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ARTICLE INFO ABSTRACT

Handling Editor: Prof R Lawrence Reagan Chronic pain can induce mood disorders and cognitive dysfunctions, such as anxiety, depression, and learning
and memory impairment in humans. However, the specific neural network involved in anxiety- and depression-
like behaviors and learning and memory impairment caused by chronic pain remains poorly understood. In this
study, behavioral test results showed that chronic pain induced anxiety- and depression-like behaviors, and
learning and memory impairment in male mice. c-Fos immunofluorescence and fiber photometry recording
showed that glutamatergic neurons in the LH of mice with chronic pain were selectively activated. Next, the
glutamatergic neurons of LH in normal mice were activated using optogenetic and chemogenetic methods, which
recapitulates some of the depressive-like behaviors, as well as memory impairment, but not anxiety-like
behavior. Finally, inhibition of glutamatergic neurons in the LH of mice with chronic pain, effectively relieved
anxiety- and depression-like behaviors and learning and memory impairment. Taken together, our findings
suggest that hyperexcitation of glutamatergic neurons in the LH is involved in depression-like behavior and
learning and memory impairment induced by chronic pain.
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1. Introduction

Pain is protective and warns against tissue damage; therefore, it is
essential for survival (Donnelly et al., 2020). However, chronic pain is a
persistent and inescapable experience that leads to maladaptive
emotional states (Gilam et al., 2020). In addition to unpleasant sensa-
tions, patients with chronic pain are often accompanied with emotional
disorders. Chronic pain is a serious health problem that affects many
patients. Clinical surveys have revealed that 30-60% of patients with
chronic pain experience severe depression or anxiety (Ma et al., 2021;
Tappe-Theodor and Kuner, 2019). Moreover, patients with chronic pain
often report impaired cognitive functions, including deficits in attention,
memory, executive planning, and information processing (Zhang et al.,
2021). The emergence of various adverse emotions and cognitive
dysfunction after chronic pain reduces patients’ quality of life. In
particular, emotional disorders may lead to excessive duration and
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intensity of pain (Bonilla-Jaime et al., 2022). This creates a vicious cycle
of pain and emotional disorders. Thus, the management of mood and
cognitive disorders in chronic pain is challenging and lies in under-
standing the neurological, structural, and functional bases of
comorbidities.

The hypothalamus is responsible for maintaining homeostatic bal-
ance in physiology and behavior by integrating vast amounts of neural
and humoral information and conveying appropriate instructions to
downstream brain regions (Tran et al., 2022). Clinical neuroimaging
studies have demonstrated that hypothalamic activity change were
found in both pain patients and depression patients (Schindler et al.,
2019; Sprenger et al., 2005). Hypothalamus is mainly composed of the
medial preoptic area (MPO), paraventricular nucleus of hypothalamus
(PVN), anterior hypothalamic nucleus (AHN), lateral hypothalamus
(LH), ventromedial hypothalamus (VMH), dorsomedial hypothalamus
(DMH), arcuate nucleus (Arc), and supramammillary nucleus (SUM),
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which are related to mood disorders (Daviu et al., 2020; Jia et al., 2022;
Li et al., 2022, 2023; Shin et al., 2023; Tang et al., 2022; Wang et al.,
2023; Wang et al., 2023, 2023; Yan et al., 2022). Animal studies have
shown that the LH plays a key role in regulating wakefulness, sleep, food
intake, autonomic and endocrine functions, reward-related behavior,
anxiety-and depression-like behaviors, and learning and memory
(Bonnavion et al., 2016; Gu et al., 2023; Tang et al., 2022). The LH
function relies on the differentiated neurons, most of which are gluta-
matergic or GABAergic (Zhou et al., 2021). The activity of glutamatergic
neurons in the LH was selectively elevated in mice experiencing chronic
pain. (Gu et al., 2023), suggesting that the LH may be involved in the
pathological process of chronic pain or the behavioral abnormalities
induced by chronic pain.

This study aimed to illustrate the role of LH in mood disorders and
cognitive dysfunction following chronic pain induced by spared nerve
injury (SNI). First, we confirmed that chronic pain induces anxiety- and
depression-like behaviors as well as learning and memory dysfunction,
accompanied by strong activation of glutamatergic neurons in the LH.
Furthermore, chemogenetic and optogenetic activation of glutamatergic
neurons in the LH results in depression-like behavior and learning and
memory impairment in normal mice, but not anxiety-like behavior.
Finally, chemogenetic inhibition of glutamatergic neurons in the LH
significantly rescued SNI-induced anxiety- and depression-like behav-
iors and learning and memory impairment in mice. Altogether, our
findings revealed that glutamatergic neurons in the LH play a crucial
role in the generation of depression-like behavior and learning and
memory impairment after chronic pain.

2. Materials and methods
2.1. Animals

All animal experiments were conducted in accordance with the Na-
tional Institutes of Health Guidelines for the Care and Use of Laboratory
Animals, and were approved by the Laboratory Animal Ethics Com-
mittee of Jinan University (Guangzhou, China) in accordance with the
experimental animal management regulations. Male C57BL/6J mice (8
weeks old, 20-24 g body weight) were purchased from Liaoning
Changsheng Biotechnology Company. 5-6 mice of the same group were
housed per cage. They were housed at a constant temperature
(20-25 °C) and humidity (40-60%) in a controlled facility on a 12 h
light/dark cycle (light from 8:00 to 20:00) with food and water ad
libitum. The mice were acclimated to the room for one week prior to the
experiments.

2.2. Chronic pain model

The SNI surgery was performed as previously described (Decosterd
and Woolf, 2000). Mice were anesthetized with 1% isoflurane and fixed
to an operating table: one end of the thread is secured to each limb of the
mouse, while the other end is anchored to each corner of the operating
table, so that the body of mouse is fully extended. Then, an 0.5-cm
length skin incision was made on the left thigh, and the skin and mus-
cles of the left thigh were separated via blunt resection to explore the
three branches of the sciatic nerve, including the sural, common pero-
neal, and tibial nerves. After using 5-0 silk sutures to ligate the tibial and
common peroneal nerves, they were completely transected distal to the
ligation sites, a 1-mm piece of the nerves was removed. Precaution was
taken to avoid damage to the sural nerve. Finally, the muscle and skin
were separately sutured using 4-0 silk sutures and disinfected using
iodophor. In the sham group, the same procedure was performed
without nerve ligation and transection of the nerves. After surgery, the
mice were placed in a warm chamber for 30 min.
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2.3. The von Frey test

The mechanical paw withdrawal (PW) threshold was assessed using
an electronic von Frey aesthesiometer with flexible von Frey hair
(NJKEWBIO, China) (Wang et al., 2020). Before each test, the von Frey
hair was connected to the electronic system to record the results. The
mice were placed in a test Plexiglas cage on an elevated mesh floor for at
least 40 min for habituation. The lateral plantar region (innervated by
the sural nerve) was stimulated by the von Frey hair. The minimum force
required to retract their hind legs or lick their hind feet was recorded.
Three trials of withdrawal per paw with a 10 min interval between tests
were recorded, and an average was calculated. Mechanical PW thresh-
olds were measured the day before surgery and once a week after
surgery.

2.4. Behavioral tests

Behavioral tests were performed after the SNI modeling or virus in-
jection. All behavioral tests were conducted during the light cycle. The
mice were acclimatized to the test environment for 45 min before each
behavioral test. The laboratory apparatus was cleaned with 75% alcohol
between each test and the behavior of the mice was automatically
analyzed using a behavior analysis system (Topscanlite 3.0).

2.4.1. Open field test (OFT)

The OFT was used to measure anxiety-like behavior (Kraeuter et al.,
2019a). Briefly, the mice were gently removed from the home cage and
placed in the center of an open-field arena (40 cm length x 40 cm width
x 40 cm height). The arena was brightly lit (1100-1200 lux). The mice
were allowed to freely explore the arena for 10 min. The motion trials
were recorded using a camera directly above the arena. The time spent
in the central area and the total distance moved were counted.

2.4.2. Elevated plus maze (EPM)

Anxiety level was also assessed using the elevated plus maze (EPM)
test, as previously described (Kraeuter et al., 2019b). The maze consisted
of four elevated arms (35 cm length x 5 cm width) that intersected at
right angles. Two opposite arms were enclosed by 15 cm high walls, and
the other two were open (no walls). The whole maze was elevated 60 cm
above the ground, and the mice were placed at the 5 cm x 5 cm inter-
section of the maze facing an arm without walls to start a trial. The
amount of time the mice spent in the open arms and the number of
entries into open and close arms throughout a 10-min session were
calculated.

2.4.3. Forced swimming test (FST)

The forced swimming test (FST) has been used to assess depression-
like behavior (Yankelevitch-Yahav et al., 2015). The cylindrical tanks
(28 cm height x 16 cm diameter) used in the mice forced swimming test
were constructed of transparent Plexiglas. Then mice were held by the
tail and gently placed in the tanks with about 20 cm of water (23-25 °C)
for 6 min. Before each test, the water was changed to prevent the in-
fluence of pheromones left behind by the previous mice. Locomotion
was recorded from the side using a camera. The mice were considered
immobile when they were floating without any other movement, and the
immobility time in the last 4 min was measured with the behavior
analyzing system (Topscanlite 3.0). After the test, the mice were dried
and returned to their home cages.

2.4.4. Tail suspension test (TST)

To assess depression-like behavior, the mice were subjected to a tail
suspension test (TST) as previously described (Cryan et al., 2005). They
were suspended in a box (20 cm length x 20 cm width x 30 cm height)
by wrapping tape approximately 1 cm from the tail tip and 30 cm above
the ground. The entire suspension lasted for 6 min and the immobility
time in the last 4 min was recorded. All the tests were recorded by a
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video camera and analyzed using a behavior analyzing system (Top-
scanlite 3.0).

2.4.5. Novelty suppression feeding test (NSF)

To assess depression-like behavior, mice were subjected to a novelty
suppression feeding test (NSF) as previously described (Cui et al., 2022).
The test apparatus comprised a plastic box (50 cm length x 50 cm width
x 20 cm height). The floor was covered with approximately 2 cm of corn
cob bedding, and the arena was brightly lit (1100-1200 lux). The mice
were fasted for 24 h. At the time of testing, they were placed in the
corner of the box with a single pellet of food (regular chow) placed on a
white paper platform positioned in the center. The time to the first
chewing of the food (lantency) was recorded. The test lasted for 10 min
and if the mice had not eaten the latency was scored as 10 min. Imme-
diately after latency was recorded, the food pellet was removed from the
arena. The mice were then placed in home cages and the time to the first
chewing of the food (latency) was recorded. The test lasted for 10 min
and if the mice had not eaten the latency was scored as 10 min.

2.4.6. Sucrose splash test (SST)

The sucrose splash test (SST) was conducted to assess depression-like
behavior (Dai et al., 2022). The mice were placed in an unfamiliar white
plastic box (40 cm length x 30 cm width x 20 cm height). Before testing,
they were allowed to explore freely for 1 min. At the time of testing, the
backs of the mice were sprayed with 10% sucrose solution. The test
lasted for 5 min and the total grooming time was recorded.

2.4.7. Y maze

The Y maze test was used to assess spatial recognition memory in
mice (Kraeuter et al., 2019c¢). The luminance of overhead white lighting
is 40 lux and markers were placed on the walls in each of the four di-
rections within the room. These markers were characterized by distinct
colors contrasting with the wall background (e.g., circle, square,
pentagon, triangle). The Y maze consisted of three arms (40 cm length x
5 cm width x 10 cm height) at a 120° angle from each other. The ex-
periments were divided into two phases. In the learning phase, the mice
were placed at the end of one arm (designated as the start arm). Only
two arms were open (the familiar arm), and the third arm was blocked
(the novel arm). The mice were allowed to explore freely in the start and
familiar arms for 10 min. After a 2 h inter-trial interval, the testing phase
began with the novel arm opening and the mice were put back at the end
of the start arm for 3 min to explore, with free access to all three arms.
The choices of novel and familiar arms alternated between the tests for
different subjects. The trials were recorded using a camera and analyzed
using a behavior analyzing system (Topscanlite 3.0). The percentage of
time mice spent in the novel arm relative to the total time was analyzed.

2.4.8. Morris water maze (MWM)

We used the Morris water maze (MWM) test to evaluate spatial
learning and memory abilities (Othman et al., 2022). Briefly, a circular
pool (120 cm in diameter, 45 cm in depth) was filled with water
(maintained at 25 °C) that contained titanium dioxide (T164497, Bio-
honor, China) to make it opaque in a dimly lit room. Two principal axes
perpendicular to each other were designated to create an imaginary “+”,
and the pool was divided into four equal quadrants. The intersection
points of the axes with the pool edge were designated north (N), south
(S), east (E), and west (W). Conspicuous markers were placed on the
walls in each of the four directions within the room. These markers were
characterized by distinct colors contrasting with the wall background (e.
g., circle, square, pentagon, triangle). A circular platform (10 cm in
diameter and 1 cm underwater) was placed in a fixed quadrant. The
experiment lasted for six days. The first five days were the learning
phase and the sixth day was the testing phase. In the learning phase, the
mice were given 3 trials (90 s each) per day, with an inter-trial interval
of 30 min. On day 1, the escape platform was placed 1 cm above the
water and was visible to the mice. During each trial, the mice facing the
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tank wall were released from three starting locations, except for the
quadrant where the platform was in a random order, and the time spent
to find the escape platform was recorded. If the mice failed to find the
platform within 90 s, they were gently guided to the platform and
allowed to remain there for 20 s; the escape time was recorded as 90 s.
On day 2-5, the tests were performed as per the procedure on day 1,
except that the platform was submerged 1 cm below the water surface.
During the learning phase, the latency period of three points for each
mouse to find the platform was recorded and the average value was
calculated. In the testing phase, the platform was removed and the mice
facing the pool wall were placed in the pool from the point furthest away
from the platform. The mice were allowed to swim freely in the water
maze for 90 s, after which they were returned to their cages. The number
of times the mouse crossed the platform, the time spent in the target
quadrant, and the swimming speed were recorded by a camera and
analyzed using a behavior analyzing system (Topscanlite 3.0).

2.5. Immunostaining and imaging

90 min after FST or the last behavior test was performed, the mice
were deeply anesthetized with 1% isoflurane and transcardially
perfused with 30 mL of 0.9% NacCl, followed by 30 mL of 4% para-
formaldehyde (PFA) (30525-89-4, Sigma, 0.01M PBS, pH 7.4). Then, the
brain was quickly removed and fixed overnight in 4% PFA solution at
4 °C. Over the following two days, the brain was sequentially cryo-
protected with 15% and 30% sucrose solutions at 4 °C (57-50-1, Sigma,
0.2 M PB, pH 7.4). After cryoprotection, the brain was cut into 30 pm
coronal sections using a cryostat (Leica). The sections were rinsed in
0.01 M PBS (pH 7.4) five times for 6 min. Brain slices were put in 0.01 M
PBS containing 5% bovine serum albumin (BSA, CAS9048-46-8, GEN-
VIEW) and 1% Triton X-100 (CAS9002-93-1, BIOFROXX) at room
temperature for 1 h. Then, the brain slices were placed into the primary
antibody for incubation at 4 °C for 48 h. Primary antibody was prepared
using a 0.01 M PBS solution, containing 1% BSA and 1% Triton X-100.
Following that, the slices were rinsed in 0.01 M PBS for five times of 6
min and incubated with secondary antibody at 4 °C for 48 h. The pri-
mary antibodies used in the experiment were rabbit anti-c-Fos (1:300,
CST2250s; Cell Signaling Technology), mouse anti-CaMKIla (1:100,
ab22609; Abcam), mouse anti-GAD67 (1:200, Mab5406; Millipore), and
mouse anti-Orexin B (1:500, MAB734; R&D). The following secondary
antibodies were used: AlexaFluor 555 anti-mouse IgG (1:1000, A31570;
Invitrogen) and AlexaFluor 488 anti-rabbit IgG (1:1000, A21206; Invi-
trogen). Finally, the sections were mounted on gelatin-coated slides and
covered with Fluoro-Gel containing DAPI (17985-50, Electron Micro-
scopy Sciences). Fluorescent images were captured using a digital
camera mounted on a DMI6000B microscope (Leica). All images were
analyzed using ImageJ software. In each mouse, the number of neurons
per unit area was calculated from four consecutive brain slices.

2.6. Immunohistochemistry

Sections were prepared for immunofluorescence analysis as
described above. They were washed with PBS (0.01 M) three times for
10 min and then incubated in 0.3% H30, at room temperature for 30
min. After that, the sections were incubated at 4 °C with rabbit anti-c-
Fos antibody (1:300 dilution, Rabbit CST2250s, Cell Signaling Tech-
nology) for 48 h. After rinsing, the sections were incubated with bio-
tinylated anti-rabbit IgG (BA1000, Vector Laboratories) at room
temperature for 2 h, washed with 0.01 M PBS five times for 6 min, and
incubated in avidin-biotin complex (PK6100, Vector Laboratories,
peroxidase) for 2 h at room temperature. Sections were rinsed, followed
by 0.05% DAB (SK4100, Vector Laboratories) in 0.03% H305 for 5 min,
washed five times for 6 min in PBS, mounted onto gelatin-coated slides,
air-dried, dehydrated using graded ethanol, vitrified with dime-
thylbenzene, coverslipped with resins, and images were captured using a
microscope (DM6000B, Leica). All images were analyzed using ImageJ
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software. In each mouse, the number of c-Fos-labeled neurons per unit
area was calculated from four consecutive brain slices.

2.7. Virus injection and optical fiber implantation

The surgical procedure has been previously described (Zheng et al.,
2022). The mice were deeply anesthetized with 1% isoflurane and fixed
on a brain stereotaxic equipment (68045, RWD). Erythromycin eye
ointment was applied to the eyes of the mice to prevent corneal dryness
and blindness, which may result from prolonged exposure to light. The
surface hair of the skull was shaved, and the skin above the skull was
carved. The skull surface was gently wiped with a cotton swab, the
fontanelle was exposed, and a microsyringe was used to identify the
origin of the fontanelle, followed by front, back, left, and right leveling.
Then, we adjusted the microsyringe (LEGATO 130, RWD) to LH (ML:
+1.05 mm; AP: —1.25 mm; DV: —5.2 mm). A small hole (1 mm in
diameter) was drilled into the skull surface, and the injection was per-
formed at a rate of 50 nL/min.

For in vivo chemogenetic activation, AAV2/9-CaMKIIa-hM3Dg-
EGFP (3 x 10'2 GC/mlL, PT-0525, BrainVTA) or AAV2/9-CaMKIIa-EGFP
(3 x 10'2 GC/mL, PT-0290, BrainVTA) was injected bilaterally into the
LH at a volume of 0.2 pL for each site.

For in vivo chemogenetic inhibition, AAV2/9-CaMKIla-hM4Di-
mCherry (3 x 10'2 GC/mL, PT-0524, BrainVTA) or AAV2/9-CaMKIIa-
mCherry (3 x 102 GC/mL, PT-0290, BrainVTA) were injected into the
LH bilaterally at a volume of 0.2 pL for each site.

For optogenetic activation, AAV2/9-CaMKIlx-ChR2-EGFP (3 x 10'2
GC/mL, S0166-9-H20, TaiTool) or AAV2/9-CaMKIIa-EGFP (3 x 10
GC/mL, S0242-9-H20, TaiTool) was injected unilaterally into the LH at a
volume of 0.2 pL.

For in vivo fiber photometry, AAV2/9-CaMKIla-GCaMP6m (3 x
10'3 GC/mL, S0481-9-H5, TaiTool) diluted with 0.01M PBS (1:3), AAV-
VGAT-GCaMP6m (3 x 10'2 GC/mL, PT-0346, BrainVTA) were injected
unilaterally into the LH at a volume of 0.2 pL. After injection, the glass
pipette was left in place for an additional 10 min and then slowly
extracted to prevent virus leakage into the track.

For optogenetic activation and in vivo calcium signal recording,
optical fibers (diameter: 200 pm, AG-FOC-W-1.25-200-0.37-6.0, Nanj-
ing Aoguan Biotechnology Co.Ltd, Nanjing, China) with a ceramic
ferrule were implanted into the LH (ML: £1.05 mm; AP: —1.25 mm; DV:
—5.2 mm) according to previous literature. Three miniature screws (1
mm diameter, 3 mm length) were fixed on the skull, and dental cement
was used to connect the skull, screws, and optical fibers for structural
support.

Finally, the wound was sutured and lincomycin hydrochloride gel
(CYHS0800339, Shanghai New Asia Pharmaceutical Co. Ltd., China)
was applied to the surface of the surgical wound, the gel should cover
the wound completely. The mice were placed in a warm chamber and
returned to their cages after recovery. Only the mice with verified in-
jection sites were included in the analysis.

2.8. In vivo chemogenetic stimulation

For chemogenetic stimulation, 21 days after virus injection, the mice
of all groups were intraperitoneally injected with Clozapine N-oxide
(CNO) (3.3 mg/kg, C0832, Sigma) 45 min before each behavioral test.

2.9. In vivo optogenetic activation

For in vivo optogenetic activation, the optic fiber was assembled as
described following the protocol (Jennings et al., 2013). Behavioral tests
were performed 21 days after the virus injection. Blue light (465 nm, 40
Hz, 5 ms, 10 mW) was used to activate LH glutamatergic neurons via
optical fiber connected with a laser source (B1-465, Inper LLC).
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2.10. In vivo fiber photometry recording

In vivo fiber photometry was performed as previously described
(Tang et al., 2022). Three weeks after SNI surgery, AAV-CaMKIla-G-
CaMP6m and AAV-vGAT-GCaMP6m was injected into the LH, and an
optical fiber (diameter: 200 pm) with a ceramic ferrule were implanted
0.1 mm above the injection sites as described above. The mice were
allowed to recover for 21 days before the experiments were performed.
Fluorescence signals of the LH neurons were recorded during the FST
using a fiber photometry system (FPS-410/470, Inper) that connected to
the recording system to allow FST by rotating swivel. Mice were
considered immobile when they were floating without any other
movement. Time O was defined as the moment when subject animals
began to mobile following a period of immobility. The fiber photometry
system was equipped with 470 nm and 410 nm excitation lasers. Exci-
tation fluorescence at 470 nm was used to measure neuronal activity and
410 nm was used as a control for motion and bleach pairs. Photometric
data of control and SNI mice were subjected to autofluorescence back-
ground subtraction and imported into MATLAB for further analysis.
(F-F0)/F0 was calculated as fluorescence change (AF/F) and heat maps
are presented. Post hoc histology was performed to verify the accuracy
of viral infection and optic fiber implantation. The data of the mice that
deviated from the location were excluded from the analysis.

2.11. Quantification and statistical analysis

All data were analyzed using the Prism 9.2 statistical Software
package (GraphPad Software). Normal distribution and similar variance
within each comparison group were checked before parametric ana-
lyses. The paw withdrawal threshold PWT at multiple time points was
measured with Von Frey test and compared by two-way analysis of
variance (ANOVA) followed by Bonferroni’s post hoc test. Comparison
between the two groups, an unpaired student’s t-test was used. Com-
parison of four groups, two-way ANOVA with Bonferroni’s post hoc tests
was used. The sample size chosen for each study was established by
previous pilot and published studies. The post-hoc p values were pre-
sented where necessary in result section. All F (and degrees of freedom)
and the p value of the time/group interaction have been displayed in
Supplementary Table 1. Results were considered significantly different
at P < 0.05. All data were calculated as Mean + SEM.

3. Results

3.1. Chronic pain induced anxiety, depression, and learning and memory
impairment

Previous studies have demonstrated that chronic pain induces mood
disorders and learning and memory impairment (Narita et al., 2006;
Wang et al., 2023; Yamauchi et al., 2022; Zhang et al., 2022). In the
present study, the SNI was used to establish a mouse model of neuro-
pathic pain (Supplementary Fig. 1A). The von Frey test was performed
one day before the SNI operation (Fig. 1A). The results showed that the
mechanical PW threshold did not differ between the sham and SNI
groups before surgery. The PW threshold significantly decreased in the
SNI group from 1 to 6 weeks after surgery, suggesting that SNI induces
long-term neuropathic pain (P < 0.001. Fig. 1B).

Behavioral tests were performed at 2 (Supplementary Figs. 1B-C), 4
(Supplementary Figs. 1H-I), and 6 weeks (Fig. 1A and B) after the
operation in different animals. First, we assessed the effect of chronic
pain on anxiety-like behavior. Behavioral results showed that at 2 and 4
weeks after the operation, the two groups did not differ significantly in
the open field test (OFT) (duration in center: 2W P = 0.091; 4W P =
0.516. moving distance: 2W P = 0.408; 4W P = 0.068. Supplementary
Fig. 1D-E, and J-L), while mice in the SNI 6W group spent less time in the
center area than the sham group, and there was no difference in moving
distance (duration in center: P = 0.043; moving distance: P = 0.666.
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Fig. 1. Chronic pain induced anxiety, depression, and learning and memory impairment.

(A) Experimental schedule of the spared nerve injury (SNI) and behavioral tests. (B) Mechanical paw withdrawal (PW) threshold of sham mice and SNI mice (sham: n
= 6; SNI: n = 9. Two-way repeated measures ANOVA with Bonferroni’s post hoc test). (C-D) The open field test (OFT) was performed 6 weeks after SNI. (C) The SNI
mice spent less time in the center (sham: n = 6; SNI: n = 9. Unpaired student’s t-test). (D) There was no difference in moving distance (sham: n = 6; SNI: n = 9.
Unpaired student’s t-test). (E-F) The elevated plus maze (EPM) was performed 6 weeks after SNI. (E) The SNI mice spent less time in open arms (sham: n = 6; SNI: n
= 9. Unpaired student’s t-test). (F) The number of entering open arms in SNI mice was less (sham: n = 6; SNI: n = 9. Unpaired student’s t-test). (G) Schematic diagram
of forced swimming test (FST) in SNI and sham mice. (H) The immobility time in the FST (sham: n = 6; SNI: n = 9. Unpaired student’s t-test). (I) Schematic diagram of
tail suspension test (TST) in SNI and sham mice. (J) The immobility time in the TST (sham: n = 6; SNI: n = 9. Unpaired student’s t-test). (K) The SNI mice spent more
time in reaching food in the novelty suppression feeding test (NSF) (sham: n = 6; SNI: n = 9. Unpaired student’s t-test). (L) The grooming time of SNI mice was less
than that of sham mice in the sucrose splash test (SST) (sham: n = 6; SNI: n = 9. Unpaired student’s t-test). (M) Representative animal traces of the Y maze in the
sham and SNI mice. (N) The SNI mice spent less time in novel arm than the sham mice in the Y maze (sham: n = 6; SNI: n = 9. Unpaired student’s t-test). (O-S) The
Morris water maze (MWM) was performed 6 weeks after SNI. (O) Representative animal traces of the MWM (up panel represents learning traces on day 5, bottom
panel represents test phase on day 6) in the sham and SNI mice. (P) Escape latency in locating the submerged platform of the mice in the learning phase (sham: n = 6;
SNL n = 9. Two-way repeated measures ANOVA with Bonferroni’s post hoc test). (Q) The number of crossing platform in the SNI mice was less (sham: n = 6; SNI: n
= 9. Unpaired student’s t-test). (R) The SNI mice spent less time in target quadrant than the sham mice (sham: n = 6; SNI: n = 9. Unpaired student’s t-test). (S) There
was no difference in velocity of the SNI and sham mice, (sham: n = 6; SNI: n = 9. Unpaired student’s t-test). Data were presented as the mean + SEM. *P < 0.05, **P

< 0.01, ***P < 0.001.

Fig. 1C and D). In EPM test, 6 weeks after the operation, mice in the SNI
group exhibited a reduced exploration time in the open arms and a
decreased number of entries into the open arms compared to the sham
group mice (duration in the open arms: P = 0.012; number of entries into
open arms: P = 0.014. Fig. 1E and F). These results indicate that long-
term chronic pain induces anxiety-like behavior in mice.

Subsequently, depression-like behavior was detected. FST and TST
witnessed no statistical differences between the sham and SNI groups at
2 and 4 weeks after the operation (FST: 2W P = 0.889; 4W P = 0.117.
TST: 2W P = 0.701; 4W P = 0.609. Supplementary Fig. 1F-G, and M-N),
while the immobility time of mice in the SNI 6W group was increased
compared to that in the sham group (FST: P = 0.036; TST: P = 0.002.
Fig. 1G-J). Additionally, in NSF test, the latency to bite a food pellet was
higher in SNI 6W mice than in the sham group (P = 0.025. Fig. 1K). In
the SST mice in the SNI group spent less time grooming than those in the
sham group (P = 0.001. Fig. 1L). Thus, we confirmed that chronic pain
induces depression-like behavior in mice.

Furthermore, we used the Y maze and MWM to test the learning and
memory abilities of the mice six weeks after surgery. In the Y-maze test,
the percentage of duration in the novel arm reflected the spatial memory
of the mice (Fig. 1M). Compared with the sham group, mice in the SNI
group entered the novel arm less frequently, suggesting that chronic
pain impaired memory function in mice (P = 0.046. Fig. 1N). The first
day of the learning phase of the MWM witnessed no significant differ-
ences between the latency times of the sham and SNI groups to reach the
platform, but the SNI group needed more time to reach the platform on
the fifth day, indicating that chronic pain decreased their learning
ability (P = 0.026. Latency of fifth day: P = 0.041. Fig. 10-P). After the
learning phase, the platform was removed from the pool for a 90 s probe
trial. The results showed that the duration in the target quadrant and the
number of target crossing for the SNI group mice were significantly
decreased compared with these of sham group (number of target
crossing: P = 0.021; duration in the target quadrant: P < 0.001. Fig. 1Q-
R). We further analyzed the experimental results for the velocity in the
MWM (P = 0.069. Fig. 18), indicating that SNI did not significantly
impair the motor function in mice. In summary, chronic pain induces
learning and memory impairment.

Therefore, mice with chronic pain may exhibit anxiety- and
depression-like behaviors and learning and memory impairment.

3.2. Glutamatergic neuronal activity increased in lateral hypothalamus of
chronic pain mice

The above results indicate that chronic pain induces significant
anxiety- and depression-like behaviors and impairs learning and mem-
ory. Several studies have shown that the hypothalamus plays an
important role in maintaining the stability of animal behavior. The hy-
pothalamus has a complex anatomical structure. Accordingly, the

following nuclei in the hypothalamus that are closely related to mood
disorders were selected for our study: MPO, PVN, AHN, LH, VMH, DMH,
Arc, and SUM. To clarify which region of the hypothalamus was mainly
involved in chronic pain-induced behavioral dysfunction, the brain sli-
ces of the sham and SNI mice were labeled with c-Fos after the FST
(Fig. 2A, Supplementary Figs. 2A-G). We found that the expression of c-
Fos in the MPO, VMH, DMH, Arc, SUM, and AHN were not significantly
different between mice in the SNI and sham groups, but in the PVN and
LH, they were increased in SNI mice, whereas c-Fos expressions in the
LH were the most obvious (MPO: P = 0.122; PVN: P = 0.023; DMH: P =
0.797; VMH: P = 0.997; LH: P = 0.021; Arc: P = 0.279; SUM: P = 0.264;
AHN: P = 0.549. Fig. 2B).

It is known that LH mainly consists of excitatory cells that can be
immunolabeled by CaMKIla antibody (CaMKIla+) and inhibitory
GABAergic interneurons that can be immunolabeled by GAD67 antibody
(GAD67+). Besides, neurons expressing hypocretin/orexin (Hert/Ox)
that can be immunolabeled by OXB antibody (OXB+) appear to be
uniquely found within the LH. To determine which type of neurons in
the LH were involved in anxiety- and depression-like behaviors and
learning and memory dysfunction after chronic pain, the co-localization
of c-Fos with CaMKIlIa, GAD67 and OXB was analyzed on brain slices of
SNI mice and control mice. In the LH of control mice, a small number of
c-Fos+ and CaMKIla+, GAD67+ or OXB + co-labeled neurons were
found. After SNI treatment, the density of CaMKIla+ and c-Fos + co-
labeled cells increased significantly, but the density of GAD67+ or
OXB+ and c-Fos + co-labeled cells remained still (c-Fos+ and
CaMKIla+: P = 0.006; c-Fos+ and GAD67+: P = 0.601; c-Fos+ and
OXB+: P = 0.725. Fig. 2C and D, Supplementary Figs. 3A-D). These
results indicate that CaMKIla expressing neurons in the LH were selec-
tively hyperactivated in SNI mice during FST behavior test but not in
normal mice.

We utilized fiber photometry in vivo to assess whether LH neuronal
activity is associated with emotion under chronic pain condition. AAV2/
9- CaMKIIa-GCaMP6m or AAV2/9-vGAT-GCaMP6m were delivered into
LH by stereotaxic injection to express the Ca?" indicator GCaMP6m in
LH glutamatergic neurons or GABAergic neurons, and an optical fiber
was implanted into the injection site (Fig. 2E-H, and Supplementary
Figs. 3E-G). Dynamic calcium signals during the FST were recorded
using in vivo fiber photometry. The calcium signal activity of gluta-
matergic neurons in the SNI group was significantly higher than that in
the sham group when the mice began to mobile (P < 0.001. Fig. 2I-K).
However, the calcium signals of GABAergic neurons did not differ be-
tween SNI and sham mice (P = 0.524. Supplementary Figs. 3H-J). These
results suggest that the alteration in immobility time during the FST is
related to the enhanced response of LH glutamatergic neurons in SNI
mice.
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Fig. 2. The glutamatergic neurons in the lateral hypothalamus (LH) of SNI mice were activated after FST exposure.

(A) The c-Fos positive cells of the sham and SNI mice in LH 90 min after FST. (B) The mean density of c-Fos positive cells in the MPO (sham: n = 5; SNI: n = 4.
Unpaired student’s t-test); PVN (sham: n = 5; SNI: n = 5. Unpaired student’s t-test); DMH (sham: n = 3; SNI: n = 3. Unpaired student’s t-test); VMH (sham: n = 3; SNI:
n = 3. Unpaired student’s t-test); LH (sham: n = 4; SNI: n = 4. Unpaired student’s t-test); Arc (sham: n = 3; SNI: n = 3. Unpaired student’s t-test); SUM (sham: n = 3;
SNIL n = 3. Unpaired student’s t-test); AHN (sham: n = 4; SNI: n = 4. Unpaired student’s t-test). (C) Merged confocal image of DAPI (Blue), c-Fos (Green) co-stained
with CaMKIIa (Red) in LH slices. The white arrowheads indicate the colocalized cells that expressed both c-Fos and CaMKIla neurons. Scale bar, 50 pm. (D) The
density of c-Fos and CaMKIIx co-labeled cells were measured (sham: n = 3; SNI: n = 3. Unpaired student’s t-test). (E) Experimental schedule for recording dynamic
Ca®" signals of LH glutamatergic neurons. (F) Schematic diagram of recording dynamic Ca®" signals of LH during FST. (G) Schematic diagram of injecting AAV-
CaMKIIa-GCaMP6m virus into LH of the sham and SNI mice. Scale bar, 100 pm. (H) Double-staining of GCaMP6m (Green) and CaMKIIa (Red) and the corresponding
merge images in LH of AAV2/9-CaMKIIa-GCaMP6m injection mice. The white arrowheads indicate the colocalized cells in the GCaMP6m and CaMKIIx neurons.
Scale bar, 100 um. (I) Heatmap showing Ca®* signals of LH glutamatergic neurons aligned to the onset of mobile in the FST. Each row represents a trial. (J)
Representative line of the averaged Ca* signals of LH glutamatergic neurons. (K) Summary plots of the AF/F signal of LH glutamatergic neurons (sham: 5 trails from
3 mice; SNI: 6 trails from 6 mice. Unpaired student’s t-test). Data were presented as the mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the

references to color in this figure legend, the reader is referred to the Web version of this article.)

<

3.3. Chemogenetic activation of LH glutamatergic neurons induced
depression-like behaviors and learning and memory impairment in mice

To confirm the role of LH glutamatergic neurons activation in anxi-
ety- and depression-like behaviors and cognitive dysfunction, we used
chemogenetic techniques to selectively activate these neurons. AAV-
CaMKIIa-EGFP or AAV-CaMKIla-hM3Dq-EGFP was delivered into LH
bilaterally in normal mice (Fig. 3A and B). The virus was abundantly
expressed in CaMKIla+ neurons in the LH after 21 days (Fig. 3C and D).
Immunofluorescent staining showed that the intraperitoneal injection of
CNO 45 min before the test selectively increased c-Fos expression in the
LH (P = 0.006. Fig. 3E and F).

First, we examined the effect of the activation of LH glutamatergic
neurons on mechanical stimuli using the von Frey test. The results
showed no differences in the PW threshold for mechanical stimuli be-
tween the EGFP and hM3Dq groups (P = 0.071. Fig. 3G).

Next, we examined the effect of active LH glutamatergic neurons on
anxiety-like behavior. In the OFT, hM3Dq-injection did not affect the
duration in the center or the total moving distance (duration in the
center: P = 0.120; moving distance: P = 0.167. Fig. 3H and I). Similarly,
hM3Dg-injected mice did not change the duration or number of entries
into the open arms in the EPM test compared to EGFP-injected mice
(duration in open arms: P = 0.935; number of entries into open arms: P
= 0.408) (Fig. 3J and K). Thus, activation of LH glutamatergic neurons
did not induce anxiety-like behaviors in normal mice.

Third, depression-like behavior was detected after the activation of
LH glutamatergic neurons. The results showed that the hM3Dg-injection
did not change the immobility time in the FST or TST (FST: P = 0.166;
TST: P = 0.058. Fig. 3L-M). The activation of LH glutamatergic neurons
increased the latency to bit food pellets in the NSF test, and no signifi-
cant differences were observed in the latency to feed in the home cage
(latency to feed in an unfamiliar environment: P = 0.018; latency to feed
in the home cage: P = 0.377. Fig. 3N-O). hM3Dg-injection decreased
grooming time in the SST (P = 0.030. Fig. 3P). These results suggest that
the activation of LH glutamatergic neurons recapitulates some of the
depression-like behavior in normal mice.

In the Y maze, hM3Dqg-injection significantly decreased the duration
in the novel arm in normal mice (P < 0.001. Fig. 3Q). However, in the
MWWV, hM3Dg-injection had no significant influence on escape latency
during the learning period (P = 0.231. Fig. 3R) but decreased platform
crossover numbers and duration in the target quadrant during the
testing period (number of crossings of the platform: P = 0.020; duration
in the target quadrant: P = 0.005. Fig. 3S-T). These results suggest that
the activation of LH glutamatergic neurons significantly impairs the
learning and memory in normal mice.

3.4. Optogenetic activation of LH glutamatergic neurons induced
depression-like behaviors and learning and memory impairment

To further clarify the relationship between the overactivation of LH
glutamatergic neurons and behavioral abnormalities, optogenetic

activation was used to control the activation of LH glutamatergic neu-
rons on a millisecond scale during behavioral tests (Fig. 4A). AAV-
CaMKIIa-EGFP or AAV-CaMKIIa-ChR2-EGFP were injected into the LH
of normal mice, and optical fiber was implanted into the LH (Fig. 4B).
The virus was abundantly expressed in CaMKIla+ neurons in the LH
after 21 days (Fig. 4C and D). The highest firing frequency of LH
excitatory neurons has been reported as 40 Hz (Zheng et al., 2022). To
ensure the effectiveness of the virus, brain slices were immunolabeled
with c-Fos, and more c-Fos' cells were observed in the LH of
ChR2-injected mice than in EGFP-injected mice after blue light (10 mW,
40 Hz, 5 ms) was delivered into the LH (P = 0.001. Fig. 4E and F). In the
von Frey test, optogenetic activation of LH glutamatergic neurons did
not alter mechanical allodynia (P = 0.308. Fig. 4G).

The OFT witnessed no statistical differences between the two groups
in the duration in the center area of the open field and the total moving
distance in the open field (duration in the center: P = 0.807; moving
distance: P = 0.873. Fig. 4H and I). In the EPM, optogenetic activation of
LH glutamatergic neurons did not significantly change the number of
entering open arms or the duration of exploration in the open arms
(number of entering open arms: P = 0.499; duration in open arms: P =
0.667. Fig. 4J and K). Thus, consistent with the results of chemogenetic
activation, the optogenetic activation of LH glutamatergic neurons did
not induce anxiety-like behavior in normal mice.

In the FST and TST, there were no statistically significant differences
in the immobility time between the ChR2-injection and EGFP-injection
groups (FST: P = 0.283; TST: P = 0.943. Fig. 4L-M). However, in the
NSF test, the latency to bit food for mice injected with ChR2 was
significantly longer than that for mice injected with EGFP after blue light
stimulation. However, there was no difference in the latency of feeding
in the home cage (latency of feeding in an unfamiliar environment: P =
0.032; latency of feeding in the home cage: P = 0.588. Fig. 4N-0).
Optogenetic activation of LH during the SST experiment significantly
reduced the total grooming time in mice injected with ChR2 compared
to those injected with EGFP (P = 0.020. Fig. 4P). Specific activation of
glutamatergic neurons in the LH could induce depression-like behavior
in normal mice.

In the Y maze, the exploration duration in the novel arm in the ChR2
group was significantly shorter than that in the EGFP group (P = 0.006.
Fig. 4Q). In the MWM, during the first four days of the learning phase,
the escape latency was not different between the ChR2 and EGFP groups,
but the escape latency of mice in the ChR2 group was significantly
longer than that of the EGFP group on the fifth day (P = 0.026. Latency
of fifth day: P = 0.025. Fig. 4R). Additionally, the number of platform
crossings and duration of exploring the target quadrant significantly
decreased in the ChR2 group (number of platform crossings: P = 0.003;
duration in the target quadrant: P = 0.019. Fig. 4S-T). Thus, these results
further prove that the activation of glutamatergic neurons in the LH
induces learning and memory impairment in normal mice.
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Fig. 3. Chemogenetic activation of LH glutamatergic neurons induced depression-like behaviors and learning and memory impairment in normal mice.

(A) Experimental schedule of virus injection and behavioral tests. (B) Schematic of the coronal section of the mouse brain showed hM3Dq virus injection. (C) AAV-
CaMKIIa-GCaMP6m virus expressed in LH. Bar = 100 pm. (D) Merged confocal image of DAPI (Blue), EGFP (Green) co-stained with CaMKIIa (Red) in LH slices. The
white arrowheads indicate the colocalized cells that expressed both EGFP and CaMKIla neurons. Scale bar, 100 pm. (E-F) The expression of c-Fos in LH increased
after injection of CNO. Scale bar, 100 pm. (EGFP: n = 4; hM3Dq: n = 4. Unpaired student’s t-test). (G) Mechanical PW threshold in the von Frey test (EGFP: n = 8;
hM3Dgq: n = 9. Unpaired student’s t-test). (H-I) The OFT was performed after injection of CNO in EGFP and hM3Dq mice. (H) There was no difference in time spent in
center (EGFP: n = 8; hM3Dq: n = 9. Unpaired student’s t-test). (I) There was no difference in moving distance (EGFP: n = 8; hM3Dq: n = 9. Unpaired student’s t-test).
(J-K) EPM was performed after injection of CNO in EGFP and hM3Dq mice. (J) Duration in the open arms (EGFP: n = 8; hM3Dq: n = 9. Welch’s t-test). (K) The
number of entering into open arms (EGFP: n = 8; hM3Dq: n = 9. Unpaired student’s t-test). (L) The immobility time in the FST (EGFP: n = 8; hM3Dq: n = 9. Unpaired
student’s t-test). (M) The immobility time in the TST (EGFP: n = 8; hM3Dq: n = 9. Unpaired student’s t-test). (N-O) The NSF was performed after injection of CNO in
EGFP and hM3Dq mice. (N) The latency for mice to feed in an unfamiliar environment (EGFP: n = 8; hM3Dq: n = 9. Unpaired student’s t-test). (O) The latency for
mice to feed in the home cage (EGFP: n = 8; hM3Dq: n = 9. Unpaired student’s t-test). (P) The grooming time in the SST (t (;5) = 2.389. Unpaired student’s t-test).
(Q). Mice injected with hM3Dq virus spent less time in exploring the novel arm in Y maze (EGFP: n = 8; hM3Dq: n = 9. Unpaired student’s t-test). (R-T) The MWM
was performed after injection of CNO in EGFP and hM3Dq mice. (R) There was no difference in escape latency between the two groups (EGFP: n = 8; hM3Dq: n = 9.
Two-way repeated measures ANOVA with Bonferroni’s post hoc test). (S) Platform crossover numbers (EGFP: n = 8; hM3Dq: n = 9. Unpaired student’s t-test). (T)
Duration in target quadrant (EGFP: n = 8; hM3Dq: n = 9. Unpaired student’s t-test). Data were presented as the mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
(‘For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.5. Inhibition of LH glutamatergic neurons could alleviate anxiety- and immobility time between the in the sham-mCherry and sham-hM4Di
depression-like behaviors and learning and memory impairment induced group (P > 0.999. Fig. 5K); the immobility time in the SNI-mCherry
by chronic pain group was higher than that in the sham-mCherry group (P < 0.001.
Fig. 5K). Compared to the SNI-mCherry group mice, hM4Di-injection

The above experimental results suggest that the activity of LH glu- significantly decreased the elevated immobility time induced by
tamatergic neurons in SNI-treated mice increases after pain stimulation, chronic pain (P < 0.001. Fig. 5K). In the TST, there was no statistically
and artificial activation of LH induces depression-like behaviors and significant difference in the immobility time between the in the sham-
learning and memory impairment. Therefore, we aimed to clarify mCherry and sham-hM4Di group (P = 0.817. Supplementary Fig. 4A);
whether inhibiting the activity of LH glutamatergic neurons in SNI mice SNI-mCherry group mice showed increased immobility time compared
could alleviate anxiety- and depression-like behaviors and learning and to sham-mCherry group mice (P = 0.010. Supplementary Fig. 4A).
memory impairment induced by chronic pain. We used a chemogenetic Accordingly, hM4Di-injection significantly decreased the duration of
inhibition technique to inhibit glutamatergic neurons in the LH of mice. immobility induced by chronic pain (P < 0.001. Supplementary Fig. 4A).

AAV-CaMKIla-hM4Di-mCherry or AAV-CaMKIla-mCherry were injected In the NSF, in an unfamiliar environment, mice in the sham-hM4Di
into the LH bilaterally (Fig. 5A and B). hM4Di or mCherry was robustly group showed similar latency of feeding to the sham-mCherry group
expressed in the CaMKIIo+ neurons in the LH after 21 days (Fig. 5C and (P = 0.340. Fig. 5L); the latency of feeding in the SNI-mCherry group
D) and CNO (3.3 mg/kg) was injected intraperitoneally 45 min before was significantly higher than that in the sham-mCherry group in an

each behavioral test. Inmunofluorescent staining showed that LH glu- unfamiliar environment (P = 0.011. Fig. 5L). However, the latency of
tamatergic neurons in the mice injected into AAV-CaMKIIx-hM4Di- food biting was significantly lower in the SNI-hM4Di group than in the
mCherry were specifically inhibited after CNO injection (P = 0.003. SNI-mCherry group (P = 0.015. Fig. 5L). There was no difference in the
Fig. 5E and F). latency to find food in the home cages (P > 0.999, Supplementary

Mice with SNI had a decreased PW threshold for mechanical stimuli, Fig. 4B). In the SST, after spraying with 10% sucrose solution there was
but hM4Di injection did not change the threshold for mechanical stimuli no statistically significant difference in the total grooming time between

(sham-mCherry vs. sham-hM4Di, P = 0.390; sham-mCherry vs. SNI- the in the sham-mCherry and sham-hM4Di group (P > 0.999. Fig. 5M);
mCherry, P < 0.001; SNI-mCherry vs. SNI-hM4Di, P = 0.862. Fig. 5G). the total grooming time decreased in the SNI-mCherry group compared
The OFT and EPM were used to examine the effects of inhibiting LH with that in the sham-mCherry group. Accordingly, grooming time was

glutamatergic neurons on anxiety-like behavior. In the OFT, sham- increased in the SNI-hM4Di group (sham-mCherry vs. SNI-mCherry, P <
hM4Di group mice showed similar duration in the center area 0.001; SNI-mCherry vs. SNI-hM4Di, P < 0.001. Fig. 5M). These results
compared to sham-mCherry group mice (P > 0.999. Fig. 5H). SNI- suggest that inhibition of LH glutamatergic neuronal activity in SNI mice
mCherry group mice showed a decreased duration in the center area relieved depression-like behavior induced by chronic pain.

compared to sham-mCherry group mice (P = 0.024. Fig. 5H). Compared The Y maze results showed that there was no statistically significant
to mCherry-expressing SNI mice, hM4Di-expression did not affect the difference in the duration in the novel arm between the in the sham-
duration spent in the center area (P > 0.999. Fig. S5H). In the EPM test, mCherry and sham-hM4Di group; mCherry-injected SNI mice spent
compared to mCherry-expressing sham mice, hM4Di-expression did not less time in the novel arm than sham mice, but hM4Di-expression
affect the duration and number of entering into the open arms (duration significantly prolonged the time spent in the novel arm compared with
in open arms: P = 0.670. Number of entering into open arms: P > 0.999, mCherry-expressing SNI mice (sham-mCherry vs. sham-hM4Di, P =

Fig. 5I and J); compared with the sham-mCherry group, the duration 0.721; sham-mCherry vs. SNI-mCherry, P = 0.029; SNI-mCherry vs. SNI-
and number of entering into the open arms significantly decreased in the hMA4Di, P = 0.032. Fig. 5N). The MWM test witnessed no differences in
SNI-mCherry group (duration in open arms: P = 0.024. Number of escape latency during the learning phase (P = 0.094. Fig. 50). In the

entering into open arms: P = 0.026. Fig. 5I and J). The duration and testing phase, all mice displayed similar number of crossing the platform
number of entering into open arms were increased in the SNI-hM4Di (P = 0.174. Supplementary Fig. 4C). Normal mice treated with hM4Di
group compared with those in the SNI-mCherry group (duration in displayed similar duration in the target quadrant with the normal mice
open arms: P = 0.002. Number of entries into open arms: P = 0.005. treated with mCherry (P > 0.999. Fig. 5P); duration in the target
Fig. 5I and J). These results demonstrated that the inhibition of gluta- quadrant in the SNI-mCherry group decreased compared to the sham-
matergic neurons in the LH of SNI mice partially alleviated anxiety-like mCherry group (P = 0.021. Fig. 5P). Accordingly, hM4Di-expression
behavior. increased the number of crossing the platform and duration in the

We tested whether the inhibition of LH glutamatergic neurons in SNI target quadrant (P = 0.001. Fig. 5P). These results indicate that the in-
mice could relieve depression-like behavior induced by chronic pain. In hibition of glutamatergic neurons in the LH of SNI mice could relieve
the FST, there was no statistically significant difference in the learning and memory impairment induced by chronic pain.
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Fig. 4. Optogenetic activation of LH glutamatergic neurons induced depression-like behaviors and learning and memory impairment.

(A) Experimental schedule of virus injection and behavioral tests, blue light pulses at 40 Hz, 5 ms,10 mw. (B-C) Schematic of the coronal section of the mice brain
showed ChR2 virus injection, bar = 100 pm. (D) Merged confocal image of DAPI (Blue), ChR2 (Green) co-stained with CaMKIIx (Red) in LH slices. The white ar-
rowheads indicate the colocalized cells that expressed both ChR2 and CaMKIla neurons. Scale bar, 100 pm. (E-F) The expression of c-Fos in LH increased in the mice
injected with ChR2 virus after blue light delivery. Scale bar, 100 pm. (EGFP: n = 5; ChR2: n = 4. Unpaired student’s t-test). (G) Mechanical PW threshold in the von
Frey test (EGFP: n = 6; ChR2: n = 6. Unpaired student’s t-test); (H-I) OFT was performed. (H) There was no difference in duration in center (EGFP: n = 6; ChR2: n =
6. Unpaired student’s t-test). (I) There was no difference in moving distance (EGFP: n = 6; ChR2: n = 6. Unpaired student’s t-test). (J-K) EPM was performed. (J)
Duration in the open arms (EGFP: n = 6; ChR2: n = 6. Unpaired student’s t-test). (K) The number of entering open arms (EGFP: n = 6; ChR2: n = 6. Unpaired
student’s t-test). (L) The immobility time in the FST (EGFP: n = 6; ChR2: n = 6. Unpaired student’s t-test). (M) The immobility time in the TST (EGFP: n = 6; ChR2: n
= 6. Unpaired student’s t-test). (N-O) NST was performed. (N) The latency for mice to feed in an unfamiliar environment (EGFP: n = 6; ChR2: n = 6. Unpaired
student’s t-test). (O) The latency for mice to feed in the home cage (EGFP: n = 6; ChR2: n = 6. Unpaired student’s t-test). (P) The grooming time in the SST (EGFP: n
= 6; ChR2: n = 6. Unpaired student’s t-test). (Q) Mice injected with ChR2 virus spent less time in exploring the novel arm in Y maze (EGFP: n = 6; ChR2: n = 6.
Unpaired student’s t-test). (R-T) MWM was performed. (R) Escape latency in locating the platform of the mice in learning phase (EGFP: n = 6; ChR2: n = 6. Two-way
repeated measures ANOVA with Bonferroni’s post hoc test). (S) Platform crossover numbers (EGFP: n = 6; ChR2: n = 6. Unpaired student’s t-test). (T) Time in target
quadrant (EGFP: n = 6; ChR2: n = 6. Unpaired student’s t-test). Data were presented as the mean + SEM. *P < 0.05, **P < 0.01. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

4. Discussion reduction in length and arborization of proximal apical dendrites, which
alters the function of glutamate receptors and results in cognitive
The neural mechanisms underlying mood disorders and learning and impairment (Kelly et al., 2016). The hypothalamus is a part of the limbic
memory impairment induced by chronic pain remain unclear. We pro- system and plays an important role in reward, motivation, and learning
vided novel evidence indicating SNI-induced anxiety- and depression- and memory (Burdakov and Peleg-Raibstein, 2020; Ferrario and Finnell,
like behaviors and learning and memory impairment in male mice, 2023; Hu et al., 2021; Otis et al., 2019). We found that the activities of
accompanied by overactivation of LH glutamatergic neurons. Investi- the MPO, VMH, DMH, Arc, SUM, and AHN did not change significantly,
gating further, we manipulated these neurons using optogenetic and whereas LH glutamatergic neurons were selectively activated after
chemogenetic method, noting that their activation in normal mice exposure to SNI. The LH is extensively interconnected with multiple
triggered some of the depression-like behavior and learning and mem- brain regions such as the mPFC, lateral septum (LS), and nucleus
ory impairment without affecting anxiety-like behavior. Conversely, accumbens (NAc) (Chen et al., 2022). LH is involved in regulating
inhibiting these neurons in SNI mice effectively alleviated anxiety- and arousal, feeding, energy balance, stress, rewards, and motivational be-
depression-like behaviors as well as learning and memory impairment. haviors (Bonnavion et al., 2016). The LS GABAergic projection to the LH
Thus, our results indicate that overactivation of LH glutamatergic neu- plays an important role in regulating anxiety comorbidities (Wang et al.,
rons is involved in depression-like behavior and learning and memory 2023). Inhibition of LH neuron terminals in the ventral tegmental area
impairment induced by SNI (see Fig. 6). (VTA) facilitates the learning of reward-paired cues in mice (Sharpe
Chronic pain significantly correlates with higher risks of post- et al., 2017). Our results are consistent with those in the literature, and
traumatic stress disorder (PTSD), major depressive disorder, anxiety indicate that LH may plays an important role in anxiety- and
disorder and alcohol use disorder (Morasco et al., 2013). Different depression-like behaviors and learning and memory.
models have been developed in rodents to study emotional changes after There are two types of neurons in the LH: glutamatergic and
chronic pain, but have showed conflicting results about the association GABAergic. We found that glutamatergic neuronal activity in the LH
between chronic neuropathic pain and mood disorders, which may be increased after chronic pain. Numerous studies have shown that gluta-
caused by differences in the models of neuropathy employed, types and matergic neurons in the LH play important functional roles in reward
modalities of behavioral readouts, and time points of analysis and motivational behaviors, motivational behaviors (Floresco, 2015;
post-injury (Kremer et al., 2021). In this study, behavioral changes in Hashmi et al., 2013; Lazaridis et al., 2019; Schwartz et al., 2014; Zin-
SNI mice were systematically tested at 2, 4, and 6 weeks after modeling, smaier et al., 2022). Our results and recent research further confirmed
which demonstrated that SNI mice develop anxiety- and depression-like that direct activation of glutamatergic neurons in the LH impaired
behaviors and learning and memory impairment by six weeks learning and memory in mice (Lazaridis et al., 2019). Accordingly, the
post-modeling. Many large-scale observational studies have indicated inhibition of LH glutamatergic neurons in SNI mice could alleviate
that chronic pain often coincides with the development of major learning and memory impairment. In addition, several studies have
depressive and anxiety disorders. Among the complicated etiologies of shown that LH glutamatergic neurons play an important role in the
depression, chronic pain is a major risk factor (Kroenke et al., 2013; regulation of mood-related disorders. In rodents, the FST, TST, NSF and
Rayner et al., 2016). Preclinical studies have reported depression- and SST are commonly used to detect the depression-like behavior (Dai
anxiety-like behaviors in animal models of chronic pain, consistent with et al., 2022; Hao et al., 2019; Willner et al., 1987). In response to stress,
our results (Yamauchi et al., 2022; Zhou et al., 2019). Additionally, our the LH exhibits a unique firing pattern that drives LHb excitatory post-
results indicated that SNI mice exhibit significant cognitive decline in synaptic potential (EPSP) to reliably induces symptoms of depression
the Y maze and MWM tests, aligning with broader research linking (Zheng et al., 2022). Therefore, in our study, the activation of LH glu-
chronic pain to cognitive impairments (Li et al., 2020; Zhang et al., tamatergic neurons in normal mice induced depression-like behavior.
2022). This study reinforces the connection between chronic pain and Accordingly, the chemogenetic inhibition of LH glutamatergic neurons
anxiety- and depression-like behaviors and learning and memory in SNI mice effectively alleviated behavioral abnormalities.
impairment after six weeks of pain induction. However, chemogenetic and optogenetic activation of glutamatergic
Brain imaging studies in humans and rodents have demonstrated neurons in the LH of normal mice did not result in anxiety-like behavior,
that as pain becomes chronic, there is a progressive shift from noci- but chemogenetic inhibition of glutamatergic neurons in the LH signif-
ceptive to emotionally governed networks (Davis et al., 2017). There is a icantly rescued SNI-induced anxiety-like behavior. We hypothesize that
robust decline in volume following pain induction in several brain re- this discrepancy may due to the fact that glutamatergic neurons within
gions that form part of the nociceptive network as well as the limbic the lateral hypothalamus (LH) can be divided into two subpopulations.
system (Davis and Moayedi, 2013; Mayer et al., 2015). Animal studies These two subpopulations may respectively attenuate and promotes
have shown that chronic pain causes structural remodeling in brain anxiety-like behavior when activated. In normal mice, both groups of
structures, including the medial prefrontal cortex (mPFC), such as a neurons are at a lower baseline level of excitation, so chemogenetic or
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Fig. 5. Inhibition of LH glutamatergic neurons in SNI mice could alleviate anxiety- and depression-like behaviors and learning and memory impairment.

(A) Experimental schedule of virus injection and behavior tests. (B) Schematic of the coronal section of the mouse brain showed hM4Di virus injection. (C) AAV-
CaMKIIa-hM4Di virus expressed in LH. Bar = 100 pm. (D) Merged confocal image of DAPI (Blue), hM4Di (Red) co-stained with CaMKIla (Green) in LH slices. The
white arrowheads indicate the colocalized cells that expressed both mCherry and CaMKIIa neurons. Scale bar, 100 pm. (E-F) The expression of c-Fos in LH decreased
after injection of CNO. Scale bar, 100 pm. (mCherry: n = 3; hM4Di: n = 4. Unpaired student’s t-test). (G) Mechanical PW threshold in the von Frey test (sham-
mCherry: n = 9; sham-hM4Di: n = 11; SNI-mCherry: n = 10; SNI-hM4Di: n = 10. Two-way repeated measures ANOVA with Bonferroni’s post hoc test). (H) Duration
in the center in OFT (sham-mCherry: n = 9; sham-hM4Di: n = 11; SNI-mCherry: n = 9; SNI-hM4Di: n = 10, Two-way repeated measures ANOVA with Bonferroni’s
post hoc test). (I-J) EPM was performed. (I) Duration of exploring in the open arms (sham-mCherry: n = 9; sham-hM4Di: n = 9; SNI-mCherry: n = 9; SNI-hM4Di: n =
7. Two-way repeated measures ANOVA with Bonferroni’s post hoc test). (J) The number of entering into the open arms (sham-mCherry: n = 9; sham-hM4Di: n = 9;
SNI-mCherry: n = 9; SNI-hM4Di: n = 8. Two-way repeated measures ANOVA with Bonferroni’s post hoc test). (K) The immobility time in the FST (sham-mCherry: n
= 8; sham-hM4Di: n = 9; SNI-mCherry: n = 8; SNI-hM4Di: n = 8. Two-way repeated measures ANOVA with Bonferroni’s post hoc test). (L) The latency to feed in an
unfamiliar environment in NSF (sham-mCherry: n = 8; sham-hM4Di: n = 9; SNI-mCherry: n = 8; SNI-hM4Di: n = 7. Two-way repeated measures ANOVA with
Bonferroni’s post hoc test). (M) The grooming time in the SST (sham-mCherry: n = 8; sham-hM4Di: n = 9; SNI-mCherry: n = 8; SNI-hM4Di: n = 8. Two-way repeated
measures ANOVA with Bonferroni’s post hoc test). (N) SNI mice injected with hM4Di virus spent more time exploring in the novel arm in Y maze (sham-mCherry: n
= 8; sham-hM4Di: n = 8; SNI-mCherry: n = 7; SNI-hM4Di: n = 7. Two-way repeated measures ANOVA with Bonferroni’s post hoc test). (O—P) MWM was performed.
(O) Escape latency in locating platform of the mice in the learning phase (sham-mCherry: n = 8; sham-hM4Di: n = 8; SNI-mCherry: n = 7; SNI-hM4Di: n = 7. Two-
way repeated measures ANOVA with Bonferroni’s post hoc test). (P) Duration in the target quadrant (sham-mCherry: n = 8; sham-hM4Di: n = 7; SNI-mCherry: n = 7;
SNI-hM4Di: n = 7. Two-way repeated measures ANOVA with Bonferroni’s post hoc test). Data were presented as the mean + SEM. *P < 0.05, **P < 0.01, ***P <
(2.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

subpopulation, while the excitability of the anxiety-inhibiting neurons
remains at a lower level (unchanged), hence alleviated anxiety like
) behavior. To substantiate the plausibility of this hypothesis, we
reviewed literature and found similar phenomena in other brain areas.
For instance, the lateral septum (LS) and the central nucleus of the
amygdala (CeA) represent two direct targets of the infralimbic cortex
(IL), a subregion of the mPFC that modulates anxiety and fear. Sur-
prisingly, these two projections were found to exert opposite effects on
the anxious state: the IL-LS projection promoted anxiety-related be-
haviors, whereas the IL-CeA projection exerted anxiolytic effects on the
LH same features (Chen et al., 2021).

»> Glutamatergic neurons in LH also can be divided into several sub-
populations, distinguished by their expression of neuropeptides, pro-
jected targets, or received inputs, that may play different roles in the
behaviors. For instance, three major subpopulations can be identified
based on the expression of neuropeptides: hypocretin/orexin (Hert/Ox),
melanin-concentrating hormone (MCH), and a mixed population ex-
press various neuropeptide and receptor markers. Importantly, activa-
tion of orexinergic neurons and galanin neurons in LH relieves anxiety-
like behavior induced by chronic social defeat stress (Eghtesad et al.,

o i 2022; Owens-French et al., 2022; Wang et al., 2021). Secondly, the LH
receives extensive projections from upstream brain regions and can
project onto many downstream brain regions that play different roles in
modulating anxiety-like behavior. Optogenetic activation of the vCAl
terminals in the LH increases anxiety-like behavior (Jimenez et al.,
2018), whereas inhibiting LH-projecting BNST neurons induces
anxiety-like behavior (Yamauchi et al., 2022). Therefore, the mecha-
nisms upstream and downstream of the LH and the neuronal subtypes
involved in SNI-induced anxiety, depression, and cognitive impairments

TT Depression l require further clarification.

Chronic pain

In addition, there is one more point that needs our attention, only
male mice were included in our study. It has been reported that sex-
specific differences are pronounced under neuropathic pain conditions
and may be influenced by multiple factors. The impact of chronic pain
on anxiety, depression, and cognition in female mice, along with the

Learning and memory impairment

Fig. 6. Schematic diagram for LH glutamatergic neurons overactivation
induced by chronic pain drives depression-like behaviors and learning and
memory impairment. After SNI for 6 weeks, the activity of calcium signals in LH

glutamatergic neurons increased, resulting in anxiety- and depression-like be- underlying mechanisms, requires further investigation.
haviors as well as learning and memory impairment. Inhibition of LH gluta- In conclusion, we identified that chronic pain causes anxiety- and
matergic neurons in SNI mice alleviated anxiety- and depression-like behaviors depression-like behaviors and learning and memory impairment, and
as well as learning and memory impairment. strong activation of glutamatergic neurons in the LH. We adopted che-
mogenetic and optogenetic methods to enhance LH activation and found
optogenetic activation of all glutamatergic neurons leads to an increase that the mice showed some of the depression-like behavior, and learning
in both promoted and inhibited effects, ultimately resulting in no sig- and memory impairment. Inhibition of LH activation in SNI mice alle-
nificant change in anxiety-like behavior. In contrast, SNI may specif- viates anxiety- and depression-like behaviors and learning and memory
ically increase the excitability of the subpopulation of neurons that impairment. Our study offers preliminary insights into the potential
promote anxiety. Therefore, inhibiting all glutamatergic neurons in SNI mechanisms by which chronic pain may influence certain anxiety- and
mice, due to the suppression of the anxiety-promoting neuron depression-like behaviors, as well as aspects of learning and memory
impairment.
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