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Suprachiasmatic nucleus dysfunction induces anxiety- and
depression-like behaviors via activating the BDNF-TrkB pathway

of the striatum
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The circadian rhythm system consists of a master clock located in the suprachiasmatic nucleus (SCN) of the hypothalamus and
peripheral clocks dispersed throughout other brain areas (including striatum, Str) as well as various tissues and organs. Circadian
rhythm disturbance is a major risk factor and common comorbidity for mood disorders, especially anxiety and depression. Bmal1 is
one of the fundamental clock protein genes that is required to maintain circadian rhythm. Recent research has revealed a link
between suprachiasmatic nucleus dysfunction and anxiety and depression, but the underlying mechanisms remain to be fully
elucidated. This study aimed to investigate how circadian rhythm disturbance may lead to anxiety- and depression-like behaviors.
Through behavioral tests, virus tracing, molecular biology and other techniques, we found neural connection from the
suprachiasmatic nucleus to the striatum. SCN lesions and Bmal11°¥1°* t pAAV-hSyn-Cre-GFP (conditional knockout, cKO) mice
exhibited disruptions in core body temperature rhythm, as well as anxiety- and depression-like behaviors. Importantly, these mice
displayed altered expression patterns of clock protein genes and an upregulation of the Brain-Derived Neurotrophic Factor (BDNF) -
Tyrosine Kinase receptor B (TrkB) signaling pathway within the striatum. Microinjection of the TrkB inhibitor ANA-12 can effectively
reverse anxiety- and depression-like behaviors. These findings indicate that suprachiasmatic nucleus dysfunction may contribute to
the pathogenesis of anxiety and depression through upregulation of the BDNF-TrkB pathway in the striatum, potentially mediated

by neural projections from the SCN. Bmal1 gene within SCN may represent a novel therapeutic target for mood disorders.
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INTRODUCTION

The circadian system regulates physiological, cellular and behavioral
rhythms that are about 24h in duration. It is regulated by
interlocking transcription-translation feedback loops (TTFL) con-
trolled by clock genes, including transcriptional activators like Bmal1
and Clock, and repressors like Cry and Per. This rhythm consists of
the master clock located in the suprachiasmatic nucleus (SCN) of the
hypothalamus, as well as peripheral clocks in various brain regions
and other organs [1]. Accumulating evidence indicate that circadian
disturbances might contribute to occurrence and progression of
mood disorders, including anxiety and depression [2-5].

Anxiety and depression are frequently accompanied by symptoms
associated with circadian rhythm disorders like difficulty falling asleep
and early awakening, and can be attributed to abnormalities in
circadian genes [6]. Depression episodes manifest a cyclical pattern,
with severe morning symptoms which subsides in the evening,
accompanied by decreased circadian gene amplitudes [7-9].
Circadian disruption heightens the risk of anxiety and depression by
25-40% and is a predictor of recurrence [10-12]. While numerous
studies strongly suggest that deleting certain circadian rhythm genes
makes individuals more susceptible to anxiety and depression

[13-15], the exact reason for this link remains unclear. This is
especially true regarding the specific role of the SCN, the brain region
responsible for regulating the body’s internal clock.

The efferent fibers of SCN mainly project to the ventromedial
preoptic area (VMPO) and ventrolateral preoptic area (VLPO),
thalamus, and limbic system, thus connecting with important
brain areas related to mental emotions [16]. The striatum (Str), a
brain region involved in emotions, memory, and thinking, acts as
an internal clock. This is particularly true for the ventral part of the
striatum, which includes the mesolimbic pathway of ventral
tegmental area (VTA) and the nucleus accumbens (NAc). These
areas show a strong daily rhythm in their activity [17-20]. In the
striatum, the expression levels of BDNF-TrkB pathway exhibit a
circadian rhythm, and contributes to the pathogenesis of anxiety
and depression [21-24]. Thus, we hypothesized that dysfunction
in the suprachiasmatic nucleus, which affects the circadian
rhythm, can induce anxiety- and depression-like behaviors via
the BDNF-TrkB pathway in the striatum.

This study aimed to investigate whether suprachiasmatic nucleus
dysfunction induced anxiety- and depression-like behaviors. First, we
stereotaxically injected AAV1-hSyn-eGFP into the SCN to observe the
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neural projections. Moreover, we performed bilateral SCN lesions in
C57BL/6 J mice and injected AAV2/5-hSyn-Cre-GFP adeno-associated
virus into the SCN of Bmal1™"/1°* mice to construct circadian rhythm
disorder model, and evaluated the anxiety- and depression-like
behaviors of them using temperature monitoring and behavioral
testing. Finally, we explored the effects of the clock protein genes and
BDNF-TrkB pathway using molecular biology.

MATERIALS AND METHODS

Animals

All animal experiments were approved by the Laboratory Animal Research
Committee of Southern Medical University (permit number: L2021009).
Male 8-week-old C57BL/6 J mice (Experimental Animal Center of Southern
Medical University, Guangzhou, China) and Bmal1%1ofox mice (described
below) were used. All mice were housed under controlled temperature
(25°C+ 1 °C) and humidity (50% + 5%) with ad libitum access to food and
water. Furthermore, the mice were kept at a 12-h light/dark (LD) cycle, with
the light phase commencing at 7:00 AM (Zeitgeber Time 0, ZT0) and
stopping at 7:00 PM (ZT12) for one week before experiments. The animal
experiments followed the ARRIVE guidelines and National Research
Council's Guide for the Care and Use of Laboratory Animals. Also, the
animal experiments were approved by the Laboratory Animal Ethics
Committee of Southern Medical University (Guangzhou, China). Animal
experiments were carried out in a blinded manner; the experimenters were
unaware of the group assignment and treatment conditions.

SCN lesions

Bilateral SCN lesions were created in C57BL/6J mice under 3% isoflurane-
induced anesthesia via stereotactic procedure. Briefly, a small cranial aperture
was carefully created using a dental drill bur (0.25 mm posterior to bregma and
0.2 mm lateral from the midline). A platinum-iridium alloy electrode (diameter;
0.15 mm), sheathed entirely in polyimide except for a 0.2 mm exposed tip, was
bilaterally inserted into the SCN (depth; 6.10 mm) from the skull surface. A
direct electrical current (0.6 mA) was applied for 60 s with a Ugo Basile lesion
maker before withdrawal from the brain. A similar procedure was also
conducted on the sham group, except for the electrical current application.

SCN- s?eciﬁc Bmal1- knockout mice (cKO)

Bmal1™~ mice were acquired from Shanghai Model Organisms Center,
Inc. (Shanghai, China). Homozygous Bmal1"*1°* mice were generated
by mating with Bmal1™~ mice and genetically identified via PCR using
gene-specific primers (Fig. S1). Subsequently, the Bmal17¥f°x mjce
were randomly assigned to two groups and stereotactically injected
with AAV2/5-hSyn-Cre-GFP or AAV2/5-hSyn-GFP (titer: 1.6 x 10'? VG/ml
in saline, generated by Shanghai Jikai Gene Medicine Technology Co.,
Ltd., Shanghai, China). The hSyn promoter, which drives the expression
of Cre recombinase, is tightly integrated with target neurons via the
adeno-associated virus AAV2/5. Bmal11°¥19% 1 pAAV-hSyn-Cre-GFP
mice were constructed by injecting AAV2/5-hSyn-Cre-GFP adeno-
associated virus into the SCN of Bmal1%°¥1°X mice. Four weeks after
the microinjection, the mice were used in experiments.

Trans-synaptic tracing

AAV1-hSyn-eGFP was utilized for anterograde trans-synaptic tracing to
investigate the neural circuit between the SCN and the striatum (Str).
Specifically, 0.3 uL of AAV1-hSyn-eGFP, with anterograde trans-synaptic
properties, was stereotactically injected into the SCN (coordinates: AP:
—0.2mm, ML: +0.25mm, DV: —6.10mm from bregma) to label SCN
projection neurons. Frozen brain sections were collected 3-4 weeks post-
injection to analyze downstream brain regions. These sections were
subsequently subjected to immunofluorescence labeling with c-Fos and
DAPI for histological and fluorescence distribution analyses.

Additionally, the retrograde tracer cholera toxin B (CTB) was injected into
the striatum (coordinates: AP: 0.5 mm; ML: +2.0 mm; DV: —3.5 mm from
bregma) (Fig. S2a) to complement the investigation. Frozen brain sections
were collected 3-4 weeks post-injection to analyze upstream brain regions.

Drug administration

After anesthetizing the mice, their heads were secured in a stereotaxic
frame (RWD Life Science, Shenzhen, China). Two holes were drilled into the
skull at stereotaxic coordinates (AP: 0.5 mm; ML: £2.0 mm from bregma). A
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single cannula (Cannula-Single/O.D. 0.48 mm, 26 G/M3.5; Reward, Shenz-
hen, China) was carefully clamped and lowered bilaterally through the
holes at a 9° angle until the tips reached the striatum (AP: 0.5 mm; ML:
+2.0mm; DV: —3.5mm from bregma). ANA-12, a selective tropomyosin
receptor kinase B (TrkB) inhibitor, was bilaterally infused into the striatum
(1 pg/pL, 0.5 pL per side). The injection was conducted 2 h prior to each
behavioral experiment at stereotaxic coordinates. The dosage was chosen
based on preliminary data and previous studies, which indicated no
adverse effects on mouse behavior [25, 26]. A total volume of 0.5 uL was
infused into each side over 15 min.

Dynamic core body temperature monitoring

First, the dorsal fascia was surgically separated, followed by wrapping of
the button-type temperature recorder (iButton) into the longitudinal
incision cut under isoflurane-induced anesthesia. The incision was then
sutured using absorbable sutures and disinfected with alcohol. The iButton
recording data at 15-min intervals for a minimum of 10 days was retrieved,
then the temperature data was imported into ENLOG analysis to create an
activity diagram. The temperature deviation from the baseline (35 °C) was
considered as the statistical dataset and input into the formula below:
(Y=Amplitude x cos [(X / Wavelength) + PhaseShift] +Baseline). Finally,
Graphpad Prism software was used to construct a 24-h circadian
rhythm chart.

Behavioral procedures

The mice underwent behavioral laboratory tests for 30 min before each
experiment. The behavioral experiments were performed between
9:00a.m. and 6:00 p.m. Behaviors were recorded, stored, and analyzed
using an automated behavioral tracking system (Smart 3.0.06, Panlab
Harvard Apparatus) equipped with infrared lighting-sensitive CCD cameras.

Open field test (OFT)

The mice were individually placed in the center of an open-field apparatus
(50 cm x 50 cm), which was illuminated with one yellow lights (40 W)
fluorescent lamps located 100 cm above the ground. The mice were placed
in the center square (20 cm X 20 ¢cm) at the beginning of the experiment
and allowed to freely explore for 6 min. The total distance covered in last
5 min, distance in center, time spent in center and entries in center were
monitored via video-tracking system. The maze was washed with 75%
ethanol between trials to avoid odor cues.

Elevated plus maze test (EPM)

The mice were put in a standard elevated plus maze with two open arms
and closed arms perpendicular to each other (30cm x 5cm) and a
connecting central platform (5 cm x 5 ¢cm). The maze was elevated 50 cm
above the floor, where the closed arm was surrounded by an opaque
partition (height; 15 cm). Each mouse was placed in the center of the
maze facing one of the open arms and observed for 5 min. The residence
time and movement process of the open and closed arms were
recorded.

Sucrose preference test (SPT)

Anhedonia is one of the main symptoms of depression. Anhedonia can be
assessed using the sucrose preference test (SPT), a reward-based
assessment. In this study, the mice were individually given free access to
two bottles in the cage, one containing water and the other 1% sucrose
solution, as previously described. The preference for the sweet solution,
calculated as a percentage of the sucrose intake over the total fluid intake
and averaged over the testing period, was measured daily. Notably, the
mice were acclimated to having two drinking bottles in the cages for at
least two days before the tests. The bottles were counterbalanced across
the left and the right sides of the cage and positions were alternated every
12 h. Sucrose preference was calculated as follows: Sucrose preference =V
(sucrose solution)/ [V (sucrose solution) +V(water)] x 100%.

Tail suspension test (TST)

The mice’s tail (1 cm from the tip) was fastened on a hook about 20 cm off
the floor, allowing them to hang freely without touching any surfaces with
their feet or tail. Once the mice are correctly tied, their activity is observed
and recorded for a period of six minutes. Shanghai Xinsoft Behavioral
Software is used to correctly monitor and log each mouse’s immobility
length across the 6-min test period [27].
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Forced swimming test (FST)

The mice were placed in a plexiglass cylinder (diameter: 12 cm, height:
25cm) containing water (height, 15cm). The water was replaced after
every test, and its temperature was maintained at 24 +1°C. The mice
underwent pre-swimming habituation training for 5 min a day before the
test. The mice were made to swim for 6 min straight on the test day,
Immobility was quantified in the last 5min of the test using the video-
tracking system after a one-minute warm-up swim.

Nissl staining

SCN tissue samples were fixed in 4% paraformaldehyde at room
temperature overnight and cut into 5 pum sections. The sections were
soaked in Nissl staining solution toluidine blue after treatment with a series
of increasing concentrations of 75-100% alcohol to remove moisture. The
tissue samples were destained in decreasing concentrations of alcohol and
soaked in sorbitol. Finally, the tissue samples were placed on a glass slide
and covered with mounting medium for visualization under a microscope.

Quantitative real-time polymerase chain reaction (qRT-PCR)
As previously reported [28], mice were euthanized at 6-h intervals over a 24-h
period at ZT0, ZT6, ZT12, ZT18, and ZT24 for each group. Euthanasia was
performed within 20 min of each designated ZT. For ZT0, ZT18, and ZT24, the
procedure was conducted under dim red light to minimize light. Total RNA
was extracted from the SCN and striatum using the TRIzol reagent following
the manufacturer’s instructions [29]. The concentration and purity of mRNA
were assessed using a DS-C 260/280 and 260/230 ratio spectrophotometer.
Each sample RNA (1pg) was reverse transcribed into cDNA using the
PrimeScriptTM RT Kit. RT-gPCR was performed on a LightCycler 96 instrument
using SYBR® Premix Ex Tagq™. The polymerase chain reaction was run as
follows: 40 cycles were performed at 95 °C for 5's, 60 °C for 30's, and 72 °C for
30s after a first cycle at 95 °C for 30 s with an initial DNA denaturation step. CT
(threshold cycle) readings were predefined. The relative expression of target
gene mRNA was determined using the 2-AACT method. The average value of
glycerol-3-phosphate dehydrogenase (GAPDH) was used as the internal
reference for normalization.

Western blot analysis

Striatal tissues were collected at a designated time point (ZT6) and
processed in RIPA buffer supplemented with protease and phosphatase
inhibitors to preserve protein integrity. The extracted proteins were
separated using SDS-PAGE, transferred to a PVDF and blocked with 5%
BCA blocking solution. The membranes were subsequently incubated
with primary antibodies at 4°C overnight. The resulting data was
analyzed via immunoblotting after incubation with HRP-conjugated
secondary antibodies. Antibodies used in western blotting included:
TrkB, BDNF, CREB, p-CREB, ERK1/2, p-ERK1/2.

Immunofluorescence staining

First, the tissue sections were fixed with 4% formaldehyde at room
temperature for 15 min, washed with phosphate-buffered saline (PBS),
permeabilized with 0.1% Triton X-100 for 10 min and incubated with 2.5%
goat serum to block non-specific binding. The sections were incubated
with anti-c-Fos antibody at 4 °C overnight. The sections were washed with
PBS, then incubated with Fluorescent-labeled Alexa Fluor 594-conjugated
anti-mouse IgG at room temperature for 1 h. The sections were counter-
stained with DAPI for visualization using an inverted fluorescent
microscope.

GEO data sets analysis

Gene expression data (GSE76826 profiling data) were obtained in raw
signal format from the Gene Expression Omnibus (http://
www.ncbi.nlm.nih.gov/geo). Subsequent steps, including interpretation,
normalization, and log2 scaling, were performed using the online analysis
platform provided by GCBI (https://www.gcbi.com.cn). Differentially
expressed gene sets between normal and individuals with depression
within the GSE76826 dataset were identified using the online tools
available on the GCBI platform (Fig. S3).

Sample size determination and statistical considerations

The sample size for this study was determined based on insights from
previous research and preliminary experiments to ensure sufficient power
for detecting the pre-specified effect size [28]. In the preliminary
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experiments, the efficiency of electrofusion and virus injection was
evaluated using Nissl staining, temperature monitoring, and q-PCR,
yielding a success rate of 90%. To minimize the number of animals used
while maintaining statistical robustness, mice that experienced excessive
bleeding or mortality due to electrofusion or virus injection were excluded.
Ultimately, each group comprised 15 animals.

Statistical analysis

The analysis of experimental data in this study was conducted in a
double-blind manner to ensure unbiased results. All statistical analyses
were performed using GraphPad Prism 8. The data were expressed as
the means + SEM unless otherwise specified. The experiments were
performed in triplicate. The Kruskal-Wallis test, unpaired t-test, and
one-way analysis of variance (ANOVA) with post hoc multiple
comparison tests were performed as indicated in the figure legends.
The circadian cosinor method, implemented using Cosinor software,
was applied to determine the rhythmic amplitude of daily temperature
and mRNA oscillations. In Prism, a cosine transformation with a 24-h
circadian cycle was used to analyze the time-variable data for daily
temperature and mRNA oscillations. The analysis was performed using
a nonlinear regression equation: y = baseline + amplitude x cos
((frequency x x) + phase shift)). This approach allows for precise
quantification of rhythmic patterns in the data. p < 0.05 was considered
statistically significant (xp < 0.05, *xp < 0.01).

RESULTS

Activation of neural connection from the SCN to the striatum
mediated by SCN lesions

Anterograde tracers are widely used in neural circuit analysis. To
explore whether the SCN projects to the striatum (Str), AAV1-hSyn-
eGFP, which expresses GFP with a nuclear localization signal, was
employed. AAV1 has been demonstrated to mediate anterograde
transsynaptic tagging, allowing for neuronal circuit probing.
Connection from the SCN to the Str would therefore lead to the
expression of nuclear GFP in Str neurons.

In this study, we injected the anterograde tracer virus AAV1-hSyn-
eGFP into the SCN (Fig. 1a). Anterograde tracing results showed that
eGFP exhibited green fluorescence in the SCN, confirming effective
viral delivery (Fig. 1b). Between 3 to 4 weeks following injection,
neuron in the striatum also expressed green fluorescence, indicating
neural connection from the SCN to the striatum (Fig. 1c).

Additionally, we injected the retrograde tracer cholera toxin B
(CTB) into the striatum (Fig. S2a). Successful deposition of CTB was
confirmed by the presence of red fluorescence in striatal neurons
(Fig. S2b). Notably, after 3-4 weeks, red fluorescence was also
observed in neurons within the SCN, further supporting the
existence of reciprocal neural circuits between the SCN and the
striatum (Fig. S2¢).

Then, we performed bilateral SCN lesions on C57BL/6 J mice using
stereotactic techniques and direct electrical current (1.0 mA for 60 s).
Following SCN lesions, we observed an increase in c-Fos expression
and fluorescence intensity in the striatum compared to the sham
group (Fig. 1d, e). However, there was no statistically significant
difference in the fluorescence intensity of eGFP between the two
groups (Fig. 1f). This indicates that lesions to the SCN can activate
neural connection from the SCN to the striatum.

SCN lesions and conditional knockout of Bmal1 induced
circadian rhythm disorder

To evaluate the effects of suprachiasmatic nucleus dysfunction on
circadian rhythm disorders, we performed bilateral SCN lesions and
administered the AAV2/5-hSyn-Cre-GFP virus for a conditional
Bmal1 knockout (cKO). An iButton device was implanted in mouse
to continuously monitor body temperature (Fig. 2a). Niss| staining
demonstrated substantial structural damage to SCN neurons in the
lesion group compared to the sham group (Fig. 2b). Immuno-
fluorescence confirmed successful Bmal1l knockout, indicated by
significantly diminished Bmal1 fluorescence in the SCN (Fig. 2I).

SPRINGER NATURE
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Temperature monitoring under constant environmental condi-
tions revealed that the sham group displayed a pronounced peak
in body temperature during the middle of the subjective night.
Conversely, the SCN lesion group exhibited erratic temperature
fluctuations with dual peaks during the subjective day and night,
suggesting altered temperature rhythms (Fig. 2¢, d). Similarly, the
conditional knockout (cKO) group showed a disrupted circadian
temperature pattern with two less pronounced peaks and
significantly reduced temperature oscillation amplitude, unlike
the control group which maintained a normal circadian rhythm
with a typical nocturnal temperature peak (Fig. 2m, n). These
findings collectively suggest that both SCN lesions and the
conditional knockout of Bmal1 in SCN neurons contribute to SCN
dysfunction, leading to significant disruptions in circadian rhythms.

SCN lesions and conditional knockout of Bmal1 induced
anxiety- and depression- like behaviors

To evaluate the impact of SCN lesions on anxiety and depression,
behavioral assessments were conducted 10 days post-lesion (Fig. 2a).
In the Open Field Test (OFT), compared with sham mice, SCN lesion
mice spent less time and made fewer entries in the center, although
their overall activity levels did not differ (Fig. 2e, f). In the Elevated Plus
Maze (EPM), compared to sham mice, SCN lesion mice spent less time
and made fewer entries in the open arms, while spending more time
in the closed arms (Fig. 2g, h). Also, compared with sham mice, SCN
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lesion mice demonstrated a less sucrose preference rate in the
Sucrose Preference Test (SPT) (Fig. 2i), a longer immobility time in the
Tail Suspension Test (TST) (Fig. 2j) and Forced Swim Test (FST) (Fig. 2k).

Behavioral tests were initiated 3 weeks after the virus injection to
evaluate the effect of the Bmall knockout on anxiety- and
depression-like behaviors. In the OFT, compared with control mice,
cKO mice spent less time and made fewer entries in the center,
although their overall activity levels did not differ (Fig. 20, p). In the
EPM, compared to control mice, cKO mice spent less time and
made fewer entries in the open arms, while spending more time in
the closed arms (Fig. 2q, r). These findings suggested anxiety-like
behaviors in cKO mice. Also, compared with control mice, cKO
mice demonstrated a less sucrose preference rate in the SPT (Fig.
2s), a longer immobility time in the TST (Fig. 2t) and FST (Fig. 2u).

Overall, the above results indicate that dysfunction in the
suprachiasmatic nucleus, whether induced by physical lesions or
genetic manipulation via Bmall knockout, leads to significant
anxiety- and depression-like behaviors.

SCN lesions and conditional knockout of Bmal1 altered the
oscillation amplitude of circadian genes in the striatum

The expression levels of circadian genes in the striatum were
assessed at different times of the day (ZTO0, ZT6, ZT12, ZT18, ZT24)
using RT-gPCR to evaluate the effect of bilateral SCN lesions and
conditional knockout of Bmal1. Compared with sham group, the
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oscillation amplitude of Bmall, Clock, Cry1l and Cry2 was
significantly decreased in SCN lesion group (Fig. 3a—d), while that
of Per1 and Per2 significantly increased (Fig. 3e, f). Furthermore,
the total mRNA levels of Bmal1, Clock, Per1, and Per2 genes in the
striatum were significantly increased in SCN lesion group (Fig. 3a,
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b, e, f), while the total mRNA expression levels of Cry1 and
Cry2 significantly reduced in SCN lesion group (Fig. 3¢, d).
Compared with control group, cKO group demonstrated a
decrease oscillation amplitude of Bmal1 and Clock in the striatum
(Fig. 3g, h), while this of Per1 and Per2 significantly increased (Fig.
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Fig. 2 Bilateral SCN lesions and Conditional knockout of Bmal1 disrupted core body temperature and induced anxiety- like and
depression- like behaviors in mice. a Experimental design. b Representative images of Nissl staining in the SCN of Sham and SCN Lesion groups.
Scale bar = 200 pm. n =3 per group. ¢ Continuous monitoring of core body temperature in the Sham and SCN Lesion groups over a 10-Day
Period. d Cosine curve graph of core body temperature and statistical analysis of core body temperature oscillation amplitude. n = 6 per group.
e Trajectory map of Sham and SCN Lesion groups in the OFT. f The behavioral test of the Sham and SCN Lesion groups. Total distance, center time
percentage, and entries into center in the OFT (n = 15, respectively). g Trajectory map of Sham and SCN Lesion groups in the EPM. h Open arms
time percentage, entries into open arms, and close arms time percentage in the EPM (n = 15, respectively). i Sucrose preference percentage in the
SPT (n =15, respectively). j Immobility time in the TST (n = 15, respectively). k Immobility time in the FST (n = 15, respectively). | Representative
images of Bmal1 expression and intensity in the SCN of Control and cKO mice (Bmal1, red; DAPI, blue, scale bars = 200 pm. n = 3, per group) and
SCN relative Bmal1 mRNA level of Control and cKO groups (n = 6, per group). m Continuous monitoring of core body temperature in the Control
and cKO groups over a 10-Day Period. n Cosine curve graph of core body temperature and statistical analysis of core body temperature oscillation
amplitude. n =6 per group. o Trajectory map of Control and cKO groups in the OFT. p The behavioral test of the Control and cKO groups. Total
distance, center time percentage, and entries into center in the OFT (n = 15, respectively). q Trajectory map of Control and cKO groups in the EPM.
r Open arms time percentage, entries into open arms, and close arms time percentage in the EPM (n = 15, respectively). s Sucrose preference
percentage in the SPT (n = 15, respectively). t Immobility time in the TST (n = 15, respectively). u Immobility time in the FST (n = 15, respectively).
Data are expressed as mean + SEM, ANOVA, xp < 0.05, p < 0.01, by two-tailed unpaired Student’s t test. OFT, open field test; EPM, elevated plus

maze test; SPT, sucrose preference test; TST, tail suspension test; FST, forced swim test.

3k, ). Furthermore, compared with control group, cKO group
demonstrated an increase total mRNA level of Bmal1, Clock, Per1,
and Per2 in the striatum (Fig. 3g, h, k, I). However, the expression
level of Cry1, oscillation amplitude of Cryl and Cry2 did not
significantly change in the cKO group (Fig. 3i, j).

Taken together, these findings demonstrate that SCN lesions
and Bmal1 knockout significantly disrupt the oscillation amplitude
and total mRNA level of circadian genes in the striatum,
underlining the profound influence of SCN integrity on circadian
regulation within this brain region.

SCN lesions and conditional knockout of Bmal1 upregulated

the BDNF-TrkB pathway in the striatum

BDNF plays an important role in the pathogenesis of anxiety and
depression [30]. In this study, we used qRT-PCR and Western blot
to assess circadian variations of BDNF in the striatum. In the sham
group, BDNF mRNA levels exhibited a rhythmic pattern, increasing
at night and decreasing during the day. In contrast, in the SCN
lesion group, the mRNA levels of BDNF, especially during the
daytime (ZT6), were significantly elevated. Additionally, the
oscillation amplitude of BDNF also showed a marked increase in
this group (Fig. 4a-c). Given the pivotal role of the BDNF-TrkB
pathway in regulating the mental illness [31], we further evaluated
the expression levels of key proteins in this pathway, including
BDNF, TrkB, CREB, ERK, p-CREB, and p-ERK1/2. Our results revealed
that SCN lesions lead to increased expression levels of BDNF, TrkB,
p-CREB, and p-ERK1/2 (Fig. 4d-h), while the total protein level of
CREB and ERK1/2 remained unchanged.

Similarly, in the cKO group, we observed a significant increase in
the total mRNA levels and oscillation amplitude of BDNF in the
striatum compared to the control group (Fig. 4i-k). Protein
expression analysis further demonstrated that the cKO group had
elevated levels of BDNF, TrkB, p-CREB, and p-ERK1/2 in the
striatum (Fig. 4l-p), whereas the total protein level of CREB and
ERK1/2 were unchanged.

Taken together, these results collectively indicate that dis-
turbances in the SCN, whether caused by SCN lesions or Bmal1
knockout, lead to upregulation of the BDNF-TrkB pathway in the
striatum. This suggests that the Bmal1 gene plays a crucial role in
maintaining normal SCN function and regulating the BDNF-TrkB
pathway in the striatum, potentially influencing the pathophysiol-
ogy of anxiety and depression.

TrkB receptor antagonist ANA-12 reversed anxiety- and
depression-like behaviors in SCN Lesion and cKO mice

The TrkB receptor is the primary receptor for BDNF, playing a
crucial role in neuronal survival, development, and plasticity. ANA-
12, a potent and selective TrkB antagonist, binds directly to TrkB
and inhibits its downstream signaling pathways [32].

SPRINGER NATURE

We investigated the effects of local ANA-12 infusion (1 ug/uL,
0.5 L per side, administered 2 h before testing) on anxiety- and
depression-like behaviors (Fig. 53, i). In the OFT, SCN lesion + ANA-
12 mice exhibited significant anti-anxiety and antidepressant
effects compared to SCN lesion mice, including increased time
spent in the center and a higher number of center entries (Fig.
5b, ). In the EPM, SCN lesion + ANA-12 mice demonstrated an
increased time spent in open arms, a higher number of open arms
entries and a decreased time spent in close arms (Fig. 5d, e).
Furthermore, SCN lesion + ANA-12 mice demonstrated a higher
sucrose preference rate in the SPT (Fig. 5f), a shorter immobility
time in the TST (Fig. 5g) and FST (Fig. 5h).

Similarly, in conditional knockout (cKO) mice, ANA-12 infusion
yielded comparable anti-anxiety and antidepressant effects. cKO
+ ANA-12 mice spent more time in the center and made more
center entries in the OFT (Fig. 5j, k). In the EPM, these mice
exhibited increased time in the open arms, more open-arm
entries, and reduced time in the closed arms (Fig. 51, m). They also
displayed higher sucrose preference in the SPT (Fig. 5n) and
reduced immobility times in the TST (Fig. 50) and FST (Fig. 5p).
These results indicate that dysfunction of the suprachiasmatic
nucleus (SCN) may promote anxiety- and depression-like beha-
viors through activation of the BDNF-TrkB signaling pathway. The
observed therapeutic effects of ANA-12 underscore its potential
for mitigating these behaviors by inhibiting TrkB signaling.

TrkB receptor antagonist ANA-12 downregulated BDNF-TrkB
signaling in the striatum

We utilized g-PCR to examine the circadian rhythm variations in
BDNF expression over a 24-h cycle (ZTO to ZT24). To further
evaluate the effects of local ANA-12 infusion on BDNF-TrkB
signaling in the striatum, striatal tissue samples were collected at
ZT6 for Western blot analysis.

The results revealed that ANA-12 infusion significantly reduced
both the mRNA levels and the circadian rhythm amplitude of
BDNF in the striatum, along with suppressing BDNF-TrkB signaling.
In the SCN lesion + ANA-12 group, the mRNA levels and circadian
rhythm amplitude of BDNF were markedly lower than those in the
SCN lesion group (Fig. 6a-c). Similarly, the protein expression
levels of TrkB, BDNF, p-ERK/ERK, and p-CREB/CREB were signifi-
cantly decreased in comparison to the SCN lesion group (Fig.
6d-h). In contrast, no significant differences in these protein
expression levels were observed between the sham and sham +
ANA-12 groups (Fig. 6d-h).

A similar pattern was observed in the cKO + ANA-12 group,
where the mRNA levels and circadian rhythm amplitude of BDNF
were significantly reduced compared to the cKO group (Fig. 6i—k).
Moreover, the expression levels of TrkB, BDNF, p-ERK/ERK, and p-
CREB/CREB were significantly lower than those in the cKO group
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Fig. 3 Bilateral SCN lesions and Conditional knockout of Bmal1 disrupted striatal total mRNA levels and oscillation amplitudes of
circadian genes. a Cosine curve graph of striatal relative mRNA level, normalized circadian rhythm amplitude and integral mRNA under the
curve of Bmal1 in Sham and SCN Lesion groups; b Clock; ¢ Cry1; d Cry2; e Per1; f Per2. n = 3. g Cosine curve graph of striatal relative mRNA
level, normalized circadian rhythm amplitude and integral mRNA under the curve of Bmal1 in Control and cKO groups; h Clock; i Cry1; j Cry2;
k Per1; I Per2. n = 3. Data are expressed as mean + SEM, ANOVA, xp < 0.05, #xp < 0.01, by two-tailed unpaired Student’s t test. Bmal1, ARNT-like
rotein-1; Clock, Clock circadian regulator gene; Cry1, Cryptochrome circadian clock 1; Cry2, Cryptochrome circadian clock 2; Per1, Period

protein gene-1; Per2, Period protein gene-2.

(Fig. 6l-p). However, no significant differences were detected
between the control and control + ANA-12 groups (Fig. 6l-p).

These findings indicate that local ANA-12 infusion effectively
mitigates anxiety- and depression-like behaviors by downregulat-
ing BDNF-TrkB signaling in the striatum of mice with circadian
rhythm disruptions.

DISCUSSION

Circadian rhythms significantly influence human mood fluctuations,
as established in prior studies [5, 33]. This research elucidates how
dysfunctions in the suprachiasmatic nucleus (SCN), the master
regulator of circadian rhythms, impact mood disorders such as

Translational Psychiatry (2025)15:92

anxiety and depression. Our findings highlight the critical role of the
BDNF-TrkB pathway in the striatum, influenced by SCN dysfunction,
in the manifestation of these disorders. In this study, we developed a
mouse model with SCN lesions and observed disturbances in the 24-
h circadian regulation of core body temperature, along with
behaviors indicative of anxiety and depression. These alterations
were accompanied by activation of neural connection from the SCN
to the striatum, disruption in circadian clock genes expression, and
upregulation of BDNF-TrkB pathway in the striatum. Moreover, we
obtained similar results in a mouse model with conditional knockout
of the Bmal1 gene in the SCN (cKO). These demonstrate the potential
mechanism by which SCN dysfunction may contribute to occurrence
of behaviors of anxiety and depression.

SPRINGER NATURE
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Fig. 4 Effect of bilateral SCN lesions and Conditional knockout of Bmal1 on BDNF-TrkB pathway upregulation in the striatum. a Cosine
curve graph of relative BDNF mRNA level of Sham and SCN Lesion groups. b Relative mRNA level of BDNF. n = 15. ¢ Normalized circadian
rhythm amplitude. n = 3. d-h Representative immunoblots and quantitative analyses of BDNF, TrkB, p-CREB, CREB, p-ERK (Thr202/Tyr204) and
ERK expression. n = 3. i Cosine curve graph of relative mRNA level of Control and cKO groups. j Relative mRNA level of BDNF. n=15.
k Normalized circadian rhythm amplitude. n = 3. I-p Representative immunoblots and quantitative analyses of BDNF, TrkB, p-CREB, CREB,
p-ERK (Thr202/Tyr204) and ERK expression. n = 3. Data are expressed as mean + SEM, ANOVA, xp < 0.05, *xp < 0.01, by two-tailed unpaired

Student’s t test.

The SCN serves as the master clock for circadian rhythms,
coordinating the synthesis of “circadian clock proteins” in various
regions, maintaining internal cycles via neural connections and
projections. Integrity of SCN is necessary for the production of typical
circadian rhythms [34]. Previous studies have demonstrated that SCN
damage (caused by trauma or surgery) eliminated the circadian cycles
of eating, sleeping, and the loss of behavioral and core temperature
rhythms in mammals [35-37]. Furthermore, optogenetic activation
inhibited SCN amplitude, thus exacerbating anxiety-like symptoms
[38]. In this study, bilateral SCN lesions decreased the amplitude of
diurnal temperature oscillations and caused anxiety- and depression-
like behaviors.

Further research is warranted to elucidate the pathogenic
mechanisms underlying the impact of circadian rhythm disruption
on mood. The SCN is a complex structure with multiple nerve
projections extending to various regions of the brain. Moreover, these
nerve projections receive inputs from several brain areas, establishing
connections with crucial brain regions associated with emotional
regulation [16]. In our study, using anterograde tracers, we found that
SCN neurons projected into the striatum. The colocalization of c-Fos
and eGFP fluorescence increased, indicating that the SCN-striatum
neuronal connection was activated after SCN injury. Furthermore, SCN
lesions disrupted the circadian rhythms of clock genes in the striatum.
Specifically, the group with SCN lesions had significantly lower
oscillation amplitudes of Bmal1 in the striatum compared to the sham
group. Variations in circadian clock genes play a role in mood
regulation. For instance, reducing Bmal1l expression in the SCN
induced anxiety-like and depressive-like behaviors [13, 14]. The
expression of Clock in the ventral tegmental area (VTA) modulated
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mood, anxiety, and locomotor behavior, and Clock knock down in the
VTA aggravated depression-like behavior [39]. The expression
oscillations of Cry2, Per1, and Per2 have been shown to be disrupted
in a mouse model of depression, and deletion of Cry2 promoted
depression-like behavior [15, 40, 41]. Furthermore, genetic factors
influence the occurrence of neuropsychiatric disorders, including
schizophrenia, bipolar disorder, and depression [2, 3, 5]. Clock, Per1,
and Bmal1l mRNA levels were significantly increased in the morning in
the peripheral blood leukocytes of people with a history of depression
[42]. Together, these results highlighted the complex relationship
among the SCN, striatum, and genetic diversity in circadian clock
genes in influencing emotional well-being. Further research is
necessary to elucidate the specific molecular and neural mechanisms
driving these interactions and their significance for mood control. In
our subsequent experiments, we aimed to explore the precise
molecular mechanisms by which the SCN influences mood through
its regulation of the striatum.

BDNF and its high-affinity receptor, TrkB, are abundantly dispersed
throughout the central nervous system [43]. It is reported that BDNF
exerts antidepressant and prodepressant effects in different brain
regions [44]. The BDNF-TrkB pathway modulated mood and was
influenced by circadian rhythms [45-471. In this intricate process, the
BDNF exhibited rhythmic expression patterns in the SCN and striatum.
This signaling pathway may alter the sensitivity of the SCN pacemaker
to light cues, thereby impacting mood regulation [48-51]. Addition-
ally, the SCN regulated the circadian oscillation of the adenylyl
cyclase/MAPK pathway [52]. The expression of the Cyclic AMP
response element-binding protein (CREB) displayed an endogenously-
controlled 24 h variation and its activation can promote depression-

Translational Psychiatry (2025)15:92
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Fig. 6 ANA-12 downregulated BDNF-TrkB signaling in SCN Lesion and cKO mice. a Cosine curve graph of relative mRNA level of Sham,
Sham + ANA-12, SCN Lesion, and SCN Lesion + ANA-12 groups. b Relative mRNA level of BDNF. n = 15. ¢ Normalized circadian rhythm
amplitude. n = 3. d-h Representative immunoblots and quantitative analyses of BDNF, TrkB, p-CREB, CREB, p-ERK (Thr202/Tyr204) and ERK
expression. n = 3. i Cosine curve graph of relative mRNA level of Control, Control + ANA-12, cKO, and cKO + ANA-12 groups. j Relative mRNA
level of BDNF. n = 15. k Normalized circadian rhythm amplitude. n = 3. I-p Representative immunoblots and quantitative analyses of BDNF,
TrkB, p-CREB, CREB, p-ERK (Thr202/Tyr204) and ERK expression. n = 3. Data are expressed as mean + SEM, ANOVA, :p < 0.05, #xp < 0.01, by

two-tailed unpaired Student’s t test.

like behavior at the level of VTA-to-NAc circuit [18, 52, 53]. Elsewhere,
it was found that continuous optogenetic phasic stimulation of the
VTA-NACc circuit during chronic social defeat stress (CSDS) exacerbated
depressive-like behaviors, and these symptoms were weakened by
blocking the BDNF-TrkB pathway in the NAc [24]. As a result, we
focused on the BDNF-TrkB pathway in the striatum. It was observed
that the mRNA level of BDNF in striatum for the sham group
displayed a circadian rhythm, with the levels increasing throughout
the subjective night and decreasing during the subjective day. For the
SCN lesion group, the striatum exhibited an increase in the mRNA
level and oscillation amplitude of BDNF, demonstrating an inverse
trend: high expression during the subjective day and low expression
at night, with the peak value appearing during the subjective day
(ZT6). Based on our research findings, we inferred that SCN regulates
the circadian rhythm of BDNF in the striatum. Notably, the BDNF-TrkB
pathway is activated, leading to the upregulation of phosphorylated
CREB and ERK protein expression after SCN injury. To confirm the role
of the BDNF-TrkB pathway, we utilized ANA-12 to downregulate this
pathway in the striatum, successfully reversing anxiety- and
depression-like behaviors in mice. This suggests that mood disorders
linked to disruptions in circadian rhythm may potentially be mediated
through this pathway.

Bmal1 is the only single-clock gene knockout in mice that
alleviates all rhythmic behavioral activities, and participates in
transcription-translation negative feedback loops (TIFF) [54].
Bmal1 has attracted significant attention in the field of mood
disorders. About 70% of individuals grappling with depression and
a notable 20-30% of those dealing with anxiety disorders
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concurrently experienced disturbances in their circadian rhythm,
notably including symptoms like insomnia [55, 56]. In depressed
rats, the amplitude of Bmall in the nucleus accumbens was
decreased, but its overall expression increased [57]. Treatment
with trazodone and citalopram in rats with MDD resulted in
reduced expression of BDNF, Bmal1, and Per1 in the NAc of the
striatum, ultimately leading to antidepressant effects [58]. Con-
sidering the role of Bmal1 in circadian rhythms, we postulate that
Bmal1l regulates SCN function and modulates the rhythmic
expression of striatal circadian clock proteins and BDNF via the
SCN -striatum neural connection. Interestingly, this hypothesis was
supported by the experimental findings. Mice with conditional
Bmall knockout in SCN exhibited disruptions in core body
temperature rhythm, as well as anxiety- and depression-like
behaviors. In the SCN and striatum, the Bmall oscillations
exhibited reduced amplitude, accompanied by changes in the
amplitude of other clock proteins. Simultaneously, there was an
increase in BDNF expression levels and oscillatory amplitudes in
the striatum, accompanied by an upregulation of the BDNF-TrkB
pathway. Our study introduces an innovative perspective,
proposing that the potential linkage between the pathological
mechanisms governing circadian rhythms and anxiety- and
depression-like behaviors may be attributed to the regulation of
SCN neuron Bmal1 and the striatal BDNF-TrkB pathway.

Limitations

One limitation of this study is the temporal scope of our observations,
which were confined to a 24h period. Extending these observations
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to 48 or 72h might have yielded more robust insights into the
dynamics of circadian rhythm gene expression. Additionally, while
anatomical tracing was employed to establish the connectivity
between the SCN and the striatum, the functional dynamics of these
connections were not explored. Future studies incorporating
optogenetic techniques would be instrumental in elucidating the
functional implications of these anatomical pathways. Furthermore,
precise mechanisms underlying the observed effects could be better
elucidated by directly knocking down TrkB or BDNF in the striatum.

This study investigated the effects of circadian disruption in
neural circuits on anxiety- and depression-like behaviors, using
only male mice to eliminate the potential confounding influence
of estrogen signaling on circadian regulation. While this approach
simplifies the interpretation of our findings, it inherently limits
their applicability to both sexes. Anxiety and depression are more
prevalent in females [59], and estrogen signaling may influence
circadian rhythms and mood regulation in sex-specific ways [60].
Future research should include female mice to evaluate potential
sex differences in the effects of SCN disruptions on the BDNF-TrkB
pathway. Addressing this limitation is crucial for advancing our
understanding of the sex-specific mechanisms underlying circa-
dian and mood-related processes.
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