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Abstract

Background: Propofol is a widely used intravenous anesthetic, yet its impact on post-anesthetic feeding remains poorly characterized.
The paraventricular nucleus of the hypothalamus (PVN) plays a key role in satiety regulation via glucagon-like peptide-1 receptor (GLP-
IR) signaling. This study investigated whether PVNC"I® neyrons mediate propofol-induced suppression in food intake. Methods:
Food intake was measured in wild-type mice following different doses of propofol (25, 50, 100 mg/kg, i.p.) under different conditions
(hunger, day and night). The neuronal activation during the period of feeding suppression by anesthesia was assessed via c-Fos immuno-

NCLPIR heurons were selectively activated or inhibited using optogenetics to determine their role

histochemistry. In Glp1r-Cre mice, PV
in post-anesthetic feeding behavior. Fiber photometry with the calcium indicator GCaMP8m was used to record their activity in response
to feeding onset during the recovery. Neural circuits were mapped using rabies virus (retrograde tracing) and synaptophysin-based virus
(anterograde tracing). Results: An anesthetic dose of propofol (100 mg/kg, i.p.) suppressed food intake, regardless of circadian phase or
metabolic state, whereas subanesthetic doses of propofol yielded inconsistent results depending on different scenarios. Propofol anesthe-
sia increased c-Fos expression in PVNS""'® neurons. Fiber photometry revealed that propofol abolished the physiological decrease in
PVNCLIR peuronal activity during food intake. The optogenetic activation of these neurons suppressed food intake, whereas inhibition
promoted food intake in the post-anesthetic recovery period. Viral tracing revealed the upstream and downstream targets of PYNSPIR
neurons and confirmed bidirectional connections between PVNSP"IR neurons and the key appetite-related nuclei, including the lateral
septum (LS), paraventricular thalamus (PVT), arcuate nucleus (ARC) and nucleus tractus solitarius (NTS). Conclusions: PVNCLF-IR
neurons are essential mediators of the propofol-induced suppression of food intake.
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1. Introduction The hypothalamus integrates food-related signals

Propofol is a commonly used intravenous anesthetic for metabolic control [13,14,15], primarily through key
in clinical practice, characterized by a rapid onset, a short ~ nuclei—suchas the arcuate nucleus (ARC) [16,17], the dor-
duration of action, and minimal side effects. The existing somedial hypothalamus (DMH) [18,19], and paraventricu-
research on this formulation primarily focuses on areas such ~ 1ar nucleus of the hypothalamus (PVN) [20]—critical for
as anesthesia and inflammation [1,2]. In contrast, its im- processing these signals. These nuclei express receptors for
pact on post-anesthetic food intake remains underinvesti- crucial metabolic hormones, including leptin, ghrelin, in-
gated. The sedative and anesthetic effects of propofol are  sulin, and glucagon-like peptide-1 (GLP-1), all of which are
mainly mediated by potentiating the y-aminobutyric acid ~ central in regulating food intake [21,22,23,24,25]. GLP-1
(GABA)-A receptor’s function [3,4]. Furthermore, propo- acts via the GLP-1 receptor (GLP-1R), an important mem-
fol exhibits non-hypnotic effects, including anxiolytic [5], ~ ber of G protein-coupled receptor (GPCR) family [26,27].
antidepressant [6], and antiemetic [7]. Regarding its effect ~ GLP-1 is an incretin hormone secreted mainly by intesti-
on food consumption, the existing evidence remains con-  hal L-cells [28,29,30]; however, it is also synthesized in
tradictory. Some studies support its appetite-stimulating discrete brainstem nuclei and acts to suppress feeding [31].
properties [8,9,10] while others report no significant effect ~ GLP-IRis expressed in the PVN [22]. The activation of the
beyond sedation [11]. Given the increasing importance of ~ nucleus tractus solitarius (NTS)-to-PVN GLP-1 pathway is
postoperative nutritional recovery [12], clarifying the ef- sufficient to suppress food intake. Likewise, GLP-1R sig-

fects of propofol on feeding behavior has important clinical ~ haling impairment in the PVN promotes obesity [32]. Con-
versely, selective pharmacological blockade of GLP-IR in

the PVN increases food consumption and promotes weight

relevance.
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gain [33]. However, the functional relationship between
propofol anesthesia and GLP-1R signaling in the PVN re-
mains unexplored.

This study investigates whether and through what
mechanisms PVNSIP-IR neyrons mediate the effects of
propofol anesthesia in relation to feeding behavior. To ad-
dress this, we use Glplr-Cre mice to monitor real-time ac-
tivity dynamics of these neurons via in vivo fiber photom-
etry and functionally interrogate their role through optoge-
netic stimulation and inhibition during and after propofol
exposure. Collectively, these studies reveal a previously
unrecognized neural pathway by which propofol engages
satiety circuitry, and may have implications for periopera-
tive nutritional management.

2. Materials and Methods
2.1 Chemicals and Reagents

For immunohistochemistry, the following primary an-
tibodies were used: rabbit anti-GLP-1R antibody (1:800,
Abcam, #ab218532, Cambridge, MA, USA) and rat mon-
oclonal antibody against c-Fos (1:1000, Synaptic Systems,
#226 017, Gottingen, Germany). The corresponding sec-
ondary antibodies were goat anti-rabbit IgG conjugated to
Alexa Fluor 488 (1:500, Abcam, #ab150077) and don-
key anti-rat 1gG conjugated to Cy3 (1:500, Jackson Im-
munoResearch, #712-165-153, West Grove, PA, USA). Tis-
sues were permeabilized and blocked with a solution con-
taining 0.2% Triton X-100 (Sangon Biotech, #A110694-
0100, Shanghai, China) and a commercial blocking buffer
(Beyotime Institute of Biotechnology, #P0260, Shanghai,
China).

Propofol (MedChemExpress, Monmouth Junction,
NJ, USA; catalog no. HY-B0649; purity 99.52%) was
initially dissolved in dimethyl sulfoxide (DMSO) (D8418,
Sigma-Aldrich, St. Louis, MO, USA) to prepare a stock
solution, which was subsequently diluted in 20% (w/v)
sulfobutylether-B-cyclodextrin (SBE-B-CD; MedChemEx-
press, HY-17031) immediately prior to the intraperitoneal
injection.

For the RNAscope in situ hybridization, target-
specific probe sets targeting Glplr (Mm-Glplr-Cl,
#418851), Vgat (Mm-Vgat-C3, #319191), and Vglut2
(Mm-Vglut2-C2, #319171) were purchased from Ad-
vanced Cell Diagnostics (ACD, a Bio-Techne brand,
Newark, CA, USA).

2.2 Animals

Adult (8-12-week-old) male C57BL/6 mice and
Glp1r-Cre mice were used. For food intake measurements,
mice were singly housed under a 12 h light/dark cycle
(lights on at 07:00) at a constant temperature of 24 £ 2 °C
with ad libitum access to food and water, except where food
restriction was applied. All procedures were approved by
the Institutional Animal Care and Use Committee of the
Shanghai Jiao Tong University School of Medicine.

2.3 Study Protocol

To evaluate the effects of propofol on food consump-
tion, food intake was assessed in wild-type mice follow-
ing intraperitoneal injection of propofol (25, 50, or 100
mg/kg) or vehicle (DMSO) administration under three con-
ditions: (1) Daytime feeding (10 a.m. injection); cumula-
tive food intake measured at 1, 2, 4, 6, 8, and 24 h over 24
h (10:00-10:00); (2) Fasted refeeding: 18-h overnight fast-
ing (16:00-10:00), measured the same as in daytime; (3)
Nighttime feeding (7 p.m. injection); intake measured at
1,2, 4, and 12 h during the dark phase (19:00-07:00). The
righting reflex was assessed by placing mice in a supine po-
sition. The loss of righting reflex (LORR) was defined as
the failure to regain upright posture within 30 s after being
placed supine and the return of righting reflex (RORR) was
recorded when the mice regained a prone posture.

To identify brain regions activated during propofol-
induced feeding suppression, wild-type mice received
propofol (100 mg/kg, i.p.) and were transcardially per-
fused 2 h later for c-Fos immunohistochemistry. In Glp1r-
Cre mice, basal food intake was assessed over two con-
secutive dark-phase hours (19:00-20:00) with 470-nm light
pulses (20 Hz, 1.5 mW, 2-s on/1-s off), followed by a post-
stimulation period (20:00-21:00) without light. For in-
hibition experiments, baseline food intake was measured
during the light phase: a stimulation period (10:00-11:00)
with 470-nm light pulses (1.5 mW, continuous mode, 1-
min on/1-min off), followed by a post-stimulation period
(11:00-12:00) without light.

Following propofol administration, neurons were op-
togenetically activated with 470-nm light (1.5 mW) to as-
sess the latencies to LORR and RORR. Mice failing to
achieve LORR within 5 min after propofol injection were
excluded. Final group sizes of n = 5 (control) and n = 6
(activation).

For post-anesthetic feeding experiments, PVNCLP-IR
neurons were inhibited using the closed-loop stimulation
protocol (470-nm, 1.5 mW, continuous mode) that the stim-
ulation was triggered only the mice were recognized in ini-
tiation of a feeding bout. Total food intake was measured
over 8 h following propofol administration.

2.4 Stereotaxic Surgeries

Mice were anesthetized with isoflurane (3—5% in-
duction, 1.5% maintenance; R510-22, RWD Life Science
Co., Ltd., Shenzhen, China). After confirming anesthe-
sia by tail pinch, the mice were placed in the stereotactic
frame (68055, RWD Life Science Co., Ltd.). During anes-
thesia, the eyes were protected with ophthalmic ointment
(H37022025, Shandong Chenxin Fodu Pharmaceutical Co.,
Ltd., Jining, Shandong, China). During surgeries, a feed-
back heater (SA416, SansBio, Nanjing, Jiangsu, China) was
used to maintain the core body temperature at 36 + 1 °C.
The scalp was locally sterilized, and the skin was incised
to remove excess periosteal tissue. A hole with a diameter
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of 2 millimeters was drilled in the target area using a high-
speed micro-drill (78001, RWD Life Science Co., Ltd). A
glass microinjection pipette (BF150-86-10, Sutter Instru-
ment, Novato, CA, USA) was slowly inserted into the PVN
(anteroposterior (AP) —0.82, lateral 0.25 and dorsoventral
(DV) —4.85 mm). The viruses were injected at a rate of 60
nL/min using an injection pump (R-480, RWD Life Science
Co., Ltd.). After each injection, the micropipette was held
in place for 10 min before being gradually retracted. The
scalp was closed with surgical sutures or dental cement. For
fiber photometry recording, the single fiber implant was lo-
cated higher above the injection sites (medial-lateral (ML)
=0.25 mm, AP =—-0.82 mm, and DV =—4.8 mm), and the
implant was secured to the skull with dental cement. For op-
togenetics manipulation, the single fiber implant was higher
above the injection sites (ML = 0.25 mm, AP =—0.82 mm,
and DV = —4.65 mm). Before conducting the behavioral
experiment, the mice were allowed to recover for at least
three weeks.

2.5 Viruses

AAV-EF10-DIO-eGFP (Cat# H3303) was pur-
chased from OBIO Technology (Shanghai, China).
AAV2/9-hSyn-DIO-hChR2 (H134R)-P2A-EGFP (BC-
0627/9), AAV/9-hSyn-DIO-stGtACR2-EGFP (BC-1228),
AAV/9-EF10-DIO-mRuby-T2A-Synaptophysin-EGFP
(BC-1025), AAV/9-EF10-DIO-N2c¢G (BC-0442), AAV/9-
EF1a-DIO-EGFP-T2A-TVA (BC-0041), and EnvA
G-Deleted Rabies-mCherry (BC-RV-CVS-EnvA471) were
purchased from Wuhan Brain Case Technology Co., Ltd
(Wuhan, Hubei, China). AAV2/5-EF1a-DIO-JGcamp8m-
WPRE (PT-9054) was purchased from BrainVTA (Wuhan,
Hubei, China). All viral vectors were aliquoted and stored
at —80 °C until use.

2.6 In Vivo Fiber Photometry

Fiber photometry recordings were performed three
weeks after intracranial viral delivery of GCaMP to al-
low for surgical recovery and viral expression. Mice were
habituated to handling for one week before data acquisi-
tion. During recordings, freely moving animals were con-
nected via implanted optic fiber coupled through ceramic
ferrules to fiber-optic patch cables (2U789, Inper Technol-
ogy, Hangzhou, Zhejiang, China). Animals were habitu-
ated to tethering one day before recordings. In the feeding-
related calcium recording experiment, mice were recorded
under a well-fed condition. Recordings were performed be-
tween 15:00 and 19:00. A chow food pellet was placed in
the home cage, and the mouse was allowed to approach and
consume the pellet. When the mouse grabbed the pellet and
initiated biting, the onset of biting was defined as time zero.
Calcium signal changes were analysed during the 5 s before
and 5 s after the onset.

For GCaMP recordings, the excitation light from
a 470-nm light-emitting diode (LED) was band-pass fil-
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tered (470/10 nm), reflected by a dichroic mirror, focused
through a 20x objective, and coupled to an optical commu-
tator. The excitation light was delivered to the implanted
fiber through a 2-m optical fiber at a tip intensity of 40
pW. The GCaMP fluorescence signals were recorded using
a fiber photometry system (Inper Technology, Hangzhou,
Zhejiang, China). GCaMP was excited using a 488-nm
laser, and the emitted fluorescence was collected through
the same optical fiber and detected by a photomultiplier
tube (PMT). The calcium signals were acquired with In-
perSignal software (V2.0.15, Inper Technology, Hangzhou,
Zhejiang, China). Raw signals were analyzed and pro-
cessed with InperPlot (V1.6, Inper Technology). For each
trial, fluorescence changes (AF/F) were calculated as [(F —
Fo)/Fy] x 100%, where F, represented the mean baseline
fluorescence during a 2-s interval preceding feeding onset.
The z-score was calculated as (F-F;)/cF, where F represents
the test signal and Fy and oF are the mean and standard de-
viation of the baseline signal.

2.7 Immunofluorescent Histochemistry

The mice were deeply anesthetized with 5% isoflu-
rane for approximately 2—3 min until loss of the pedal
withdrawal reflex. While under deep anesthesia, the ani-
mals were transcardially perfused with ice-cold phosphate-
buffered saline (PBS) (B548117, Sangon Biotech, Shang-
hai, China) followed by 4% paraformaldehyde (PFA)
(P39200, Acmec, Shanghai, China). Death was confirmed
by the absence of respiration and heartbeat. The brains
were rapidly dissected, post-fixed in 4% PFA for 3 h at
4 °C, cryoprotected in 30% sucrose (Sigma-Aldrich, St.
Louis, MO, USA) in PBS until saturated (~48 h), embed-
ded in Tissue-Tek® O.C.T. Compound (Cat# 4583, Sakura
Finetek, Torrance, CA, USA), and sectioned coronally at
30 pm on a cryotome (CM 1950, Leica, Wetzlar, Germany).
Immunofluorescence staining was performed as previously
described [34]. The brain sections were incubated with the
primary antibody overnight, followed by incubation with
a secondary antibody solution for 2 h at room tempera-
ture. Images were acquired with a laser confocal micro-
scope (FV3000, Olympus, Tokyo, Japan).

2.8 RNAscope In Situ Hybridization

Coronal brain sections (15 um) were first prepared.
Fluorescence in situ hybridization was performed using
an RNAscope Multiplex Fluorescent Reagent Kit (323100,
ACD Bio, Newark, CA, USA) and appropriately designed
probes, according to the manufacturer’s standard protocol
[35]. Before further processing, the tissue sections were
baked for 1 h at 60 °C with a hydrophobic barrier around
the perimeter of each section. Then, protease digestion was
performed in a HybEZ oven at 40 °C for 30 min pretreat-
ment, with slides then hybridized with a prewarmed probe
in the HybEZ oven at 40 °C for 2 h. After hybridization,
brain sections underwent four steps of signal amplification
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and fluorescence labeling. Sicl7a6, Sic32al, and GlpIr are
shown in italics due to the measurement of RNA levels.

2.9 Statistical Analysis

Mice were randomly assigned to control and treatment
groups. All behavioral tests were conducted in a blinded
fashion. The GraphPad Prism 10 software (GraphPad Dot-
matics, Boston, MA, USA) was used for all statistical anal-
yses. Throughout the text, measurements are expressed
as mean =+ SEM. Comparisons between two groups were
analyzed using unpaired two-tailed Student’s #-tests when
data satisfied assumptions of normality. For cumulative
food intake experiments involving repeated measurements
over time, data were analyzed using two-way repeated-
measures ANOVA with treatment and time as factors, fol-
lowed by Sidak’s multiple-comparisons test when appro-
priate. For the optogenetic stimulation experiment, data
were analyzed using two-way ANOVA followed by Sidak’s
multiple-comparisons test when appropriate. Differences
were considered statistically significant at p < 0.05. Signif-
icant differences are indicated in the figures as follows: * p
<0.05, ** p<0.01, *** p <0.001 and **** p < 0.0001.

3. Results
3.1 Propofol Anesthesia Inhibits Food Intake in WT Mice

To determine whether propofol modulates feeding be-
havior, wild-type (WT) mice were intraperitoneally in-
jected with propofol at different doses and tested under
three feeding conditions: daytime feeding, nighttime feed-
ing, and refeeding after an 18 h overnight fasting. We
found that propofol dose (100 mg/kg i.p.) has an obvi-
ous inhibitory effect on food intake of chow diet (Fig.
1). Compared with the control group (the injection of an
equal volume of solvent), mice in the propofol group con-
sumed significantly less food. During daytime administra-
tion (10:00), the propofol revealed a marked suppression
at 8 h post-injection (p = 0.0046, Fig. 1A). During night-
time administration (19:00), suppression was evident at all
measured time points (1 h: p = 0.004; 2 h: p = 0.0006;
4 h: p =0.0007; 12 h: p = 0.006), indicating potent in-
hibition of nocturnal feeding behavior (Fig. 1B). In 18-h
overnight fasted mice, a significant treatment effect was
also observed, with a significant reduction at 8 h (p = 0.046,
Fig. 1C). These results demonstrate propofol anesthesia ex-
erts anorexigenic effects that are strongest during the active
phase and weakest during the inactive phase, indicating a
critical modulation by circadian timing.

Additionally, to further examine whether the feeding
effect of propofol depends on anesthetic depth, we tested
the effect of different subanesthetic doses of propofol at dif-
ferent time points (Fig. 1D-I). We found that subanesthetic
propofol (25 mg/kg i.p. and 50 mg/kg i.p.) applied dur-
ing nighttime or under 18 h overnight fasting did not have
significant effects on food intake (Fig. 1D-I and Table 1).
Under the daytime well-fed condition, 50 mg/kg propofol

induced a significant reduction of food intake at 6 h post-
injection (p = 0.009, Fig. 1G), whereas no sustained effect
was observed at the other time points. These findings indi-
cate that the effect of propofol on feeding is dose dependent
and is affected by physiological state and circadian rhythm.
Among all the tested doses, 100 mg/kg of propofol had the
most significant inhibitory effect on food intake, and there-
fore this dose was used in all subsequent experiments.

Table 1. Effects of different dosage of propofol on food intake

under different state and circadian timing.

Dosage i.p. time Foodintake Fasted Anesthesia
25 mg/kg i.p. 10:00 - NO NO
50 mg/kg i.p. 10:00 l NO NO
100 mg/kgi.p.  10:00 1 NO YES
25 mg/kg i.p 10:00 - YES NO
50 mg/kg i.p. 10:00 - YES NO
100 mg/kg i.p.  10:00 1 YES YES
25 mg/kg i.p. 19:00 - NO NO
50 mg/kg i.p. 19:00 - NO NO
100 mg/kgi.p.  19:00 ! NO YES

1 increased; | decreased; - no significant change.

3.2 Propofol Anesthesia Activates PVNCPIR Neurons

To elucidate the neural mechanisms underlying
propofol-induced suppression of feeding, whole-brain c-
Fos screening was performed. The mice were injected with
propofol (100 mg/kg, i.p.) at 10:00 and subsequently per-
fused for c-Fos immunohistochemistry (Fig. 2A). We then
identified several brain regions with increased c-Fos ex-
pression, including the supraoptic nucleus (SO) and PVN
(Fig. 2B). Given that the GLP-1R neurons are subpop-
ulation in the PVN, we next examined whether propofol
activates PVNYLP-IR neyrons. Compared with the control
group, the propofol group showed a significant increase in
the proportion of activated GLP-1R neurons expressing c-
Fos in the PVN (Fig. 2C-E), indicating the recruitment
of GLP-1R in the PVN by propofol anesthesia. To further
identify the neurotype of PVNOLP-IR neurons, RNAscope
was performed for Glpr together with the Slc32al (marker
for GABAergic neuron) or Slcl7a6 (marker for glutamater-
gic neuron). The results showed that PVNSLP-IR neurons
colocalized with both Slc32al and Slci7a6 (Fig. 2F,G), but
these neurons are mainly glutamatergic, with only a small
group being GABAergic. In conclusion, these results indi-
cate that propofol anesthesia activates PVNSIP-IR neurons,
which may contribute to the propofol-induced suppression
of food intake.

3.3 Propofol Anesthesia Blunts Food-Related Activity of
PVNCLPIR Neyrons

To characterize how PVNSP-IR neyrons respond to
food and whether the activities of these neurons is altered
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Fig. 1. Propofol regulates food intake in a dose, metabolic state and circadian timing dependent manner. (A,D,G) Daytime food

intake following propofol administration at 10:00 under well-fed condition. Mice were received 100 mg/kg (A), 25 mg/kg (D), or 50

mg/kg (G) propofol by i.p. injection, and cumulative food intake was measured at different time points. n = 5-6 per group. (B,E,H)

Nighttime food intake following propofol administration at 19:00 under well-fed condition. Mice were received 100 mg/kg (B), 25 mg/kg

(E), or 50 mg/kg (H) propofol by i.p. injection, and cumulative food intake was measured at different time points. n = 5-6 per group.

(C,E,]) Daytime food intake following propofol administration at 10:00 under fasted condition. Mice were received 100 mg/kg (C), 25

mg/kg (F), or 50 mg/kg (I) propofol by i.p. injection, and cumulative food intake was measured at different time points. n = 4-6 per

group. Data are presented as the mean + standard error of the mean (SEM); two-way repeated-measures analysis of variance (ANOVA)

with treatment and time as factors, followed by Sidak’s multiple-comparisons test; * p < 0.05, ** p <0.01, and *** p < 0.001.

by propofol anesthesia, we performed calcium imaging of
PVNOSLP-IR peurons in freely moving Glplr-Cre mice in-
jected the AAV-DIO-GCaMP8m into the PVN (Fig. 3A).
The viral expression of GCaMP8m in the PVN was con-
firmed at the end of experiment (Fig. 3B).

First, we examined the neural activities of PVNOLP-IR
neurons in the entire period of propofol anesthesia. As
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shown in Fig. 3C, intraperitoneal propofol administration
induced rapid and sustained suppression of calcium sig-
nals in PVNOLP-IR neyrons. Compared with the control, in
which neural activities remained relatively high after i.p.
injection, propofol induced an obvious reduction of neural
activities following injection and attenuated the amplitude
of calcium transients. This inhibition persisted throughout
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Fig. 2. Propofol anesthesia activates GLP-1R neurons in the PVN. (A) Experimental design of the c-Fos mapping after propofol

anesthesia. (B) Representative images showing c-Fos immunostaining from the lateral septum (LS), tuberal area (Tu), supraoptic nucleus
(SO), suprachiasmatic nucleus (SCh), and PVN in control and propofol-treated mice. Scale bar, 200 pm. (C,D) Representative images
showing the colocalization of PVNCL™'R neurons (red) and c-Fos (green) in control (C) and propofol-treated (D) mice. (E) Quantification
of the proportion of GLP-1R neurons expressing c-Fos in the PVN. n =4 per group. Scale bar, 100 um. (F,G) Representative multiplex
RNAscope images showing co-localization of GlpIr (green) with Slc32al (red, F) or Slc17a6 (red, G) in the PVN. Boxed regions are
shown at higher magnification on the right panel. Arrowheads indicate co-localized PVN®"P'® neurons. Scale bar in (F) and (G), 100
um. Scale bar in enlarged view, 20 pum. Data are presented as the mean + SEM; the unpaired ¢-test was used for (E); * p <0.05. GLP-1R,
Glucagon-like Peptide-1 Receptor; PVN, Paraventricular Nucleus of the Hypothalamus; LV, lateral ventricle; opt, optic tract; 3V, third

ventricle.

the anesthetic period, including the LORR stage and RORR
stage. In addition, the sharp increase in signal at the time
of injection was attributable to non-specific artifacts intro-
duced by mouse handling and the i.p. injection manipula-
tion, which was observed in the control and propofol group.
These results indicate that propofol anesthesia induced a
sustained inhibitory effect on PVNSGLP-IR peurons.

Next, we measured the PVNOLP-IR neyronal activity
in response to food during the post-anesthetic recovery pe-
riod. In the control group, the PVNCLP-IR neurons showed
a change in activity around feeding initiation: calcium sig-
nals gradually increased during the pre-feeding period and
then sharply decreased at the onset of eating (Fig. 3D).
After propofol administration, the dynamic activities of

PVNOLP-IR peyrons in the feeding initiation were markedly
blunted. In propofol-treated mice, PVNSLP-IR neurons no
longer showed the pre-feeding rise and decrease at eating
onset as showed in the control. Instead, calcium activity
remained relatively unchanged during the feeding period
(Fig. 3E,F), indicating that propofol anesthesia disrupts the
normal food-related activity dynamics of PVNGLPIR pey-
rons. Given food consumption is associated with a decrease
of PVNULP-IR neyronal activity, the absence of this inhibi-
tion after propofol anesthesia may contribute to propofol-
induced suppression of food intake.
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photometry recording in free moving mice. AAV-DIO-GCaMP8m was injected into the PVN of G/pIr-Cre mice, and calcium signals

from PVNCPIR neurons were recorded through an optical fiber. (B) Representative images showing GCaMP8m expression in the PVN.

Scale bar, 200 pm. (C) Representative calcium traces of PVNS*IR neurons following i.p. injection of control or propofol (100 mg/kg).

(D,E) Averaged Z-scored calcium activity aligned to eating start in control (D) and propofol-treated (E) mice. (F) Quantification of

mean Z-score before and during feeding in control and propofol-treated mice. n = 4 per group. Data are presented as the mean = SEM;

two-way ANOVA followed by Sidak’s multiple-comparisons test was used; *** p < 0.001 between control and propofol-treated mice.
PMT, photomultiplier tube; LORR, loss of righting reflex; RORR, return of righting reflex.

3.4 Optogenetic Activation of the PVNCLPIR Neurons
Suppresses Feeding and Facilitates Recovery From
Anesthesia

Consistent with the previous study on the anorexigenic
effect of GLP-1 signaling in the hypothalamus [32], we con-
firmed that activation of PVNOLP-IR neurons is sufficient to
suppress feeding. The GlpIr-Cre mice expressing ChR2 in
PVNGLP-IR neyrons were tested during the nighttime (Fig.
4A), when mice exhibit robust food intake. Food intake
was measured during two consecutive 1-h periods: a pho-
tostimulation period (19:00-20:00) and a subsequent post-
stimulation period without light (20:00-21:00) (Fig. 4B).
Optogenetic activation of PVNSLP-IR neyrons significantly
reduced food intake during the stimulation period compared
with control (p = 0.023, Fig. 4C). Notably, food intake re-
bounded significantly in thel h post-stimulation (p = 0.015,
Fig. 4C), indicating the suppression of feeding by optoge-
netics was transient and was followed by a compensatory
increase in food consumption.

We then asked whether activation of PVNOLP-IR pey-
rons affects recovery from propofol anesthesia. Glplr-Cre
mice were injected with propofol (100 mg/kg, i.p.) at 10:00,
and blue light stimulation was delivered immediately after
injection followed by LORR and RORR (Fig. 4D). Optoge-
netic activation of PVNSLP-IR peurons tended toward short-
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ening RORR duration and promoted recovery of wakeful-
ness (p = 0.18, Fig. 4E), suggesting that these neurons may
partially contribute to emergence from anesthesia.

3.5 Optogenetic Inhibition of PVNCLP-IR Promoted Food
Intake After Propofol Anesthesia

We further verified that the optogenetic inhibition of
the PVNGLP-IR ¢ould promote feeding behaviors in GlpIr-
Cre mice (Fig. 4F). Food intake was assessed two consecu-
tive phases in daytime: a 1 h photoinhibition period (10:00—
11:00) followed by a 1 h post-stimulation period without
light (11:00-12:00) (Fig. 4G). The optogenetic inhibition of
the PVNCLP-IR i daytime significantly increased the food
intake (p < 0.0001, Fig. 4H).

For post-anesthetic feeding experiments, PVNCLF-IR
neurons were optogenetically inhibited using a closed-loop
stimulation protocol, in which light delivery was triggered
only when mice were detected at the initiation of a feeding
bout. Food intake during post-anesthesia stimulation was
monitored for up to 8 h after propofol injection (Fig. 4I).
The inhibition of PVNSLP-IR neyrons in the post-anesthesia
also increased food intake compared with control (p =
0.048, Fig. 4J). These findings indicate that optogenetic
inhibition of PVNGLP-IR neyrons promotes post-anesthetic
feeding.
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Schematic of the optogenetic activation of PVNCLPIR neurons. AAV-DIO-ChR2-EGFP was injected into the PVN of GlpIr-Cre mice,
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Experimental design for optogenetic activation in nighttime (B) or daytime after propofol anesthesia (D). (C) Food intake during the 1 h
stimulation period and the 1 h post-stimulation period. n = 68 per group. (E) Duration of LORR and RORR in control and stimulation
groups. n = 56 per group. (F) Schematic of the optogenetic inhibition of PVNS"I® neurons. AAV-DIO-stGtACR2-EGFP was injected
into the PVN of GipIr-Cre mice, and an optical fiber was implanted above the PVN. Representative image showing viral expression in
the PVN. Scale bar, 200 um. (G,I) Experimental design for optogenetic inactivation in daytime (G) or daytime after propofol anesthesia
(D). (H) Food intake during the 1 h stimulation period and the 1 h post-stimulation period. n = 6-8 per group. (J) Cumulative food intake
at 4 h and 8 h after propofol injection in control and stimulation groups. n = 68 per group. Data are presented as the mean + SEM;

two-way ANOVA followed by Sidak’s multiple-comparisons test was used; * p < 0.05, **** p <0.0001.

3.6 Afferent and Efferent Projections of the PVNCLP-IR
Neurons

To define the neural connection of PVNOLP-IR pey-
rons with downstream and upstream targets, we performed
both anterograde projection/terminal mapping and monosy-
naptic rabies-based retrograde tracing (Fig. 5). For the
anterograde mapping, we injected AAV-DIO-mRuby-T2A-
synaptophysin-EGFP into the PVN of Gilplr-Cre mice
(Fig. 5A,B). Notably, the use of synaptophysin-EGFP
allowed preferential labeling of presynaptic terminals,
thereby providing more accurate postsynaptic target regions
of PVNCLP-IR neyrons. This approach revealed widespread
downstream targets across multiple forebrain, hypothala-
mic, midbrain, and hindbrain regions (Fig. 5C,G), indicat-
ing that PVNOLP-IR neyrons send broad projections to re-
gions involved in feeding, arousal, and behavioral state.

To identify direct inputs to PVNSLP-IR neurons, we
further performed monosynaptic retrograde tracing using a
Cre-dependent rabies system. Helper viruses (AAV-DIO-
EGFP-TVA and AAV-DIO-N2cG) were first injected into
the PVN of Glp1r-Cre mice, followed by injection of CVS-
EnvA-AG-mCherry rabies virus three weeks later (Fig.

5D,E). The mapping results revealed the inputs across mul-
tiple brain regions, particularly in the hypothalamus (Fig.
SF,H). We further identified several reciprocal projections
originating from PVNOIP-IR neyrons, including the lateral
septum (LS), medial preoptic area (MPO), paraventricu-
lar thalamus (PVT), SO, bed nucleus of the stria termi-
nalis (BNST), ARC, periaqueductal gray (PAG), and NTS,
suggesting that PVNSLP-IR neurons are an integrative node
linking hypothalamic, limbic, and brainstem circuits.

4. Discussion

Propofol remains one of the most widely used intra-
venous anesthetics in clinical practice [7,36], yet its ef-
fect on the recovery of feeding after anesthesia remains un-
clear. Here, we identify PVNOLP-IR pneurons as an impor-
tant neuronal population regulating feeding behaviors dur-
ing the post-anesthetic recovery period. An anesthetic dose
of propofol suppressed food intake under different feed-
ing conditions, recruited more GLP-1R-expressing neu-
rons in the PVN. Moreover, propofol anesthesia disrupted
the normal feeding-associated dynamics of PVNOLP-IR pey-
rons that could be partially reversed by optogenetic inhibi-
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@B IMR Press 9


https://www.imrpress.com

tion. Together with prior evidence that central GLP-1 sig-
naling and PVNOLP-IR neurons regulate feeding behavior
[31,32,33,37,38], these findings support a model in which
PVNGLP-IR neyrons contribute to the delayed recovery of
feeding after anesthesia.

The anorexigenic effect of propofol was dose depen-
dent and modulated by metabolic state and circadian tim-
ing. Food intake was significantly reduced regardless of
propofol (100 mg/kg) administrated during the daytime,
nighttime or with fasting. By contrast, subanesthetic doses
of propofol (25 or 50 mg/kg) induced weak or inconsis-
tent effects, indicating the anorexigenic effect of propo-
fol is closely associated with the anesthetic state. This
dose dependence may help explain the inconsistent litera-
ture on propofol and appetite, in which experimental con-
ditions have varied substantially across studies [10]. We
also observed that propofol markedly suppressed food in-
take during the dark period, whereas its effect was much
weaker during the light period. This suggests that the
feeding effect of propofol may not simply depend on the
hunger drive, but may be gated by circadian phase. Cir-
cadian rhythms are controlled by the suprachiasmatic nu-
cleus (SCN), which may act through feeding centres includ-
ing the PVN. Recent studies have shown that SCN neurons
can regulate PVN neuronal activity and clock gene rhythms
[39,40], and that PVN neurons can show circadian oscilla-
tions [41,42]. Therefore, propofol may influence feeding
by interfering with SCN—-PVN circadian pathway or clock
gene expression. This possibility is also supported by pre-
vious reports showing that propofol anesthesia can reset cir-
cadian timing and downregulate Perl expression in the SCN
[43]. Circadian feeding is increasingly recognized as an im-
portant component of energy homeostasis [44], and recent
studies suggest pharmacological interventions can modu-
late feeding behaviors in a circadian phase-dependent man-
ner [45,46].

In control mice, PVNSLP-IR neurons displayed a con-
sistent transition around feeding onset, with activity in-
creasing before food intake and decreasing at the start of
consumption. Anesthetic doses of propofol acutely sup-
pressed calcium activity of PVNSP-IR neurons during anes-
thesia. During the post-anesthetic recovery period, the cal-
cium patterns related to food intake observed in the control
group were disrupted, meaning that the normal response to
food became blunted. These findings are broadly consis-
tent with the established anorexigenic role of GLP-1 signal-
ing in the PVN [33,37], suggesting that propofol does not
merely amplify satiety signal. Instead, it appears to uncou-
ple PVNGLP-IR neyral activity from the temporal dynam-
ics that normally accompanies feeding initiation. The ap-
parent divergence between increased c-Fos expression and
blunted calcium activity is not contradictory, given the dif-
ferent temporal resolution of detecting c-Fos and calcium
activity [47,48].
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GLP-1R related feeding circuits are regulated by mul-
tiple feeding-related signals, including ghrelin, leptin, neu-
ropeptide Y (NPY), and neuronal activity in the ARC and
parabrachial nucleus (PBN) [49,50,51,52,53]. Therefore,
propofol may blunt the normal suppression of PVYNGLP-IR
neuronal activity during food intake by regulating these up-
stream hormonal and neural pathways. First, propofol may
alter peripheral feeding-related hormones including neu-
ropeptide Y (NPY), insulin, suggesting that propofol can in-
fluence systemic metabolic signals relevant to feeding con-
trol. In rats, propofol reduced plasma NPY [54], and in
both nonhuman primates and rodents, propofol anesthesia
was associated with increased insulin or enhanced GLP-1
production [55,56]. Considering these peripheral hormonal
signals can feed back onto hypothalamic and brainstem
feeding circuits, this endocrine modulation may represent
one mechanism through which propofol influence GLP-1R
neuronal activity. Second, propofol may affect hypothala-
mic and brainstem feeding circuits upstream of PVN neu-
rons, including Agouti-related peptide (AgRP) and proo-
piomelanocortin (POMC) neurons in the ARC, as well as
PBN neurons [57,58]. These circuits provide anorexigenic
and orexigenic inputs to PVN neurons and may partici-
pate in the rapid neural transition during feeding. Propo-
fol as y-aminobutyric acid type A (GABA,) receptor ag-
onist, could disrupt the normal neural dynamics of circuit
ARC-PVN or PBN-PVN, thereby blocking pre- or post-
prandial changes in PVNOLPIR neuronal activity.

Activation of PVNSLPIR neyrons suppressed feeding,
whereas inhibition increased food intake under baseline
conditions and partly alleviated the post-anesthetic reduc-
tion in intake. These bidirectional effects are consistent
with prior evidence that GLP-1R signaling in the PVN con-
trols feeding [38,59,60], and further indicate that this genet-
ically defined population contributes directly to the feed-
ing phenotype induced by propofol. Whether this popula-
tion also contributes to arousal recovery remains less clear.
PVN glutamatergic neurons have been implicated in wake
regulation [61,62], and our RNAscope data indicate that
PVNCLP-IR neyrons are predominantly glutamatergic, with
only a small proportion being GABAergic. In the present
study, activation of PVNSLPIR peurons tended to shorten
recovery from propofol, but the effect did not reach signifi-
cance. We therefore consider PVNOLPIR neyrons as a sub-
population of governing feeding recovery but not arousal
recovery after propofol administration.

Anatomical tracing further defined the circuit frame-
work within which PVNSIP-IR neyrons may regulate post-
anesthetic feeding. PVNSLP-IR neurons received monosy-
naptic inputs from, and projected back to, regions linked to
interoceptive and motivational control of feeding, including
the LS, PVT, ARC and NTS. The NTS is an important hub
in light of prior evidence that brainstem GLP-1 signals en-
gage the PVN to suppress feeding [32,33,63]. Conversely,
the broad distribution of GLP-1R expression across brain
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regions underscores that PVNSIP-IR neyrons represent one
critical node within a GLP-1 signaling network [64]. These
anatomical connections provide a neural circuit basis for
anesthesia-induced feeding dysregulation, although the val-
idation of individual projections remains pending.

Limitation

This study has several limitations. We examined the
role of the overall PVNSLP-IR neyrons in the post-anesthetic
feeding. However, this population may contain distinct
subtypes, and whether these subpopulations make differ-
ential contributions on post-anesthetic feeding will require
further investigation. In addition, although anatomical trac-
ing revealed the circuit connectivity of PVNSLP-IR neyrons,
the roles of individual inputs and outputs were not tested.
Another limitation is that current study does not address
potential sex differences. GLP-1 expression differs be-
tween sexes [05], and GLP-1-related feeding circuits may
be sexually dimorphic [66,67]. And propofol anesthesia
may also produce sex-dependent effects on neural activity
and metabolism [68,69]. Therefore, whether propofol sup-
presses feeding through PVNSLP-IR neyrons in female mice
remains to be investigated in the future.

Overall, this study establishes PVNSP-IR peurons as a
key hypothalamic hub that mediates propofol-induced post-
anesthetic feeding suppression. These findings not only en-
hance our understanding of how anesthesia affects feeding,
but also may offer a potential basis for improving postop-
erative nutritional recovery.

5. Conclusions

Propofol suppresses food intake in a dose- and state-
dependent manner, and PVNSMP-IR neyrons contribute to
this effect. Propofol blunts the normal feeding-related ac-
tivity dynamics of these neurons, while optogenetic inhibi-
tion rescues the post-anesthetic feeding.
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