarly, Cai et al. reported that LiC
induced anorexia and nausea-like behaviors robustly act
PKCd-expressing neurons in the central lateral amygdala (17).
Meanwhile, restraint stress models activate GABAergic neu
in the CeA while concurrently suppressing neurons in the D
resulting in delayed gastric emptying and reduced gastric mo
(18). He et al. further demonstrated that chemogenetic activatio
GABAergic neurons in the CeA-lateral hypothalamus path
leads to gastrointestinal dysmotility in mice (19). Collectively,
these studies indicate that nausea-like behaviors are asso
with activation of the CeA, whereas activation of CeA GABAe
neurons, in turn, induces gastric dysfunction. Taken toget
these � ndings strongly suggest the existence of functiona
feedback between the CeA and the stomach. However, de� nitive
anatomical evidence is still lacking, and whether stereotaxic de
of GLP-1R agonists into the CeA similarly elicits nausea
behaviors remains to be conclusively determined.

In this study, we found that tail vein injection of liraglutid
robustly activated the CeA Fos induction. Retrograde transsyn
pseudorabies virus (PRV) injection into the gastric wall dire
revealed an anatomical connection between the stomach an
CeA. Moreover, the CeA was able to modulate feeding behavio
nausea-like behaviors in male mice through chemogenetic
optogenetic approaches, as well as via stereotaxic microinje
of GLP-1R agonists.
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2 Materials and methods

2.1 Animals

The experimental protocol was approved by the Eth
Committee of Xiangyang Central Hospital (Protocol No. 2025-1
and were conducted in accordance with the Animal Rese
Reporting of In Vivo Experiments guidelines and the Gui
for the Care and Use of Laboratory Animals. All male C57
6J mice (RRID: MGI:5650797)were purchased from Huna
SJA Laboratory Animal Company. Animals were housed� ve per
cage under a 12:12-h light–dark cycle at 24–26 °C with 45–65%
humidity (20). The mice had access to standard chow and watead
libitum, except during fasting experiments and kaolin diet treatm
(21). Mice were group-housed except during measurements of
food intake, when they were singly housed (22). Mice from the same
litters were assigned to different treatment groups. Healthy mice
6 to 8 weeks were used for surgical procedures.
h
in
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al

2.2 Subcutaneous injection of liraglutide
into the neck

Mice in the test group received daily subcutaneous injectio
liraglutide (400 µg/kg/d; Novo Nordisk A/S, Bagsværd, Denm
into the dorsal neck region at 8:00 a.m. Liraglutide was dissolv
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0.9% saline (NaCl, Sinopharm Chemical Reagent Co., Ltd). Co
mice received equivalent volumes of saline. At 24 h post-injec
food and water intake were measured and body weights
recorded. This regimen was maintained for seven consec
days. On day 8, tail vein blood samples were collected
measurement of blood glucose levels using a glucom
(Shanghai Roche Pharmaceuticals Co., Ltd.).
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2.3 Injecting into the gastric wall with PRV

After induction of anesthesia (1% pentobarbital sodi
dissolved in 0.9% saline, 50 mg/kg body weight, intraperito
injection) and con� rmation of loss of consciousness, mice w
placed in a supine position on the surgical table. The abdom
skin was shaved and disinfected under aseptic conditions. A mi
laparotomy incision (0.8-1.5 cm) was made to expose the stom
Three injection sites were identi� ed along the greater curvatu
(superior, mid-body, and inferior regions). Each site received a
nL microinjection of a retrograde transsynaptic PRV (PRV-CA
EGFP; titer: 5.0 × 109 vg/ml; Braincase, China) (23, 24).

After a 5-day recovery period, mice were transcardially perf
with 20 mL of 0.9% saline followed by 20 mL of 4
paraformaldehyde (PFA) (4% PFA was dissolved in 0.9% sa
Brains were then harvested, post-� xed in 4% PFA for 6 h, and
subsequently cryoprotected in 20% and 30% sucrose solu
(Sucrose solutions were dissolved in 0.9% saline.). After
� xation and dehydration, brains were coronally sectioned
thickness of 40 µm using a cryostat microtome (Thermo Fis
Scienti� c, Waltham, MA, USA). According toThe Mouse Brain in
Stereotaxic Coordinates, 4th edition (Paxinos & Franklin, 2013), th
PVH spans an anteroposterior bregma range from� 0.58 to� 1.22
mm, corresponding to a total length of approximately 0.64 m
With a section thickness of 40mm, this region yields 16 corona
sections. Similarly, the CeA extends along the anteroposterio
from � 1.22 to� 1.94 mm, with a total length of approximately 0.
mm, corresponding to 18 coronal sections at a thickness of 40mm.
Free-� oating sections were collected in phosphate-buffered s
(PBS) (8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4, and 0.24 g/L
KH2PO4 were dissolved in 1 L ddH2O.), mounted onto glas
microscope slides, and cover-slipped. Whole-slide imaging
performed using an Olympus VS120 slide scanner (Olym
Corporation, Tokyo, Japan).
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2.4 Tail vein injection of liraglutide

Following restraint of the mice tail, polyethylene capill
tubing was connected to a sterile insulin needle and the sy
was primed to expel air bubbles prior to venipuncture. A
con� rming venous access by observing blood� ashback into the
tubing, liraglutide (100mg/kg) was administered at a rate of 0.
mL/min. Control mice received equivalent volumes of sal
Following injection, mice were allowed to move freely for
Frontiers in Endocrinology 03
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minutes before brain tissues were collected as describe
Section 2.3.
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2.5 Immuno� uorescent staining of c-Fos

The obtained brain sections were washed three times with
and then hatched with PBS containing 1% TritonX-100 for 30 m
followed by hatching with PBS containing 10% goat serum for 2
block unde� ned proteins. The sections were hatched with prim
antibody (c-Fos, 1:200 dilution, Abcam ab208942, RR
AB_2313624), overnight at 4 °C. Subsequently, the sections
washed three times with PBS at room temperature, and hat
with Alexa � uor®594-conjugated goat anti-mouse IgG (1:4
dilution, Jackson ImmunoResearch AB_2338059) for 1 h at 3
and 1 h at room temperature. Finally, the imaging was compl
using an Olympus VS120 Slide Scanner microscope.
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2.6 Stereotaxic surgery

SurgeryMice were anesthetized with 1% pentobarbital sodi
and then secured in a stereotaxic apparatus (RWD Life Sc
Shenzhen, China). The scalp was shaved, disinfected with pov
iodine solution, and aseptically prepared. A midline sagittal inci
(0.5–0.8 cm) was made using sterile surgical scissors to expo
skull. Super� cial connective tissue overlying the skull was ge
removed with sterile saline-moistened cotton swabs. The skull su
was leveled to establish the bregma as the zero point, ens
horizontal alignment within a tolerance of < 0.02 m
Craniotomies were drilled at target stereotaxic coordinates us
microdrill. Viral vectors were microinjected at a rate of 30 nL/m
Following injection completion, the microinjection needle remai
in situ for 10 min to permit diffusion. The needle was subseque
withdrawn slowly. The incision was sutured and topica
erythromycin ointment was applied to prevent infection. M
received immediate subcutaneous administration of carprofe
mg/kg; MedChemExpress, China) for analgesia and a
in� ammatory effects for 3 consecutive days. Carprofen s
solutions were prepared in dimethylsulfoxide (DMS
MedChemExpress, China) and diluted with 0.9% saline prio
subcutaneous administration in mice. The mice were placed
heating pad to recover from anesthesia.

Virus injectionViral microinjections of rAAV-hSyn(Gq)-mCherr
(50 nL/side, titer: 5.03 × 10�� vg/ml; Braincase, China), rAAV-hS
hChR2(H134R)-EYFP (50 nL/side, titer: 5.03 × 10�� vg/ml; Brainc
China), and rAAV-empty (50 nL/side, titer: 1.00 × 10�� vg/m
Braincase, China) were performed into the CeA (anteropost
(AP) -1.65 mm, mediolateral (ML) ± 2.7 mm, dorsoventral (DV
-4.15 mm) (Supplementary Figure S1, Supporting Information). The
coordinates used in this study were selected according toThe Mouse
Brain in Stereotaxic Coordinates, 4th edition (Paxinos & Franklin
2013). Each mouse was injected with only one type of virus,
rAAV-empty serving as the negative control.
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Implantation � ber optic cannulas and microcatheterFor
optogenetic experiments, customized� ber optic cannulas [Ø1.25
mm stainless ferrule, Ø200-mm core, 0.39 numericalaperture
mm; Bogao Optoelectronic, Xi’an, China] was implanted to target th
CeA (AP -1.65 mm, ML ±2.7 mm, DV -3.95 mm). 454 glue (Loc
USA) and dental cement (Shanghai New Century Dental Mate
Co., Ltd. China) were applied to secure the catheter. After the ce
solidi� ed, mice were placed on a heating pad for recovery f
anesthesia, and postoperative care was provided. For Intrace
drug administration experiment, using the same surgical proce
as for optical� ber implantation, a microcannula (outer diameter D
26 G; injector protrusion length G1 = 0.5 mm; cannula cap c
protrusion length G2 = 0 mm; metal tube length C = 5.0 mm; RW
Life Science, Shenzhen, China) was implanted into the CeA (AP
mm, ML ±2.7 mm, DV -3.95 mm), followed by postoperative c
(Supplementary Figure S2, Supporting Information).
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2.7 Measurement of food behavior

21 days after viral expression, mice were singly housed
fasted for 12 h. For chemogenetic experiments, mice expre
rAAV-hSyn(Gq) -mCher ry or rAAV-empty rece ive
intraperitoneal injections of either 0.9% saline (Control group
clozapine-N-oxide (CNO; 0.3 mg/kg; Sigma-Aldrich, St. Louis, M
USA; prepared in DMSO and diluted with 0.9% saline). Stan
chow was provided 1 h later, and food intake was measured a
and 3 h after feeding. Feeding behavior during both light and
cycles was assessed using the same protocol.

For open-� eld feeding tests, mice that were microinjected wi
chemogenetic virus underwent the same fasting and injec
procedures. One hour after injection, they were placed in
open-� eld arena (40 × 40 × 35 cm) divided into a 3 × 3 gr
with food pellets positioned in the corner zones. Locomotor act
and food acquisition were recorded using EthoVision XT softw
(Noldus, Netherlands).

In optogenetic experiments, mice received injections of rA
hSyn-hChR2(H134R)-EYFP or rAAV-empty. Following a 21-
post-surgery recovery period, the mice were tested using the
open-� eld paradigm as described above. Blue light stimulation
nm; Shanghai Fiblaser Technology, China) was delivered at 1
with a 10 ms pulse width for 10 min during the test. Feeding beha
in the open� eld was monitored during optical stimulation.
ic
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2.8 Stereotaxic injection of GLP-1R agents

One week after recovery from microcannula implantation, m
were fasted for 3 h prior to the test. Liraglutide, Ex
(MedChemExpress, China), and exendin-9 (Ex-9; MedChemEx
China) were dissolved in arti� cial cerebralspinal� uid (ACSF, Beijing
Solarbio Science & Technology Co.,Ltd, Beijing, China). Mice then
received liraglutide (10 nmol), Ex-4 (0.05 µg), or Ex-9 (10 µg) via
implanted catheter. Control mice received equivalent volume
ACSF. One hour after injection, standard chow or kaolin w
Frontiers in Endocrinology 04
provided, which were recorded at1, 3, 6, and 24 h after provisio
and body weight was measured before and after the test.
,
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2.9 Data analysis

Data are presented as mean ± standard error of the m
(SEM), and statistical analyses were performed with Grap
Prism software (RRID: SCR_002798). The analyses of beh
tests were accomplished by ANY-maze software (RRID
SCR_014289). Statistical analysis and comparison are gen
by blind counting. The statistical signi� cance of the difference
between the groups was determined by Student’s t test, Two-tailed
pairedt test, and one-way analysis of variance (ANOVA). *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001.
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3 Results

3.1 Administration of peripheral liraglutide
reduced body weight and activated central
brain regions

Liraglutide obviously reduced the mice body weight compare
the control group through subcutaneously injected into the n
(Figure 1a). Compared with the control group, the food (Figure 1b)
and water (Figure 1c) intake of liraglutide group signi� cantly
decreased. Moreover, with the administration of liraglutide fo
week, the level of blood glucose was reduced while it was not
control group (Figure 1d). Remarkably, tail intravenous injection
liraglutide clearly activated the PVH and CeA (Figures 1e, f,
Supplementary Figure S3, Supporting Information).
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3.2 Gastric wall-injected PRV targets the
central brain regions

In order to clarify the central brain regions involved in t
regulation of gastric function, the experiment used the neurotr
virus PRV for retrograde labeling (Figure 2a, Supplementary Figur
S4, Supporting Information). Five days after PRV injection, seve
brain regions were infected, including the zona incerta
(Figure 2b), the CeA, the posterior paraventricular hypothalam
nucleus (PaPo) (Figure 2c), and the parasubthalamic nucle
(PSTh) (Figure 2d).
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3.3 Activation of CeA through genetic
methods inhibited mice feeding

The chemogenetic and optogenetic methods were employ
activate the CeA brain region in mice separately (Figure 3a) and
observed their locomotor trajectories and feeding behavior i
open � eld (Figures 3b, c). The results showed that mice with
frontiersin.org
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FIGURE 1

Administration of peripheral liraglutide regulated feeding. The change of body weight (a), food intake (b), and water intake (c) within a week under the
condition of subcutaneous injections of liraglutide or saline (n = 7, Student’s t test). (d) The change of blood glucose before and after subcutaneous
injections of liraglutide or saline (n = 7, Two-tailed paired t test). Representative images showing the signi�cant differential expression of c-Fos in the
central brain regions PVH (e) and CeA (f) after tail vein injection of liraglutide or saline (n = 3). All data were expressed as mean ± SEM, and asterisks
indicate a signi�cant difference (*p < 0.05, **p < 0.01, ***p < 0.001) as compared with the control group using Student’s t test and Two-tailed paired t test.
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