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the stomach to the central
amygdala, a region responsive to
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feeding and nausea-like
behaviors in male mice
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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 ¢ 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 ¢ GLP-1R activation to induce hypophagia and nausea-like behaviors.
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1 Introduction administration of cisplatin markedly increases the mRNA
expression of AMPA and NMDA glutamate receptor subunits

Obesity is a chronic and progressive condition that is closefithin the CeA (6. Similarly, Cai et al. reported that LiCl-
associated with multiple comorbidities, placing a substantial burddfduced anorexia and nausea-like behaviors robustly activate
on individuals, healthcare systems, and socioeconomficcCd-expressing neurons in the central lateral amygdalg. (
development 7). Globally, more than one billion people areMeanwhile, restraint stress models activate GABAergic neurons
affected by obesity, underscoring the urgent need for effectilfethe® CeA while concurrently suppressing neurons in the DVC,
therapeutic strategie? Glucagon-like peptide-1 receptor resulting in delayed gastric emptying and reduced gastric motility
agonists (GLP-1RAs), including liraglutide and semaglutide, ha(td- He et al. further demonstrated that chemogenetic activation of
emerged as promising pharmacological interventions for obesf@/ABA€rgic neurons in the CeA-lateral hypothalamus pathway
managementd). Liraglutide has been shown to reduce appetite an§ads to gastrointestinal dysmotility in mic&9). Collectively,

delay gastric emptying, thereby promoting weight loss in obelhese studies indicate that nausea-like behaviors are associated
individuals @). However, the central neural mechanismaVith activation of the CeA, whereas activation of CeA GABAergic

underlying liraglutide treatment for obesity remainM€urons, in turn, induces gastric dysfunction. Taken together,
incompletely understood. these ndings strongly suggest e¢hexistence of functional
Current research on central glucagon-like peptide-1 receptfedPack between the CeA and the stomach. Howevenjtive
(GLP-1R) signaling has primarily focused on the hypothalamus arfratomical evidence is still lacking, and whether stereotaxic delivery
hindbrain. In the arcuate nucleus (ARC), pro-opiomelanocortinPf GL_P'lR ag(_)nists into the QeA similarl;_/ elicits nausea-like
cocaine- and amphetamine-regulated transcript neurons expresspfj'aviors remains to be conclusively determined. _
GLP-1Rs can directly bind peripherally administered liraglutide, " this study, we found that tail vein injection of liraglutide
leading to sustained neuronal depolarizatids). (However, robustly activated the CeA Fos induction. Retrograde transsynaptic
anorectic responses to systemic GLP-1RA treatment persist epggudorabies virus (PRV) injection into the gastric wall directly

after genetic deletion of hypothalamic GLP-18sRrevious study '€vealed an anatomical connection between the stomach and the
has shown that inhibition of vagal afferent signaling eﬂectivel(}eA- Moreover, the CeA was able to modulate feeding behavior and

reduces exendin-4 (Ex-4)-induced c-Fos expression in tfiausea-like behaviors in male mice through chemogenetic and

paraventricular hypothalamus (PVH), but increases the numb@ptogenetic approaches, as well as via stereotaxic microinjection

of c-Fos-expressing cells in the amygdala, lateral exterr{|GLP-1R agonists.

parabrachial nucleus, caudal ventrolateral medulla, and dorsal

vagal complex (DVC)7). Subsequently, cell-speciablation

studies targeting GLP-1Rs in the hindbrain DVC, including the Materials and methods

dorsal motor nucleus of the vagus, area postrema, and nucleus

tractus solitarius (NTS), demonstrate that DVC GLP-1Rs ard.1l Animals

critical for the anorectic effects of peripherally administered

exendin-4 and semaglutid8)( However, the precise circuit-level ~ The experimental protocol was approved by the Ethics

mechanisms and compensatory pathways underlying these efféétsmmittee of Xiangyang Central Hospital (Protocol No. 2025-183)

remain incompletely understood. and were conducted in accordance with the Animal Research:
The amygdala, a key limbic structure composed of the centr&gporting ofin Vivo Experiments guidelines and the Guide

basolateral, and lateral nuclei, plays essential roles in emotiofl the Care and Use of Laboratory Animals. All male C57BL/

processing, reward, and motivated behavidis Beyond its 6J mice (RRID: MGI:565079%yere purchased from Hunan

established roles in fear and stress responses, increasing evid&dée Laboratory Animal Company. Animals were houseel per

indicates that the central amygdala (CeA) is also involved icage under a 12:12-h ligidlark cycle at 2426 °C with 4565%

regulating feeding behavior associated with aversion or rewandmidity (20). The mice had access to standard chow and veater

(10). Lesions of the CeA attenuate the anorectic effects of GLP-fiBitum, except during fasting experiments and kaolin diet treatment

agonists, particularly in the context of palatable food intdk. ( (21). Mice were group-housed except during measurements of daily

Notably, GLP-1R is broadly expressed in the CeA, with enrichmefttod intake, when they were singly hous2d (Mice from the same

in specic subregions and partial overlap with protein kinase ditters were assigned to different treatment groups. Healthy mice aged

delta (PK@)-expressing neurond ). PKQI“®**neurons, primarily 6 to 8 weeks were used for surgical procedures.

located in the lateral and capsular subdivisioh®),(have been

implicated in appetite suppression and meal termination through

inputs from calcitonin gene-related peptide-expressing neurons .2 Subcutaneous injection of liraglutide

the NTS and parabrachial nucle {4). GLP-1R activation has into the neck

been shown to engage PHelated intracellular signaling

pathways in other brain regionsl¥), suggesting a potential Mice in the test group received daily subcutaneous injections of

functional convergence between GLP-1R signaling and Cdiraglutide (400 pg/kg/d; Novo Nordisk A/S, Bagsveerd, Denmark)

feeding circuits. In addition, nausea induced by intraperitonedhto the dorsal neck region at 8:00 a.m. Liraglutide was dissolved in
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0.9% saline (NacCl, Sinopharm Chemical Reagent Co., Ltd). Controinutes before brain tissues were collected as described in

mice received equivalent volumes of saline. At 24 h post-injectioBection 2.3.

food and water intake were measured and body weights were

recorded. This regimen was maintained for seven consecutive

days. On day 8, tail vein blood samples were collected f&.5 Immuno uorescent staining of c-Fos

measurement of blood glucose levels using a glucometer

(Shanghai Roche Pharmaceuticals Co., Ltd.). The obtained brain sections were washed three times with PBS
and then hatched with PBS containing 1% TritonX-100 for 30 min,
followed by hatching with PBS containing 10% goat serum for 2 h to

2.3 Injecting into the gastric wall with PRV block undened proteins. The sections were hatched with primary
antibody (c-Fos, 1:200 dilution, Abcam abh208942, RRID:

After induction of anesthesia (1% pentobarbital sodiunAB_2313624), overnight at 4 °C. Subsequently, the sections were
dissolved in 0.9% saline, 50 mg/kg body weight, intraperitoneabshed three times with PBS at room temperature, and hatched
injection) and conrmation of loss of consciousness, mice wergith Alexa uor®594-conjugated goat anti-mouse IgG (1:400
placed in a supine position on the surgical table. The abdomindilution, Jackson ImmunoResearch AB_2338059) for 1 h at 37 °C
skin was shaved and disinfected under aseptic conditions. A midliaad 1 h at room temperature. Finally, the imaging was completed
laparotomy incision (0.8-1.5 cm) was made to expose the stomacising an Olympus VS120 Slide Scanner microscope.

Three injection sites were identid along the greater curvature

(superior, mid-body, and inferior regions). Each site received a 500

nL microinjection of a retrograde transsynaptic PRV (PRV-CAG2 g Stereotaxic su rgery
EGFP; titer: 5.0 x Povg/ml; Braincase, China®8, 24).

After a 5-day recovery period, mice were transcardially perfused SurgenMice were anesthetized with 1% pentobarbital sodium,
with 20 mL of 0.9% saline followed by 20 mL of 4%nq then secured in a stereotaxic apparatus (RWD Life Science,
paraformaldehyde (PFA) (4% PFA was dissolved in 0.9% salin&henzhen, China). The scalp was shaved, disinfected with povidone-
Brains were then harvested, posied in 4% PFA for 6 h, and jogine solution, and aseptically prepared. A midline sagittal incision
subsequently cryoprotected in 20% and 30% sucrose solutiqs; 0.8 cm) was made using sterile surgical scissors to expose the
(Sucrose solutions were dissolved in 0.9% saline.). After pogyll. Supercial connective tissue overlying the skull was gently

xation and dehydration, brains were coronally sectioned at @moved with sterile saline-moistened cotton swabs. The skull surface
thickness of 40 pm using a cryostat microtome (Thermo Fishgfas |eveled to establish the bregma as the zero point, ensuring
Scienti c, Waltham, MA, USA). According t®he Mouse Brain in  nqrizontal alignment within a tolerance of < 0.02 mm.
Stereotaxic Coordinatekh edition (Paxinos & Franklin, 2013), the cranjotomies were drilled at target stereotaxic coordinates using a
PVH spans an anteroposterior bregma range frdhb8 to 1.22  yicrodill. Viral vectors were microinjected at a rate of 30 nL/min.
mm, corresponding to a total length of approximately 0.64 mMgqiowing injection completion, the microinjection needle remained
With a section thickness of 4@m, this region yields 16 coronal i, sty for 10 min to permit diffusion. The needle was subsequently
sections. Similarly, the CeA extends along the anteroposterior ayjgndrawn slowly. The incisn was sutured and topical
from 1.22to 1.94 mm, with a total length of approximately 0.72rythromycin ocintment was applied to prevent infection. Mice
mm, corresponding to 18 coronal sections at a thickness 00  recejved immediate subcutaneous administration of carprofen (5
Free- oating sections were collected in phosphate-buffered saliﬁ?g/kg; MedChemExpress, China) for analgesia and anti-
(PBS) (8 g/l NaCl, 0.2 g/L KCI, 1.44 g/LN&O,, and 0.24 g/L i ammatory effects for 3 consecutive days. Carprofen stock
KH2PO, were dissolved in 1 L ddi®.), mounted onto glass go|ytions were prepared in dimethylsulfoxide (DMSO,
microscope slides, and cover-slipped. Whole-slide imaging WgdchemExpress, China) and diluted with 0.9% saline prior to
performed using an Olympus VS120 slide scanner (Olympugncutaneous administration in mice. The mice were placed on a
Corporation, Tokyo, Japan). heating pad to recover from anesthesia.
Virus injectionViral microinjections of rAAV-hSyn(Gg)-mCherry

. L . . . (50 nL/side, titer: 5.03 x 10 vg/ml; Braincase, China), rAAV-hSyn-

2.4 Tail vein injection of liraglutide hChR2(H134R)-EYFP (50 nLiside, titer: 5.03 x 10 vg/ml; Braincase,
China), and rAAV-empty (50 nL/side, titer: 1.00 x 10 vg/ml;

Following restraint of the mice tail, polyethylene capillarysyaincase, China) were performed into the CeA (anteroposterior
tubing was connected to a sterile insulin needle and the SyStRP) -1.65 mm, mediolateral (M) + 2.7 mm, dorsoventral (DV)
was primed to expel air bubbles prior to venipuncture. After 15 mm) Gupplementary Figure S3upporting Informatiop The
con rming venous access by observing bloaghback into the  coordinates used in this study were selected accordifigedMouse
tubing, liraglutide (100vg/kg) was administered at a rate of 0.15g4in in Stereotaxic Coordinatetth edition (Paxinos & Franklin,
mL/min. Control mice received equivalent volumes of salinez013). Each mouse was injected with only one type of virus, with
Following injection, mice were allowed to move freely for 39AAV-empty serving as the negative control.
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Implantation ber optic cannulas and microcathefesr provided, which were recorded &t 3, 6, and 24 h after provision,
optogenetic experiments, customizeoker optic cannulas [@1.25- and body weight was measured before and after the test.
mm stainless ferrule, @200-mm core, 0.39 numericalaperture, 5.0
mm; Bogao Optoelectronic, ®n, China] was implanted to target the
CeA (AP -1.65 mm, ML +2.7 mm, DV -3.95 mm). 454 glue (Loctite2.9 Data analysis
USA) and dental cement (Shanghai New Century Dental Materials
Co., Ltd. China) were applied to secure the catheter. After the cement Data are presented as mean * standard error of the mean
solidi ed, mice were placed on a heating pad for recovery frof$8EM), and statistical analyses were performed with GraphPad
anesthesia, and postoperative care was provided. For IntracereBr@dm software (RRID: SCR_002798). The analyses of behavior
drug administration experiment, using the same surgical procedurests were accomplished byNX-maze software (RRID:
as for optical ber implantation, a microcannula (outer diameter D =SCR_014289). Statistical analysis and comparison are generated
26 G; injector protrusion length G1 = 0.5 mm; cannula cap corgy blind counting. The statistical sigeance of the differences
protrusion length G2 = 0 mm; metal tube length C = 5.0 mm; RWbetween the groups was determined by Studémgst, Two-tailed
Life Science, Shenzhen, China) was implanted into the CeA (AP -1&&redt test, and one-way analysis of variance (ANOVAX 9.05,
mm, ML 2.7 mm, DV -3.95 mm), followed by postoperative car&*p < 0.01, **p < 0.001, and **f5 < 0.0001.
(Supplementary Figure S2upporting Informatioh

3 Results
2.7 Measurement of food behavior
3.1 Administration of peripheral liraglutide

21 days after viral expression, mice were singly housed af‘éduced body Weight and activated central
fasted for 12 h. For chemogenetic experiments, mice express'[ggain regions

rAAV-hSyn(Gq)-mCherry or rAAV-empty received

intraperitoneal injections of either 0.9% saline (Control group) or Liraglutide obviously reduced the mice body weight compared to

clozapine-N-oxide (CNO; 0.3 mg/kg; Sigma-Aldrich, St. Louis, MGye control group through subcutaneously injected into the neck

USA,; prepared in DMSO and diluted with 0.9% saline). Standa'@igure 13 Compared with the control group, the fooBligure 1)

chow was provided 1 h later, and food intake was measured at 1aﬁd water Eigure 1} intake of liraglutide group signéantly

and 3 h after feeding. Feeding behavior during both light and datk, reased. Moreover, with the administration of liraglutide for a

cycles was assessed using the same protocol. week, the level of blood glucose was reduced while it was not in the
For open- eld feeding tests, mice that were microinjected with 8,1 group Figure 19. Remarkably, tail intravenous injection of

chemogenetic virus underwent the same fasting and injectiqﬁ]aglutide clearly activated the PVH and CeBidures lef,
procedures. One hour after injection, they were placed in a§upplementary Figure S3upporting Informatioh

open- eld arena (40 x 40 x 35 cm) divided into a 3 x 3 grid,

with food pellets positioned in the corner zones. Locomotor activity

and food acquisition were recorded using EthoVision XT softwar, . ..
j g 3.2 Gastric wall-injected PRV targets the

(Noldus, Netherlands). tral brai .
In optogenetic experiments, mice received injections of rAA\f-:erI ral brain regions

hSyn-hChR2(H134R)-EYFP or rAAV-empty. Following a 21-day ] ) ] ) )
post-surgery recovery period, the mice were tested using the same" (_)rder to cIam‘y the_ central braln. regions involved in the.
open- eld paradigm as described above. Blue light stimulation (4Jfggulatlon of gastric function, the experiment used the neurotropic

nm; Shanghai Fiblaser Technology, China) was delivered at 10 YRS PRV for retrograde labelingigure 2aSupplementary Figure

with a 10 ms pulse width for 10 min during the test. Feeding behavi§‘r4 tSuppo-rtlng Informgtlom Five -days a.lfter PRV |nJect|-on, several
in the open eld was monitored during optical stimulation. brgm regions were infected, |.nclud|ng thg zona incerta (Z_I)
(Figure 2B, the CeA, the posterior paraventricular hypothalamic

nucleus (PaPo)Higure 2§, and the parasubthalamic nucleus
2.8 Stereotaxic injection of GLP-1R agents ~ (PSTh) Eigure 29.

One week after recovery from microcannula implantation, mice
were fasted for 3 h prior to the test. Liraglutide, Ex-43.3 Activation of CeA through genetic
(MedChemExpress, China), and exendin-9 (Ex-9; MedChemExpréddethods inhibited mice feeding
China) were dissolved in artial cerebralspinaluid (ACSF, Beijing
Solarbio Science & Technology Qdd, Beijing, China). Mice then The chemogenetic and optogenetic methods were employed to
received liraglutide (10 nmol), Ex-4 (0.05 ug), or Ex-9 (10 pg) via tiastivate the CeA brain region in mice separatélgre 3% and
implanted catheter. Control mice received equivalent volumes observed their locomotor trajectories and feeding behavior in an
ACSF. One hour after injection, standard chow or kaolin werepen eld (Figures 3pc). The results showed that mice with an
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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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