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Rasd2 regulates depression-like behaviors via DRD2 neurons in
the prelimbic cortex afferent to nucleus accumbens core circuit
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Depressive symptoms, such as anhedonia, decreased social interaction, and lack of motivation, implicate brain reward systems in
the pathophysiology of depression. Exposure to chronic stress impairs the function of brain reward circuits and is well-known to be
involved in the etiology of depression. A transcriptomic analysis found that stress alters the expression of Rasd2 in mice prefrontal
cortex (PFC). Similarly, in our previous study, acute fasting decreased Rasd2 expression in mice PFC, and RASD2 modulated
dopamine D2 receptor (DRD2)-mediated antidepressant-like effects in ovariectomized mice. This research suggests the role of
RASD?2 in stress-induced depression and its underlying neural mechanisms that require further investigation. Here, we show that
5-day unpredictable mild stress (5-d UMS) exposure reduces RASD2 expression in both the nucleus accumbens (NAc) and medial
prefrontal cortex (mPFC) of mice, while overexpression (but not knock-down) of Rasd2 in the NAc core (NAcc) alleviates 5-d UMS-
induced depression-like behaviors and activates the DRD2-cAMP-PKA-DARPP-32 signaling pathway. Further studies investigated
neuronal projections between the mPFC (Cg1, PrL, and IL) and NAcc, labeled by the retrograde tracer Fluorogold. Depression-like
behaviors induced by 5-d UMS were only related to inhibition of the PrL-NAcc circuit. DREADD (Designer receptors exclusively
activated by designer drug) analysis found that the activation of PrL-NAcc glutaminergic projection alleviated depression-like
behaviors and increased DRD2- and RASD2-positive neurons in the NAcc. Using Drd2-cre transgenic mice, we constructed mice with
Rasd2 overexpression in DRD2P"NAS neurons, finding that Rasd2 overexpression ameliorated 5-d UMS-induced depression-like
behaviors. These findings demonstrate a critical role for RASD2 modulation of DRD27""NA neurons in 5-d UMS-induced
depression-like behaviors. In addition, the study identifies a new potential strategy for precision medical treatment of depression.
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INTRODUCTION

Depression is a major contributor to the overall global burden of
disease, with approximately 300 million people worldwide
suffering from the disorder, equivalent to 4.4 percent of the
world’s population [1, 2]. Thus, depression has become a global
public health problem that needs to be solved urgently. The
symptoms of patients with depression, such as lack of motivation,
anhedonia, and decreased social interaction, suggest that brain
reward systems are involved in the pathophysiology of depression
[3, 4]. Stress, in particular chronic unpredictable stress, affects the
processing of reward-related information [5, 6], and attenuates
sensitivity to rewarding stimuli in cortical-striatal circuits, that
connect the medial prefrontal cortex (mPFC), dorsal striatum, and
other brain regions [6-10]. In addition, chronic exposure to
unpredictable stressors decreases the levels of dopamine and its
metabolites in the nucleus accumbens (NAc) [11], an important
modulator of corticostriatal circuits.

Ras homolog enriched in striatum (Rhes), also named
Rasd2, encodes a 266 amino acid protein. Like other Ras
superfamily proteins, RASD2 contains five G box domains
(termed G1 to G5), recognizing the phosphate moieties of GTP/
GDP (G-1 and G-3), the GAP effector (G-2), and the guanine

nucleotide moiety (G-4 and G-5) [12-14]. Transcriptomic analysis
revealed that chronic mild swim stress alters the expression
of Rasd2 in mouse prefrontal cortex (PFC) [15]. Similarly,
in our previous study, 9-hour fasting decreased Rasd2 expression
in mouse PFC, and further studies demonstrated that RASD2
regulates  depression-like  behaviors via dopamine D2
receptor (DRD2)-related signaling pathways [16]. Recent studies
found that RASD2 mainly regulates dopamine receptor signaling
pathways in the central nervous system and acts as a modulator
of dopamine transmission by regulating the striatal cyclic
adenosine monophosphate (cAMP)/protein kinase A (PKA) signal-
ing pathway [13, 17-19]. However, the effect of RASD2 on stress-
induced depression and its potential mechanisms have yet to be
studied.

Here we used 5-day unpredictable mild stress (5-d UMS) in mice
to model the types of chronic stress that humans endure
continuously in daily life and are thought to be a predisposing
factor for the development of depression [20]. Pharmacological
and viral-vector-transgenic approaches demonstrated that there is
a critical role for Rasd2/RASD2 acting in the NAc in regulating 5-d
UMS-induced depression-like behaviors, which are closely linked
to the mPFC-NAc neural circuit.
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METHODS

Subjects

Six to eight week-old male C57BL/6J mice were purchased from the Animal
Center of Jilin University. Drd2-cre mice were kind gifts from Prof. Dongmin
Yin (Key Laboratory of Brain Functional Genomics, Ministry of Education
and Shanghai, School of Life Science, East China Normal University,
Shanghai, China). Specific information on Drd2-cre mice is available from
the Mutant Mouse Regional Resource Center https://www.mmrrc.org/
(MMRRC # 017263-UCD). Drd2-cre mice and wild-type mice used in our
studies were 6-8 week-old male mice obtained by crossing Drd2-cre
transgenic mice with wild-type (C57BL/6J) mice. The mice were housed in
25.5x 15 % 14 cm cages for 3 days to ensure they were acclimated to the
laboratory environment before the study, with a temperature of 23 £ 1 °C,
humidity of 40-50%, 12-hour light and dark cycles (7:00-19:00 light cycle),
and ad libitum food and water. The mice were randomly assigned to each
group. All procedures were conducted according to the standards of the
Laboratory Animal Guideline for Ethical Review of Animal Welfare (GB/T
35892-2018) and under protocols approved by the Institutional Animal
Care and Use Committee of Jilin University.

Experimental design

To investigate the effects of 5-d UMS on depression-like behavior and its
related mechanisms, mice were divided into two groups: control group
and 5-d UMS group. To investigate the effects of Rasd2 overexpression (or
knock-down) on depression-like behavior and its related mechanisms,
mice were divided into ov-control group and ov-Rasd2 group (or sh-control
group and sh-Rasd2 group), and 5-d UMS were performed 15 days after
virus administration. To explore the effects of PrL-NAc core (NAcc) circuit
on depression-like behavior and its related mechanism, mice were first
divided into control group, hM3Dq group and hM4Di group according to
different viral administrations. After 15 days of viral administration, each
mouse was exposed to 5-d UMS. Then saline or CNO was administered
30 min before the beginning of behavioral experiments and the above
three groups were divided into saline + control, saline + hM3Dg, saline +
hM4Di, CNO + control, CNO +hM3Dq and CNO + hM4Di groups. To
investigate the effects of Rasd2 overexpression in DRD2P™MAS neurons
on depression-like behavior, mice were divided into two groups according
to genotype: WT group and Drd2-cre group. Each group was injected with
the same virus.

Surgery

Mice were anesthetized with pentobarbital sodium (65 mg/kg, i.p.,
Dingguo Changsheng Biotechnology, Beijing, China) and placed in a
stereotaxic frame (RWD Life Science, Shenzhen, China). Based on the
Paxinos and Franklin mouse brain atlas [21], the NAcc (AP: +1.60; ML:
+1.50; DV: —4.40; mm relative to bregma [22, 23]) and mPFC PrL (AP:
+2.10; ML: £0.35; DV: —2.30; mm relative to bregma [24, 25]) were targeted
in separate groups of mice and Fluorogold (or virus) was bilaterally
injected into each location at a rate of 0.2 uL/min. After each injection, the
needle was left in place for an additional 5 min and then slowly withdrawn.
Details of the procedure can be found in a published reference [26].

5-d UMS

Mice received 2-3 of the following stressors each day for 5 consecutive
days on a semi-randomized schedule: foot shock for 1h (0.3mA,
18 seconds duration at 8-second intervals), restraint for 2 h, exposure to
continuous noise (approximately 85 dB [27]) for 8 h, food deprivation for
16 h, water deprivation for 16 h, cage tilt (45 degrees) for 16 h, bedding
replaced with damp bedding (1 cm of sawdust and 100 ml of water) for
16 h, bedding (sawdust) removed for 16 h, placed in the cage with 1cm
water for 6 h. The same stressor was not applied on consecutive days.

DREADDs

Mice were anesthetized with pentobarbital sodium (65 mg/kg, i.p.
Dingguo Changsheng Biotechnology) and the virus (0.3 pL; CaMKlla-Cre
virus: pAAV2/Retro-CaMKlla-EGFP-P2A-Cre-WPRE, 3.28E + 12 V.G./mL, Obio
Technology) was bilaterally injected into the NAcc and then another virus
was bilaterally injected into the PrL region of the mPFC (0.3 pL; control:
pAAV2/8-hSyn-DIO-mCherry, 1.34E+ 13V.G./mL; hM4Di: pAAV2/8-hSyn-
DIO-hM4D(Gi)-mCherry, 4.43E+ 13 V.G./mL; hM3Dq: pAAV2/8-hSyn-DIO-
hM3D(Gqg)-mCherry, 5.13E+ 13V.G./mL, Obio Technology). 5-d UMS
was performed 15 days after the virus injection. Behavioral experiments
were performed 30 min after clozapine-N-oxide (CNO) administration
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(5.0 mg/kg, i.p. [28-30], 0832, Sigma-Aldrich, MI, USA, dissolved in saline
at a concentration of 0.5 mg/mL [31]).

Behavioral experiments

Open field test. The circular acrylic apparatus (height: 16 cm) was divided
by three concentric circles of diameters 12cm, 29.4cm, and 48cm
respectively. Each circle was divided into essentially equal-sized areas. The
number of areas in the inner, middle, and outer circles were 1, 5, and 10,
respectively. At the beginning of the test, mice were placed individually in
the center of a circular acrylic apparatus. The open field test lasted 6 min
and was digitally recorded (DCR-SX83E camera, Sony, Shanghai, China).
Line crosses (the number of grid lines crossed by the mouse’s four paws),
rearing (the number of times the mouse stood with its front paws off the
ground) and the number of entries in the center square of the apparatus
were determined by an observer blinded to the treatment conditions. The
total distance moved in the open field test was analyzed by video tracking
software (Noldus, Wageningen, the Netherlands, EthoVision XT 13). Details
of the procedure can be found in published references [16, 32].

Forced swimming test. Mice were individually placed in a cylindrical
container (height: 25 cm; diameter: 11 cm) containing 12cm of water
(temperature: 25 + 1 °C). The test lasted 6 min and was digitally recorded
by a camera (Sony, DCR-SX83E). The first two minutes were considered as
acclimatization time. Behavior was only assessed during the last 4 min of
the test. The time spent immobile (defined by lack of any movement
except that necessary to keep the head out of the water), swimming
(defined by swimming movements parallel to the sides of the container),
and climbing (defined by climbing movements with the mouse oriented
perpendicularly toward the sides of the container) [33], as well as
defecation (number of fecal boli), were analyzed by an observer blinded to
the treatment conditions. Details of the procedure can be found in
published references [16, 32].

Sucrose preference test. Mice were adapted to consuming 1% sucrose
solution for 2 days before the formal test (mice were given two bottles of
1% sucrose solution per test cage). Mice were deprived of water for 12 h,
then two weighed bottles (one for 1% sucrose solution and one for water)
were placed in each cage. The bottles were weighed at several time points,
07:00, 08:00, 09:00, 10:00, 13:00, and 19:00. The starting positions of the
two bottles were initially randomized, exchanged after each weighing, and
the sucrose solution and water consumption were measured at the noted
time-points. Sucrose preference was calculated as sucrose solution
consumption / (sucrose solution consumption + water consumption) X
100%. Details of the procedure can be found in published references
[16, 34].

Tail suspension test. Tape was placed 2 cm from the tip of the mouse’s tail
and the mouse was affixed to a horizontal metal bar in an inverted state
with the head approximately 20 cm above a benchtop. The behavior of
mice over 5 min was recorded by a camera (Sony, DCR-SX83E). Immobility
time (the time the mouse stopped all struggling movements, in a vertical
position, and immobile) was analyzed in the last 4 min of the test by an
observer blinded to treatment conditions. Details of the procedure can be
found in published references [16, 34, 35].

Enzyme-linked immunosorbent assay

Blood was collected by retro-orbital bleeding and placed at room
temperature for 1h, followed by centrifugation at 3000 rpm for 10 min.
Then the serum was collected and stored at —80°C until analysis. The
serum concentration of corticosterone was quantified according to the
recommended protocol (FY2061-A corticosterone kit, Feiya Biotechnology,
Jiangsu, China). The optical density of the samples was recorded at 450 nm
using a microtiter plate reader (Thermo Scientific, MA, USA, Varioskan
Flash) for 15min, and the concentration was determined from the
regression line for a standard curve run at the same time.

Western blotting

Mice were decapitated after being anesthetized with pentobarbital sodium
(65 mg/kg, i.p., Dingguo Changsheng Biotechnology). The whole brain was
removed and placed on dry ice in a stainless-steel brain matrix (RWD Life
Science, 68707), and the brain was cut into 1 mm thick coronal slices using
a razor blade [36]. Bilateral NAc and mPFC were dissected according to the
mouse brain atlas [21] and stored at —80°C until further analysis. The
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tissue was homogenized in RIPA buffer (R0020, Solarbio, Beijing, China)
with 1% phenylmethylsulphonyl fluoride solution, and the supernatant
was obtained after centrifugation at 12,000 rpm for 20 min at 4 °C. After
mixing with the loading buffer, the sample vials were placed in boiling
water for 5 min. The sample was loaded onto 5% sodium dodecyl sulfate-
polyacrylamide electrophoresis (SDS-PAGE) gels and proteins separated by
electrophoresis at 110 constant voltage (Bio-Rad, CA, USA PowerPac,
Universal). To analyze target proteins, the gels were transferred to
polyvinylidene difluoride membranes (IPYH00010, Millipore, MA, USA) at
110 constant voltage for 1 h and then followed by blocking with 5% skim-
milk (dissolved in Tris-buffered saline (TBS)) for 2 h. The membranes were
incubated in TBS containing primary antibody at 4 °C overnight: RASD2
(1:800, rabbit polyclonal antibody, ab67277, Abcam, Cambridge, UK); DRD1
(1:800, rabbit polyclonal antibody, DF7097, Affinity, OH, USA); DRD2
(1:1000, rabbit polyclonal antibody, ab130295, Abcam); DARPP-32
(PPP1R1B; 1:1000, rabbit monoclonal antibody, #2306, Cell Signaling
Technology, MA, USA); GluA1 (GRIA1; 1:2000, rabbit polyclonal antibody,
ab109450, Abcam); B-actin (ACTB; 1:2000, mouse monoclonal antibody,
HC201, TransGen Biotech, Beijing, China); cAMP (1:2000, rabbit polyclonal
antibody, ab26322, Abcam); PKA (PRKACA; 1:3000, rabbit polyclonal
antibody, ab75991, Abcam); and GAPDH (1:3000, mouse monoclonal
antibody, HC301, TransGen Biotech). After washing in TBST (TBS containing
0.1% Tween-20), the membranes were incubated in TBS containing
secondary antibody for 1h at room temperature (anti-rabbit: 1:2000,
ZB2301, ZSBG-Bio, Beijing, China; or anti-mouse: 1:5000, ZB2305, ZSBG-Bio;
as appropriate). After washing with TBST, bands were detected with
enhanced chemiluminescence supersensitive  developer solution
(WBKLS0500, Millipore) and analyzed by Image J software, version 1.52.

Co-immunoprecipitation

In the co-immunoprecipitation procedure, the steps for brain tissue
acquisition and protein extraction were the same as for western blotting.
Co-immunoprecipitation was quantified using the recommended protocol
(abs995, Absin, Shanghai, China). Firstly, 5puL of Protein A and 5pL of
Protein G were added to 500 uL of sample and incubated for 60 min at
4°C, followed by centrifugation at 12,000 x g for 1 minute at 4°C, and
removal of the supernatant. 1pg of primary antibody (RASD2, rabbit
polyclonal antibody, RHES-101AP, FabGennix, TX, USA; or Rabbit IgG,
abs20035, Absin; as appropriate) was added to the supernatant and
incubated overnight at 4 °C with gentle mixing. After washing with 500 pL
wash buffer (1x), the samples were centrifuged at 12,000 x g for 1 min and
the precipitate was retained. Forty pL of SDS sample buffer (1x) was added
to the precipitate and then the samples were placed in a water bath for
5min at 95-100 °C, followed by centrifugation at 14,000 x g for 1 minute.
Finally, the samples were analyzed by western blotting (primary antibody:
RASD2, 1:500, RHES-101AP, rabbit polyclonal antibody, FabGennix; DRD2,
1:500, sc-5303, mouse monoclonal antibody, Santa Cruz Bio, TX, USA).

Immunohistochemistry

On the 3rd day after the last 5-d UMS, 90 min after the last behavioral
experiment, the whole brains of mice were removed for immunostaining.
Mice were anesthetized by intraperitoneal injection with pentobarbital
sodium (65 mg/kg, Dingguo Changsheng Biotechnology), and then
perfused transcardially with saline followed by 4% paraformaldehyde at
4°C. After perfusion, mouse brains were removed, post-fixed in 4%
paraformaldehyde for 24 h at 4°C, and then transferred to 30% sucrose
solution in 0.1 M PBS until sinking. Next, the brain tissue was placed in a
tinfoil box containing Tissue-Tek O.C.T. Compound (#4583, SAKURA, CA,
USA), and stored at —80°C for further analysis. Coronal sections (30 um
thickness) of brain tissue were taken using a cryostat (Leica, Heidelberg,
Germany, CM1860). The brain slices were washed in PBS, transferred to PBS
containing 0.6% hydrogen peroxide and incubated at room temperature
for 15 min. After washing with PBS, the brain slices were transferred to a
solution containing the primary antibody (c-Fos, 1:1000, mouse mono-
clonal antibody, sc-166940, Santa Cruz Bio; RASD2, 1:500, rabbit polyclonal
antibody, ab67277, Abcam), 2% normal goat serum (abs933, Absin), 0.05%
sodium azide and 0.3% Triton X-100 PBS, and incubated at 4 °C for 72 h.
After washing with PBS, the slices were transferred to a solution containing
secondary antibody (goat anti-rabbit (HRP conjugated), 1:400, ZB2010,
ZSBG-Bio; or goat anti-mouse (HRP conjugated), 1:400, CW0102S, CWBIO,
Beijing, China; as appropriate) and 0.3% Triton X-100 PBS, incubated at
room temperature for 75 min, and then washed in PBS. The brain slices
were incubated using the VECTASTAIN ABC kit (PK4002, Vector Labora-
tories, CA, USA) for 75min and then washed with PBS, followed by
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processing with the DAB Substrate Kit (BL732A, Biosharp Life Sciences,
Anhui, China), and incubated for 10 min. After washing with PBS, slices
were placed on microscope slides and stained in 0.2% neutral red solution
for 3 min. The reaction was terminated with ddH,0O, and the slides were
soaked for 15 s each in 70%, 95%, and 100% ethanol solutions, followed by
xylene for 1 min. Slides were sealed with neutral gum. The staining was
observed and captured by microscope (Olympus, Japan, IX73/BX51WI).
Counting of c¢-Fos nuclei was conducted by individuals blinded to
experimental conditions. Each count is the average of triplicate measures.
Details of the procedure can be found in a published reference [26].

Immunofluorescence

The methods of obtaining and fixing brain tissue followed procedures
described for immunohistochemistry. Brain tissues were coronally sec-
tioned on a cryostat (Leica, CM1860) at a thickness of 15 um, attached to
slides, dried at room temperature, and stored at —20°C for later
processing. After washing with PBS, the slices were placed in citrate
buffer (1x) (CW0128S, CWBIO) and microwaved to retrieve antigens. Slices
were transferred to a solution containing 10% normal goat serum in 0.3%
Triton X-100 PBS and incubated at room temperature for 2 h. Brain slices
were transferred to solutions containing a primary antibody in 0.15% Triton
X-100 PBS and 1.5% normal goat serum, and incubated at 4 °C overnight.
The primary antibodies used were: c-Fos (1:50, mouse monoclonal
antibody, sc-166940, Santa Cruz Bio; 1:500, Rabbit monoclonal,
ab214672, Abcam), Fluorescent Gold (1:1000, rabbit polyclonal antibody,
AB153-l, Millipore Sigma, PA, USA), RASD2 (1:200, rabbit polyclonal
antibody, ab67277, Abcam), DRD2 (1:50, mouse monoclonal antibody,
sc-5303, Santa Cruz Bio). After incubation in primary antibodies, slices were
washed with PBS and incubated with the secondary antibody in 0.15%
Triton X-100 PBS for 1h at room temperature. The secondary antibodies
used were: FITC Goat Anti-Rabbit (1:1000, RS0004, ImmunoWay Biotech-
nology), Alexa Fluor® 594 Goat Anti-Mouse (1:200, ab150116, Abcam),
Alexa Fluor® 488 Goat Anti-Mouse (1:2000, ab150113, Abcam), Cy3 Goat
Anti-Rabbit (1:100, AS007, ABclonal Technology, Wuhan, China). Following
DAPI staining for 5 min, the slices were washed with PBS and sealed with
30% glycerol. The staining was observed and captured by microscope
(IX73/BX51WI, Olympus). The positive cells with fluorescence were counted
by Image J software, version 1.52. Each count is the average of triplicate
measures.

Statistical analysis

No statistical methods were used to predetermine sample sizes in mouse
studies, but our sample sizes are similar to those reported in previous
publications [30, 37, 38]. Data were represented as mean * s.e.m. and were
analyzed using GraphPad Prism software (version 8.0.1) and SPSS (version
23). For all two group experiments, two-tailed unpaired t-tests were used.
For more than 2 group experiments, two-way and three-way ANOVA were
used to compare the effects of factorial designs. When a significant
difference was obtained in ANOVA, post hoc comparisons were performed
between means using Tukey's HSD test. p<0.05 was considered
statistically significant. The Shapiro-Wilk test was used to evaluate the
normality of the data. All statistical tests were two-sided.

RESULTS

5-d UMS was sufficient to induce depression-like behaviors
in mice

To investigate whether 5-d UMS produced depression-like
behavior, behavioral changes were analyzed (Fig. 1a). In the open
field test, there were no significant differences between control
and 5-d UMS mice in the total distance moved, line crosses,
rearing, or center entries (Fig. 1b—g), suggesting that 5-d UMS
exposure had no effect on locomotor activity. The forced swim
test, sucrose preference test, and tail suspension test were
performed to evaluate depression-like behavior. Antidepressants
selectively increase climbing behavior in the forced swim test in
animals through the catecholaminergic systems, while antide-
pressants targeting the serotonergic system selectively increase
swimming behavior [39, 40], therefore, we conducted a detailed
analysis of behavior in the forced swim test. The results showed
that the duration of immobility was increased after 5-d UMS, while
the duration of climbing and swimming was decreased (Fig. Th—j).
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Fig.1 5-d UMS exposure induces depression-like behavior in mice. a Schematic of experimental design and timeline. Representative tracks
(b) and heatmaps (c) displaying mouse movement in the open field test. Total distance of movement (d), line crosses (e), rearing (f), and center
entries (g) in the open field test. N=14 and 17 mice for control and 5-d UMS groups, respectively. Two-tailed unpaired t-test: distance,
tog) = 1.214, p = 0.2347; line crosses, t9) = 1.286, p = 0.2088; rearing, tq) = 0.1964, p = 0.8457; and center entries, t,9) = 0.4110, p = 0.6841.
The immobility time (h), climbing time (i), swimming time (j), and defecation (fecal boli) (k) in the forced swim test. N= 14 and 17 mice for
control and 5-d UMS groups, respectively. Two-tailed unpaired t-test: immobility time, tp9) = 2.172, p =0.0382; climbing time, tug) = 2.220,
p =0.0344; swimming time, t9) = 2.682, p =0.0119; defecation, tg) = 0.02498, p = 0.9802. | Graph represents sucrose preference data (%)
during baseline (Day 0) and treatment (Day 7) phases of the study. N = 14 and 17 mice for control and 5-d UMS groups, respectively. Two-way
ANOVA (factor 1: time; factor 2: treatment): Fimextreatment (1, 58) = 3.348, p=0.0724; Fime (1, 58) = 0.2884, p = 0.5933; Fireatment (1, 58) = 13.40,
p = 0.0005. Tukey’s HSD post hoc test: after treatment, pcontrol vs. 5-d ums) = 0.0015. m Immobility time in the tail suspension test. N= 14 and 17
mice for control and 5-d UMS groups, respectively. Two-tailed unpaired t-test: t0) = 2.136, p = 0.0413. n Corticosterone levels in mouse serum
(n =5 per group). tg = 2.415, p = 0.0422. o Representative images showing c-Fos expression in the NAc (left, scale bar, 200 and 20 pm) and the
number of c-Fos expressing neurons in NAcc and NAcs (right). N=3 and 4 mice for control and 5-d UMS groups respectively. Two-tailed
unpaired t-test: NACC, t) = 2.097, p = 0.0496; NACs, to0) = 2.326, p = 0.0307. p Representative images showing c-Fos expression in the mPFC
(left, scale bar 200 and 20 pm), and the number of c-Fos expressing neurons in Cg1, PrL, and IL (right). N=4 and 3 mice for control and 5-d
UMS groups, respectively. Two-tailed unpaired t-test: Cg1, t(17) = 2.738, p = 0.0140; PrL, t(5;) = 2.405, p = 0.0250; IL, t19y = 3.199, p = 0.0047. The
data are expressed as mean * s.e.m. *p < 0.05, **p < 0.01 and ***p < 0.001. 5-d UMS 5-day unpredictable mild stress, OFT open field test, FST
forced swim test, TST tail suspension test, WB western blotting, co-IP co-immunoprecipitation, IHC immunohistochemistry, ELISA enzyme-
linked immunosorbent assay, NAcc NAc core, NAcs NAc shell, Cg1 cingulate cortex 1, PrL prelimbic cortex, IL infralimbic cortex.
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In addition, 5-d UMS exposure significantly reduced sucrose
preference in mice (Fig. 11) and increased immobility time in the
tail suspension test (Fig. Tm). These results suggest that 5-d UMS
exposure induces depression-like behavior in mice.
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To further confirm the 5-d UMS-induced mouse depression
model, we measured plasma corticosterone levels by an enzyme-
linked immunosorbent assay, finding that 5-d UMS exposure
significantly increased serum corticosterone levels (Fig. Tn). This is
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Fig.2 The mechanisms of 5-d UMS in inducing depression-like behavior involve RASD2 and DRD2. a The representative images showing
RASD2 expression in the NAc (top, scale bar =200 and 20 pm), and the number of RASD2-expressing neurons in NAcc and NAcs (bottom).
N =4 mice per group. Two-tailed unpaired t-test: NAcc, t g = 2.418, p =0.0258; NACs, to) = 2.591, p=0.0175. b Representative images
showing RASD2 expression in the mPFC (top, scale bar =200 and 20 pm), and the number of RASD2-expressing neurons in Cg1, PrL, and IL
(bottom). N=3 mice per group. Two-tailed unpaired t-test: Cg1, t4o =2.721, p=0.0215; PrL, t41)=0.9488, p=0.3631; IL, t(1)=3.407,
p =0.0059. ¢ 5-d UMS caused changes in RASD2 and dopamine-related protein expression in the NAc. N =4-7 mice. Two-tailed unpaired
t-test: RASD2, t7 = 3.050, p = 0.0186; DRDI1, t;o) = 2.315, p = 0.0458; DRD2, t; = 2.597, p = 0.0356; DARPP-32, t,g = 2.313, p = 0.0494; GluA1,
to)= 1.035, p = 0.3251. d 5-d UMS caused changes in RASD2 and dopamine-related protein expression in the mPFC. N = 4-7 mice. Two-tailed
unpaired t-test: RASD2, tg = 2.507, p =0.0365; DRD1, t4q =0.4337, p=0.6737; DRD2, t@g =0.9415, p=0.3740; DARPP-32, t;=2.981,
p =0.0205; GluA1, t =2.250, p=0.0482. e Western blot images of a RASD2 immunoprecipitation showing co-immunoprecipitation of
RASD2 and DRD2 in the NAc (left). Quantification of DRD2 co-immunoprecipitation with RASD2 immunoprecipitation. Each sample was
normalized by its input and then DRD2 was normalized for the amount of RASD2 immunoprecipitated (right). N =5 mice per group. Two-
tailed unpaired t-test: tg) = 6.616, p = 0.0002. f Schematic of experimental design and timeline. g 5-d UMS reduces the projection of PrL to the
NAcc (scale bar, 20 pm). N=4 mice per group. Two-tailed unpaired t-test: Cg1, tz = 1.665, p=0.1102; PrL, to =2.202, p=0.0385; IL,
tp2) =0.4018, p=0.6917. The data are expressed as mean +s.em. *p <0.05, **p <0.01 and ***p <0.01. 5-d UMS 5-day unpredictable mild
stress, IF immunofluorescence, DRD1 dopamine D1 receptor, DRD2 dopamine D2 receptor, DARPP-32 dopamine and cAMP-regulated
phosphoprotein, 32 kDa, GIuA1 glutamate receptor subunit 1, FG fluorogold, NAcc NAc core, NAcs NAc shell, Cg1 cingulate cortex 1, PrL

prelimbic cortex, IL infralimbic cortex.

consistent with previous studies that stress induces elevated
plasma corticosterone levels in mice [41, 42]. In addition,
immunohistochemistry was performed to investigate the changes
in c-Fos expression in the NAc and mPFC, and the results showed
that 5-d UMS exposure significantly reduced c-Fos expression in
the NAc (core and shell) and mPFC (Cg1, PrL, and IL) (Fig. 10, p).
The above results indicate that the 5-d UMS depression model
recapitulated several features of depression.

5-d UMS reduces RASD2 protein expression in the NAc and
mPFC and regulates the levels of RASD2-related proteins

To further investigate the molecular mechanisms related to 5-d
UMS-induced depression-like behavior, we first explored the
changes in RASD2 protein expression in the NAc and mPFC by
immunohistochemistry. We found that 5-d UMS significantly
reduced the expression of RASD2 in the NAc (core and shell)
(Fig. 2a) and reduced the expression of RASD2 in the Cg1 and IL
subregions of the mPFC (Fig. 2b).

Based on the critical regulatory role of dopamine receptor-
related signaling pathways in depression-like behaviors, and the
role of RASD2 in the regulation of dopamine receptor function [17,
43-45], western blotting was performed to investigate the effects
of 5-d UMS on the protein levels of RASD2, DRD1, DRD2, DARPP-
32, and GluA1 in the NAc and mPFC. There was a decrease in
RASD2 and DRD2 expression, while there was an increase in DRD1
and DARPP-32 expression in the NAc of mice after 5-d UMS
(Fig. 2¢). In addition, there was a decrease in RASD2 and GluA1
expression, while there was an increase in DARPP-32 expression in
the mPFC of mice after 5-d UMS (Fig. 2d). To explored the effect of
5-d UMS on the interaction between RASD2 and DRD2 in the NAc,
co-immunoprecipitation was performed, providing evidence for a
direct interaction between RASD2 and DRD2 in the NAc, which
was reduced by 5-d UMS (Fig. 2e).

5-d UMS inhibits the projection of PrL to the NAcc

There are differential projections to NAc subregions from cortical
and subcortical structures. For instance, PFC preferentially projects
to NAcc and ventral hippocampus preferentially projects to NAc
shell (NAcs) [25, 46]. To label mPFC neuronal pathways projecting
to the NAcc, and to explore the effect of 5-d UMS on this circuit,
we injected the Fluorogold bilaterally into the NAcc. Two days
after the injection, the mice experienced 5-d UMS or went
unstressed (Fig. 2f). Fluorogold-positive neurons in the NAcc
reversely labeled neurons in the mPFC which were co-labeled with
c-Fos by immunofluorescence. As shown in Fig. 2g, there was
Fluorogold labeling in all three mPFC subregions (Cg1, PrL, and IL).
5-d UMS significantly reduced the co-expression of c-Fos and
Fluorogold in the PrL. Collectively, these results indicate that all
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three subregions in the mPFC send projections to the NAcc, but
5-d UMS only inhibits activity in the PrL-NAcc circuit.

Rasd2 overexpression in NAcc alleviates depression-like
behaviors after 5-d UMS

Since RASD2 is mainly concentrated in the striatum [17] and 5-d
UMS induced changes in DRD1 and DRD2 expression in the NAc
(but not mPFC), we constructed mice with Rasd2 overexpression
or knock-down in the NAcc by injecting lentivirus vectors
bilaterally into the NAc (1.0 uL; ov-control: pLenti-Ubc-EGFP-
3FLAG, 1.55E + 09 TU/mL; ov-Rasd2: pLenti-Ubc-EGFP-2A-3FLAG-
Rasd2, 4.77E+08 TU/mL, Obio Technology, Shanghai, China)
(1.0pL;  sh-control:  pLV-hU6-NC-hef1la-mNeongreen-P2A-Puro,
2.82E + 08 TU/mL; sh-Rasd2: pLV-hU6-Rasd2-hef1a-mNeongreen-
P2A-Puro, 2.68E+ 08 TU/mL, Synthetic Biological Technology,
Beijing, China) (Fig. 3b and Supplementary Fig. 1b). The 5-d UMS
exposure started 15 days after virus injection. Subsequently,
behavioral experiments were performed to explore the effects of
Rasd2 manipulations on depression-like behavior after 5-d UMS
(Fig. 3a and Supplementary Fig. 1a). In the open field test, Rasd2
overexpression (or knock-down) in NAcc had no significant effect
on the total distance moved, line crosses, rearing, or center entries
(Fig. 3g-l1 and Supplementary Fig. 1g-l), indicating that Rasd2
overexpression (or knock-down) in the NAcc had no effect on
locomotor activity after 5-d UMS. In the forced swim test, Rasd2
overexpression significantly reduced the duration of immobility
(Fig. 3¢), the duration of climbing (Fig. 3d), and defecation (Fig. 3f),
but significantly increased the duration of swimming after 5-d
UMS (Fig. 3e). Rasd2 overexpression in the NAcc also significantly
increased sucrose preference (Fig. 3m) and decreased immobility
in the tail suspension test after 5-d UMS (Fig. 3n). However, Rasd2
knock-down in the NAcc had no effect on depression-like
behaviors after 5-d UMS (Supplementary Fig. 1c—f, m-n).

Rasd2 overexpression in the NAcc activates DRD2-cAMP-PKA-
DARPP-32 signaling pathways after 5-d UMS

To expand upon the above experimental results showing that 5-d
UMS reduced GIuA1 protein expression in the mPFC, we next
investigated the effects of Rasd2 overexpression (or knock-down)
on the expression of GIuA1 in the mPFC after 5-d UMS. The results
showed that Rasd2 overexpression increased GIluA1l protein
expression in the mPFC (Fig. 30).

Based on the key regulatory role of the DRD1/DRD2-cAMP-PKA-
DARPP-32 signaling pathway in antidepressant-like effects, we
next investigated molecular changes in the expression of related
proteins in the NAc and mPFC after Rasd2 overexpression (or
knock-down). The results showed that Rasd2 overexpression
increased the expression of DRD2 and significantly decreased
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the expression of cAMP, PKA, and DARPP-32 in the NAc (Fig. 3p).
However, knock-down of Rasd2 only reduced DRD2 expression in
the NAc (Supplementary Fig. 1p).

To further confirm that the role of Rasd2 overexpression in the
NAcc in regulating depression-like behavior after 5-d UMS is
related to DRD2 signaling, we investigated the effect of Rasd2
overexpression on the colocalization of RASD2 and DRD2 by
immunofluorescence. The results showed that Rasd2
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overexpression increased co-labeling of DRD2 and RASD2 in the
NAcc (Fig. 3q).

Activation of PrL-NAcc glutaminergic projection alleviates
depression-like behaviors and increases DRD2- and RASD2-
positive neurons in the NAcc

Our results show that 5-d UMS decreased the expression of GIuA1 in
the mPFC and inhibited the PrL-NAcc circuit. Previous work has
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Fig. 3 Rasd2 overexpression in the NAcc attenuates depression-like behavior and activates the DRD2-cAMP-PKA-DARPP-32 signaling
pathway in mice. a Schematic of experimental design and timeline. b Schematic diagram of microinjection of lentivirus vectors into mouse
NAcc. Duration of immobility (c), climbing (d), and swimming (e), and the number of fecal boli (defecation) (f) in the forced swim test. N= 10,
11 mice in ov-control and ov-Rasd2 groups, respectively. Two-tailed unpaired t-test: duration of immobility, t;o) = 2.100, p = 0.0493; duration
of climbing, t9) = 2.130, p = 0.0465; duration of swimming, t(;9) = 3.216, p = 0.0046; defecation, t5) = 2.590, p = 0.0180. Representative tracks
(g) and heatmaps (h) displaying mouse movement in the open field test. Total distance moves (i), line crosses (j), rearing (k), and center entries
(I) in the open field test. N=10, 11 mice for ov-control and ov-Rasd2 groups, respectively. Two-tailed unpaired t-test: distance, t;9) = 0.8095,
p = 0.4282; line crosses, t(10) = 1.413, p = 0.1737; rearing, t9) = 0.5033, p = 0.6206; center entries, t(1o) = 0.5485, p = 0.5897. m Graph represents
sucrose preference (%) before (Day 0) and after (Day 23) 5-d UMS. N =10, 11 mice for ov-control and ov-Rasd2 groups, respectively. Two-way
ANOVA (factor 1: time; factor 2: treatment): Fymextreatment (1, 38) = 0.9972, p=0.3243; Fyme (1, 38) = 21.83, p<0.0001; Fyreatment (1,38) = 9.783,
p = 0.0034. Tukey’s HSD post hoc test: after treatment, p(oy-control vs. ov-Rasd2) = 0.0288; in the ov-Rasd2 mice, ppaseline vs. testy = 0.0011. n Duration
of immobility in the tail suspension test. N=10, 11 mice in ov-control and ov-Rasd2 groups, respectively. Two-tailed unpaired t-test:
tno) = 3.015, p =0.0071. o Rasd2 overexpression in the NAcc increased the GluA1 expression in the mPFC after 5-d UMS. N =4, 5 mice in ov-
control and ov-Rasd2 groups, respectively. Two-tailed unpaired t-test: t; =2.391, p=0.0481. p Rasd2 overexpression activated the DRD2-
cAMP-PKA-DARPP-32 signaling pathway in the NAc. N=4-5 mice. Two-tailed unpaired t-test: RASD2, tg =4.255, p=0.0028; DRD1,
t@ = 0.5450, p = 0.6006; DRD2, t; = 2.591, p=0.0359; cAMP, ty, = 2.692, p=0.0310; PKA, t;, = 3.887, p=0.0060; DARPP-32, t;, = 2.689,
p=0.0311. q Rasd2 overexpression increased the co-expression of RASD2 and DRD2 (scale bar, 20 um). N=4 mice per group. Two-tailed
unpaired t-test: to) = 2.270, p = 0.0344. The data are expressed as mean = s.e.m. *p < 0.05 and **p < 0.01. 5-d UMS 5-day unpredictable mild
stress, OFT open field test, FST forced swimming test, TST tail suspension test, WB western blotting, IF immunofluorescence, GluA1 glutamate
receptor subunit 1, DRD1 dopamine D1 receptor, DRD2 dopamine D2 receptor, cAMP cyclic adenosine monophosphate, PKA protein kinase A,

DARPP-32 dopamine and cAMP-regulated phosphoprotein, 32 kDa, NAcc NAc core.
<

reported that mPFC provides its glutamatergic inputs to the NAc,
and the IL preferentially projects to the NAcs and the PrL to the
NAcc [47]. Therefore, we injected cre-dependent pAAV2/8-hSyn-
DIO-hM4D(Gi)-mCherry (or pAAV2/8-hSyn-DIO-hM3D(Gq)-mCherry,
pAAV2/8-hSyn-DIO-mCherry) bilaterally into the PrL region of the
mPFC, along with a retrograde CaMKlla promoter-driven pAAV2/
Retro-CaMKlla-EGFP-P2A-Cre-WPRE into bilateral NAcc of mice,
allowing the selective targeting of glutamatergic neurons in the
PrL. 5-d UMS was performed 15 days after virus injection. CNO was
administered 30 min before behavioral experiments to selectively
activate or inhibit the PrL-NAcc glutamatergic projections
(Fig. 4a, b).

In the open field test, activation/inhibition of glutamatergic
projections from the PrL to NAcc had no significant effect on
the total distance moved, line crosses, rearing, or center entries
(Fig. 4c-h). This suggests that PrL-NAcc glutamatergic projections
have no role in locomotor activity after 5-d UMS. Next,
we investigated the effects of activating/inhibiting PrL-NAcc
glutamatergic projections on depression-like behavior after 5-d
UMS using the forced swim test, sucrose preference test, and
tail suspension test. In the forced swim test, the results
showed that activation of PrL-NAcc glutamatergic projections
reduced the duration of immobility (Fig. 4i) and increased the
duration of swimming (Fig. 4k) in the forced swim test. However,
inhibition of PrL-NAcc glutamatergic projections did not
affect immobility or swimming in the forced swim test. Interest-
ingly, activation of PrL-NAcc glutamatergic projections had no
effect on the duration of climbing, while inhibition of PrL-NAcc
glutamatergic projections decreased the duration of climbing
(Fig. 4j). In the sucrose preference test, activation of PrL-NAcc
glutamatergic  projections increased sucrose preference
(Fig. 4m). Finally, in the tail suspension test, activation of PrL-
NAcc glutamatergic projections decreased immobility time
(Fig. 4n).

Next, we investigated the effects of activating/inhibiting PrL-
NAcc glutamatergic projections on the levels of RASD2-positive
and DRD2-positive neurons in the NAcc by immunofluorescence.
We found that activation of PrL-NAcc glutamatergic projections
increased the co-expression of RASD2 and c-Fos in the NAcc,
and inhibition of PrL-NAcc glutamatergic projections decreased
that co-expression (Fig. 40). Similarly, the activation of PrL-NAcc
glutamatergic projections increased the co-expression of
DRD2 and c-Fos in the NAcc, and inhibition of PrL-
NAcc glutamatergic projections decreased that co-expression
(Supplementary Fig. 2a, b).
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Rasd2 overexpression in DRD2P™™NA< neurons alleviates
depression-like behaviors after 5-d UMS

Our experiments have shown that 5-d UMS decreases the interaction
of RASD2 and DRD2 in the NAc. Rasd2 overexpression reduces
depression-like behaviors after 5-d UMS while increasing the
co-expression of RASD2 and DRD2 in the NAcc. However, it remains
to be seen if RASD2 expression specifically in DRD2"™NA neurons
underlies these effects on depression-like behavior. To address this
question, Drd2-cre transgenic mice were used to construct mice with
Rasd2 overexpression selectively in DRD2"™"NA neurons (Fig. 5a—c).
We injected pAAV2/9-EF1a-fDIO-mCherry-P2A-3xFLAG-Rasd2-WPRE
(04 L, 7.10E 4 12 V.G/mL, Obio Technology) in bilateral PrL and
pAAV2/Retro-hSyn-DIO-EGFP-T2A-NLS-FLPO-WPRE (0.4 pL, 840E +
12 V.G./mL, Obio Technology) bilaterally in the NAcc of wild type and
Drd2-cre mice. 15 days after the virus injection, mice received the 5-d
UMS regimen. Co-localization of DRD2 and RASD2 in the NAcc was
investigated by immunofluorescence, and we found that Drd2-cre
mice had higher co-expression of RASD2 and DRD2 in the NAcc
(Fig. 5d).

In the open field test, Rasd2 overexpression in DRD
neurons had no significant effect on the total distance moved, line
crosses, rearing, or center entries (Fig. 5e—j), suggesting that Rasd2
overexpression in DRD2P™MA neurons had no effect on
locomotor activity after 5-d UMS. In the forced swim test, Rasd2
overexpression in DRD2P"-™NA neurons significantly reduced the
duration of immobility (Fig. 5k), and significantly increased the
duration of climbing and swimming (Fig. 5I, m). In addition, Rasd2
overexpression in DRD2P™MNA neurons increased sucrose pre-
ference (Fig. 50) and reduced the duration of immobility in the tail
suspension test (Fig. 5p).

2PrL»NAcc

DISCUSSION

The present study showed a regulatory mechanism of Rasd2
expression on 5-d UMS-induced depression-like behavior. We
found that Rasd2 overexpression alleviated depression-like
behaviors and activated the DRD2-cAMP-PKA-DARPP-32 signaling
pathway. 5-d UMS inhibited PrL-to-NAcc projections, whereas
further activation of the PrL-NAcc glutamatergic circuit by
excitatory and inhibitory designer receptors exclusively activated
by designer drugs (DREADD:s) attenuated depression-like behavior
and increased the activity of RASD2- and DRD2-positive neurons.
Based on Drd2-cre trans%enic mice, we demonstrated that Rasd2
overexpression in DRD2""™NA neurons attenuated depression-
like behaviors.
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5-day repeated forced swim stress was shown to induce reduced
sucrose preference in mice and this emotional symptom persisted
for at least 4 weeks [48], however, the progressive increase in
floating may reflect an adaptive learned behavioral response that
promotes survival [49, 50]. In our studies, 5-d UMS experience was
sufficient to induce depression-like behaviors in mice (including
behavioral despair and anhedonia). In the forced swim test, 5-d UMS
reduced the duration of climbing and swimming, as well as
increased the duration of immobility. Catecholaminergic and
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serotonergic systems have differential roles in climbing and
swimming behavior in the forced swim test, respectively [39, 40].
Therefore, depression-like behaviors induced by 5-d UMS may be
related to changes in both catecholamine and serotonin systems. In
addition, 5-d UMS increased serum corticosterone levels in mice
and reduced the expression of c-Fos in the NAc (core and shell) and
mPFC (Cg1, PrL, and IL), findings that are consistent with the
previous studies [41, 42, 51, 52]. Together, these findings indicate
that this 5-d UMS procedure produced a valid model of depression.
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Fig. 4 Activation of the PrL-NAcc circuit attenuates depression-like behavior after 5-d UMS. a Schematic of experimental design and
timeline. b Schematic diagram of microinjection of viral vectors into mouse PrL and NAcc sites (top, left); Representative images of CaMKlla-cre
injection site in NAcc (green) (top, middle) and hM4Di injection site in PrL (red) (top, right); Representative images of mCherry- (middle, left) and
EGFP- (middle, middle) positive neurons in the PrL; Representative image of mCherry and EGFP co-labeled in the PrL (middle, right), arrows
indicate co-expressed neurons; Representative images of mCherry- (bottom, left) and EGFP- (bottom, middle) positive neurons in the NAcc;
Representative image of mCherry and EGFP co-labeled in the NAcc (bottom, right). Scale bar =200 pm, 100 pm and 20 pm. Representative tracks
(c) and heatmaps (d) displaying mouse movement in the open field test. Total distance moved (e), line crosses (f), rearing (g), and center entries (h)
in the open field test. N = 8 mice for each group. Two-way ANOVA (factor 1: CNO; factor 2: virus): distance, Fenoxvirus (2, 42) = 04916, p = 0.6151;
Fuirus 2, 42) = 0.4595, p= 0.6347; Fcno A, 42) = 1.368, p= 0.2488; line crosses, Fenoxvirus (2, 42) = 0.0273, p= 0.9731; Fyirus 2, 42) = 0.2017, p= 0.8182;
FCNO a, 42) = 1.571, pP= 0.2170; rearing, FCNOxvirus 2, 42) = 2.242, p= 0.1188; Fvirus (2, 42) = 0.4293, p= 0.6538; FCNO 1, 42) = 5.893, p= 0.0196; center
entries, Fenoxvirus (2, 42) = 04996, p = 0.6103; Fyipus (2, 42) = 0.2914, p = 0.7487; Fcno (1, 42y = 0.0937, p = 0.7611. Duration of immobility (i), climbing
(j), and swimming (k), and the number of fecal boli (defecation) (I) in the forced swim test. N = 8 mice for each group. Two-way ANOVA (factor 1:
CNO; factor 2: virus): immobility, Fenosvirus (2, 42) = 8.899, p = 0.0006; Fyirus (2, 42) = 2.824, p = 0.0707; Fcno (1, 42 = 0.0006, p = 0.9374. Tukey's HSD
post hoc test: in CNO-treated mice, p(control vs. hm3Dg) = 0.0287, P(hm3Dq vs. hmapiy = 0.0031; in hM3Dg-treated mice, psaiine vs. cnoy = 0.0414; climbing,
FeNoswirus (2, 42) = 5.285, p = 0.0090; Fyirys (2, 42) = 1.645, p = 0.2052; Feno (1, 42) = 1.917, p = 0.1735. Tukey'’s HSD post hoc test: in hM4Di-treated mice,
Psaline vs. cno) = 0.0199; SWImming, Fenosvirus 2, 42) = 6.231, p = 0.0043; Fuirus (2, 42) = 4.903, p = 0.0122; Feno (1, 42 = 1491, p = 0.0004. Tukey’s HSD
post hoc test: in CNO-treated mice, P(control vs. hm3Dg) = 0:0137, Pmspg vs. hmapi = 0.0030; in hM3Dg-treated mice, psaiine vs. cnoy = 0.0007;
defecation, Fenoxvirus (2, 42 = 1.371, p=10.2650; Fyirus (2, a2 =0.2623, p=10.7705; Fcno (1, 42y = 3.382, p=10.0730. m Graph represents sucrose
preference (%) before (Day 0) and after (Day 23) treatment. N = 8 mice for each group. Three-way ANOVA (factor 1: CNO; factor 2: virus; factor 3:
time): FCNOxvirusxtime (2,84 = 5.077, p= 0.008; Ftimexvirus (2, 84) = 2.096, p= 0.129; FtimexCNO (1,84) = 0.426, p= 0.516; FCNOXviruS (2,84) = 4,261, p= 0.017;
Fuirus @, 84y = 2.101, p = 0.129; Fcno (1, 84) = 0.537, p = 0.466; Frime (1, 8) = 3.529, p = 0.064. Tukey’s HSD post hoc test:in CNO + hM3Dg-treated mice,
P(baseline vs. treatment) < 0.001; after treatment: in CNO-treated mice, p(control vs. hm3pg) < 0.001, Phm3Dq vs. hmvapiy < 0.001; in hM3Dg-treated mice, psaiine
vs. cNoy < 0.001. n Duration of immobility in the tail suspension test. N =8 mice for each group. Two-way ANOVA (factor 1: CNO; factor 2: virus):
FeNoswirus (2, 42) = 1.706, p = 0.1940; Fyirys (2, 42) = 5.142, p = 0.0101; Fcno (1, 42) = 5.142, p = 0.0011. Tukey’s HSD post hoc test: in CNO-treated mice,
P(control vs. hm3pg) = 0.0212; in hM3Dg-treated mice, p(saiine vs. cnoy = 0.0128. o Effects of PrL-NAcc circuit activation/inhibition on the activity of
RASD2-positive neurons in the NAcc after 5-d UMS (scale bar, 20 pm). Two-way ANOVA (factor 1: CNO; factor 2: virus): Fenosvirus (2, 48 = 10.92,
p =0.0001; Fyirus (2, a8y = 8.605, p = 0.0006; Fcno (1, 48) = 0.03595, p = 0.8504. N = 3 mice per group. Tukey’s HSD post hoc test: in CNO-treated mice,
P(control vs. hM3Dq) = 0.0329, P(control vs. hM4Di) = 0.0379, P(hm3Dq vs. hM4Di) < 0.0001; in hM3Dq—treated mice, P(saline vs. CNO) = 0.0100; in hM4Di-treated
MIice, Psaline vs. cnoy = 0.0450. The data are expressed as mean = s.e.m. *p < 0.05, **p < 0.01 and ***p < 0.001. 5-d UMS 5-day unpredictable mild
stress, OFT open field test, FST forced swim test, TST tail suspension test, IF immunofluorescence, CNO clozapine-N-oxide, DRD2 dopamine D2

receptor, NAcc NAc core, Cg1 cingulate cortex 1, PrL prelimbic cortex, IL infralimbic cortex.

Based on the previous studies showing that stress alters the
expression of Rasd2 in the mPFC [15, 16], we examined changes in
RASD2 levels in brain regions of mice after 5-d UMS. Both
immunohistochemistry and western blotting data showed that
5-d UMS reduced the expression of RASD2 in the NAc and mPFC.
Stress-induced changes in the expression of DRD1 and DRD2 are
related to the type [53, 54], and duration [3, 55-58] of stress.
Resistant rats exposed to chronic mild stress for both 2 and
5 weeks showed DRD2 downregulation in the NAc core [58]. DRD2
density was down-regulated after 2 weeks of chronic mild stress,
but no changes in DRD2 biosynthesis (i.e. Drd2 mRNA levels) were
observed. However, 5 weeks of chronic mild stress produced
different effects, resistant rats showed strong neuroplasticity by
regulating DRD2 density and Drd2 mRNA levels [58]. These
alterations buffer the effects of stress and control the normal-
ization of mesolimbic dopamine circuits in stress-resistant animals
by enhancing DRD2 biosynthesis [3, 58], and stress-reactive rats
may exhibit a delayed DRD2 response to stress compared to
stress-resistant animals, resulting in an anhedonia behavior [58]. In
addition, stress type also has different effects on the expression of
DRD1 and DRD2. Chronic restraint stress (1 h/ day for 12 days)
induced a decrease in DRD1 density in the NAc, but did not affect
DRD2 density. Chronic immobilization stress (2 h/day for 10 days)
induced an increase in DRD2 ligand binding level in rats NAc shell
[57]. Mice exposed to chronic restraint stress (6h/day for 21
consecutive days) showed a decrease in the level of Drd7 mRNA in
the NAc [54]. In addition, maternal deprivation (6 h/ day for
14 days) combined with chronic unpredictable stress (21 days)
reduced the expression of DRD1 and DRD2 in the NAc [53],
however, 16 consecutive days of chronic unpredictable stress
induced an increase in the expression of DRD1 in rats’ limbic
system [56]. In our data, 5-d UMS increased the protein expression
of DRD1 and decreased the expression of DRD2 in the NAc. In
addition, 5-d UMS had no significant effect on the expression of
DRD1 and DRD2 proteins in the mPFC, this is consistent with
previous studies in which there were no change in DRD1 and
DRD2 expression in the PFC of mice exposed to chronic
immobilization stress or chronic social defeat [54, 59]. It has been
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pointed out that stress may increase extracellular dopamine levels
in the limbic structures, but this may be offset by the opposing
effects imposed by the hypodopaminergic functioning of the
mPFC [59-61].

DARPP-32 is a cytoplasmic protein that plays a central role in
regulating dopamine signaling [62]. Upon PKA-catalyzed phos-
phorylation of the DARPP-32 Thr34 site, DARPP-32 is converted to
an inhibitor of PP-1 [63]. Inhibition of PP-1 prevents the
dephosphorylation of target proteins regulated by PKA, thereby
enhancing cAMP-mediated signaling [64]. In the present study,
5-d UMS significantly increased DARPP-32 expression in both NAc
and mPFC. In addition, 5-d UMS significantly reduced GIluA1
expression in the mPFC, which is consistent with previous studies
[6, 65]. The changes in GIuAT expression in the mPFC suggest that
glutamatergic neurons in the mPFC may be involved in the
mechanism of 5-d UMS exposure that induced depression-like
behaviors.

PFC preferentially projects to the NAcc, and the vHipp
preferentially projects to the NAcs [25, 46]. To explore the effect
of 5-d UMS on the projections of subregions of the mPFC to the
NAcc, we injected the retrograde tracer Fluorogold into the NAcc
and found Fluorogold-positive neurons expressed in all three
subregions of the mPFC (Cg1, PrL, and IL), indicating that Cg1, PrL,
and IL project to NAcc. However, 5-d UMS only reduced c-Fos
expression in Fluorogold-positive neurons in the PrL, suggesting
that 5-d UMS inhibited the PrL-NAcc circuit. It has been found that
chronic stress significantly reduced the firing rate of PrL neurons
[66], and stress-induced behavioral deficits were mediated partly
by molecular adaptations in the PrL via cortical projections to
distinct subcortical targets [67]. Therefore, in further study, we
focused on PrL projections to NAcc on depression-like behavior.

To further evaluate the role of this circuit in 5-d UMS, we
constructed mice with overexpression or reduced expression of
Rasd2 in the NAcc by regional microinjection of lentivirus vectors.
The results showed that Rasd2 overexpression reduced 5-d UMS-
induced anhedonia and other depression-like behaviors while
reduced expression was without effect. In the forced swim test,
Rasd2 overexpression significantly reduced the duration of

Molecular Psychiatry (2025) 30:435 - 449



Z. Cheng et al.

a
Virus injection OFT
SPT FST
training SPT TST
5-d UMS Sacrifice
: ] | | | I .
I | | I I Brain tissue
Days 1 16 21 22 23 24
b C pAAV2/9-EF1a-fDIO-mCherry-P2A-3xFLAG-Rasd2-WPRE
pAAV2/Retro-hSyn-DIO-EGFP-T2A-NLS-FLPO-WPRE
— é 700 bp PrL
Drd2 tg/+
NAce
d Drd2-cre mice
Drd2-cre
- NAcc
I E 800 %
a =
= 2 :
a = 600
E .
20 pm +S 400 . .
E
200
a %
7] 2 o 5
< &
=2 a & 20 pm|
0\'
e f
= WT Drd2-cre WT Drd2-cre
< 3
: 3
D
o0
Bt
D
=
g j k m
2 . 400 80 h 15 2 250 2 80 * 2 50
= = = = =
3
= S 300 Eod . = & 200 Z 60 2 40 @
[ - o - ‘a 10 8 = g : =
S 2 -+ = : 8 S 150 S < 30 : =
= 2 200 . op 40 . . = i E £ 40 £ 2 S
£ ] . £ e s = o e s < 20 min k-
2 5 £ B S 5 g 100 ) : ) ! g
a = . 3 £ = % g
o— o— o E - o + & :
& o S @ & @ o & @ S o
& &« ENGIW- & RN RN
& R & o Y &
) & p 0\6 0\5 0\5 0\6 0\&
Wm Drd2-cre @
* =
w)
=
. 8
EX = @ 15
- E
o =
£
2
=}
]
T E
S
6@5&9 &

climbing and increased the duration of swimming after 5-d UMS.
Climbing scores in the forced swim test and other antidepressant-
like effects depend directly on the balance of DRD2 and DRD1
activity [68-71]. Higher climbing scores in the forced swim test are
observed after administration of the DRD2 antagonist raclopride,
which appears to increase dopamine stimulation of DRD1 [68].
Rats treated with high doses of raclopride, exhibit immobility or
climbing most of the time, as if they are constantly trying to leave
the device and only taking short breaks in their efforts to escape
[69]. Based on these findings, we inferred that the role of Rasd2
overexpression (reduced depression-like behaviors, but without

Molecular Psychiatry (2025) 30:435 - 449

increasing climbing time) on antidepressant-like effects may be
related to DRD2 expression.

DRD1 couples to Gas and Gayr G protein subunits, through
which dopamine increases adenylate cyclase activity, increases
cAMP production, and activates PKA [72]. In contrast, DRD2
couples to Ga; and Ga, G protein subunits, through which
dopamine decreases cAMP and decreases PKA activity [72]. One of
the main targets of PKA is DARPP-32, which is highly expressed in
dopamine-responsive striatal neurons and plays a key role in the
regulation of downstream signaling transduction pathways
[73, 74]. We found that Rasd2 overexpression activated the
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Fig. 5 Rasd2 overexpression in DRD2""NA< neurons decreases depression-like behavior. a Schematic of experimental design and timeline.

b Representative image for the identification of Drd2-cre genotypes. ¢ Schematic diagram of microinjection of viral vectors into mouse PrL and
NAcc sites (top, left); Representative images of EGFP (top, middle) and fDIO-mCherry (top, right) injection sites in the NAcc and PrL,
respectively; Representative images of mCherry- (middle, left) and EGFP- (middle, middle) positive neurons in the PrL; Representative image of
mCherry and EGFP co-labeled in the PrL (middle, right), arrows indicate co-expressed neurons.; Representative images of mCherry- (bottom,
left) and EGFP- (bottom, middle) positive neurons in the NAcc; Representative image of mCherry and EGFP co-labeled in the NAcc (bottom,
right). d Representative images showing co-localization of RASD2 and DRD2 in NAcc 3 weeks after virus injection (left, scale bar =20 pm) and
the number of DRD2-positive neurons that co-express RASD2 in NAcc (Right). N =4 mice per group. Two-tailed unpaired t-test: tz = 2.101,
p =0.0474. Representative tracks (e) and heatmaps (f) displaying mouse movement in the open field test. Total distance moved (g), line
crosses (h), rearing (i), and center entries (j) in the open field test. N = 10 mice per group. Two-tailed unpaired t-test: distance, t;5 = 0.9870,
p=0.3367; line crosses, t g = 0.0605, p=0.9524; rearing, ts = 0.3031, p=0.7653; center entries, t;5 = 0.8985, p =0.3808. Duration of
immobility (k), climbing (I), and swimming (m), and the number of fecal boli (defecation) (n) in the forced swim test. N = 10 mice per group.
Two-tailed unpaired t-test: immobility, t;g =3.658, p=0.0018; climbing, t4g =2.384, p=0.0284; swimming, tg=2.115 p=0.0486;
defecation, t(15 = 0.5153, p = 0.6128. 0 Graph represents sucrose preference (%) before (Day 0) and after (Day 23) treatment. N = 10 mice for
each group. Two-way ANOVA (factor 1: time; factor 2: treatment): Fimextreatment (1, 36) = 3.817, p=0.0586; Fiime (1, 36y = 1.321, p=0.2581;
Fireatment (1,36) = 3.817, p =0.0586. Tukey’s HSD post hoc test: after treatment, piwt vs. praz-crey = 0.0426. p Duration of immobility in the tail
suspension test. N = 10 mice per group. Two-tailed unpaired t-test: t;5 = 3.300, p = 0.0040. The data are expressed as mean £ s.e.m. *p < 0.05.
5-d UMS 5-day unpredictable mild stress, OFT open field test, FST forced swim test, TST tail suspension test, IF immunofluorescence, WT wild

DRD2-cAMP-PKA-DARPP-32 signaling pathway (but not DRD1) in
the NAc. Consistent with this hypothesis, 5-d UMS increased the
interaction between DRD2 and RASD2 in the NAc, and Rasd2
overexpression increased the colocalization of DRD2 and RASD2 in
the NAcc. These results suggest that the effects of RASD2 that
alleviate depression-like behaviors after 5-d UMS are mediated by
DRD2-containing neurons.

The PFC-NAc circuit is thought to be critical for goal-directed
behavior and reward processes [74, 75]. PFC modulates NAc
neuronal activity by sending direct excitatory inputs to GABAergic
NAc neurons [76-79]. Clinical study has found that increases in
NAc-PFC connectivity correlate with reduced symptom severity in
selective serotonin reuptake inhibitor-responsive patients with
depression [80]. NAc output to PFC was much weaker than the
inputs from PFC to NAc [81, 82]. In the present study, 5-d UMS
reduced RASD2 expression in the NAc and decreased GIuA1
expression in the mPFC. And Rasd2 overexpression in the NAcc
increased GIuA1 expression in the mPFC. It has been found that
blocking neurotransmission in NAc D2-MSNs was able to alter
mPFC expression of genes (such as Drd1, Drd2, ADORA2A) [83]. The
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor (GluA1-4) is enriched in dopamine-innervated regions,
including the mPFC [84, 85]. Both DRD1 and DRD2 upregulate
GluA1 phosphorylation in mPFC neurons via a direct and indirect
mechanism, respectively [85]. In our data, RASD2 interacts with
DRD2, and Rasd2 overexpression increased the co-labeling of
RASD2 and DRD2 and decreased the expression of the MSN
marker DARPP-32 in the NAcc. Therefore, we speculate that Rasd2
overexpression in the NAcc may affect GIuA1 expression in the
mPFC by regulating D2-MSNs activity. Therefore, both in human
and animal models, are required to elucidate the exact mechan-
isms by which interactions between the NAc and PFC, as well as to
clarify the role played by Rasd2 in the circuit in further study.

Studies have shown that PrL sends excitatory glutaminergic
inputs directly to NAc D2-MSNs [86, 87], and these PFC neurons
are CaMKlla-positive [25]. To further evaluate the role of RASD2 in
PrL-NAcc glutaminergic projections in depression-like behavior,
activation and inhibition of this circuit with DREADDs was used
Gg-DREADD activation of the PrL-NAcc glutaminergic projections
alleviated depression-like behaviors, including anhedonia and
behavioral despair, although there was no change in the duration
of climbing in the forced swim test. Gi-DREADD inhibition of the
PrL-NAcc glutaminergic projections reduced the duration of
climbing in the forced swim test, suggesting that inhibition of
PrL-NAcc glutaminergic projections may have effects on DRD1-
containing circuits, which needs to be further explored. Immuno-
fluorescence results showed that activation or inhibition of

SPRINGER NATURE

2/pe, Cg1 cingulate cortex 1, PrL prelimbic cortex, IL infralimbic cortex, NAcc NAc core, DRD2 dopamine D2 receptor.

PrL-NAcc glutaminergic projections increased or decreased
activation of RASD2-positive neurons and DRD2-positive neurons
in the NAcc, respectively. These results confirmed that the
activation of PrL-NAcc glutaminergic projections alleviates
depression-like behaviors (such as anhedonia and behavioral
despair) in 5-d UMS mice, and these effects are related to the
activation of RASD2- and DRD2-positive neurons in the NAcc.

Approximately 35%-50% of CaMKlla neurons were positive for
DRD2, and approximately 85% of DRD2 were co-labeled with
CaMKlla (the neuronal marker for pyramidal neurons) in all layers
of PrL [88]. DRD2 in the mPFC regulates the synaptic transmission
of PrLNACProIecting nayrons [88], in addition, PrL sends glutaminer-
gic inputs directly to NAc D2-MSNs [86, 87]. In our study, we found
that the PrL-NAcc glutamatergic circuit modulated depression-like
behaviors as well as the expression level of DRD2- and RASD2-
positive neurons in the NAcc. Combined with our previous results
that there was an interaction between RASD2 and DRD2 and 5-d
UMS reduced RASD2 expression in the mPFC. we speculated
that the expression of Rasd2 in DRD2NACCPTECiNG nayrons in the
PrL might have an effect on depression-like behavior. Therefore,
we constructed mice that selectively overexpress Rasd2 in
DRD2P™NA neurons, and subsequently explored changes in
depression-like behaviors and the co-expression of DRD2 and
RASD?2 in the NAcc. Our data showed that Rasd2 overexpression in
DRD2"™MNA<  neurons  alleviated  depression-like  behaviors
(decreased anhedonia and behavioral despair, increased the
duration of climbing and swimming in the forced swim test) in
5-d UMS mice, and increased co-expression of RASD2 and DRD2 in
the NAcc. DRD2 had a cell type-specific role in the mPFC to
regulate social behavior, which may be mediated by the mPFC-to-
NAc pathway [88]. However, further experiments are still needed
to verify whether DRD2 is expressed in pyramidal neurons of PrL
and whether DRD?2 is expressed in the MSNs of NAcc.

Markedly, the following limitations existed in the current study.
We have only demonstrated that the 5-d UMS paradigm induces
depression-like behaviors and that this effect can be observed in 2-3
days after the paradigm, but how long the observed phenotypes
can last, and whether Rasd2 has the same effects on mice exposed
to longer periods of chronic unpredictable mild stress still requires
further study. And whether differences in Rasd2/RASD2 expression
in the NAc can be considered as a biological marker for depression
diagnosis needs to be addressed in clinical studies. In addition, we
chose the CaMKlla promoter to selectively target glutamatergic
neurons in the PrL region of the mPFC, although CaMKlla is usually
considered an excitatory neuron-specific promoter, some GABAer-
gic projection neurons also express CaMKlla [89]. Hence, the precise
target of these subpopulations could be more necessary.
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In totality, the present findings demonstrate a critical role for
RASD2 in the regulation of depression-like behaviors in the PrL-
NAcc circuit and modulation of PrL-NAcc projections by DRD2-
containing neurons. These results provide substantial evidence for
a new potential molecular target for the development of a
treatment for depression, as well as a theoretical basis for
precision medicine treatment of depression.
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