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Abstract

Numerous human clinical studies have suggested that decreased locomotor activity is a common symptom of major depres-
sive disorder (MDD), as well as other psychiatric diseases. In MDD, the midbrain ventral tegmental area (VTA) dopamine
(DA) neurons are closely related to regulate the information processing of reward, motivation, cognition, and aversion.
However, the neural circuit mechanism that underlie the relationship between VTA-DA neurons and MDD-related motor
impairments, especially hypolocomotion, is still largely unknown. Herein, we investigate how the VTA-DA neurons con-
tribute to the hypolocomotion performance in chronic social defeat stress (CSDS), a mouse model of depression-relevant
neurobehavioral states. The results show that CSDS could affect the spontaneous locomotor activity of mice, but not the grip
strength and forced locomotor ability. Chemogenetic activation of VTA-DA neurons alleviated CSDS-induced hypolocomo-
tion. Subsequently, quantitative whole-brain mapping revealed decreased projections from VTA-DA neurons to substantia
nigra pars reticulata (SNr) after CSDS treatment. Optogenetic activation of dopaminergic projection from VTA to SNr with
the stimulation of phasic firing, but not tonic firing, could significantly increase the locomotor activity of mice. Moreover,
chemogenetic activation of VTA-SNr dopaminergic circuit in CSDS mice could also rescued the decline of locomotor activ-
ity. Taken together, our data suggest that the VTA-SNr dopaminergic projection mediates CSDS-induced hypolocomotion,
which provides a theoretical basis and potential therapeutic target for MDD.
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Introduction
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sleep difficulties, social impairment, fatigue, and reduc-
tion of physical movement [1, 2]. Unfortunately, despite
the prevalence of MDD, much of the etiology and, there-
fore, preventative and treatment measures are still little
known. Historically, researchers have employed various
forms of chronic stress stimulations to produce behavior
adaptions relevant to depression. These include repeated
social defeat stress, chronic mild unpredictable stress,
foot-shock stress, learned helpless or chronic restraint
stress, followed by anhedonia or despair-like behavior tests
in mice [3]. Among the whole outcomes of depression-
like behaviors, hypolocomotion is an increasingly major
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area of interest within the field of psychiatric research [4].
Hypolocomotion is inhibition of behavior or locomotor
activity. It could be measured by locomotor activity test,
which could represent a model for vulnerability to stress-
induced depression-relevant neurobehavioral states, based
on exploratory behavior [5]. Previously published study
has also suggested the animal with depression exhibit low
rates of locomotor activity [6]. However, the neural basis
of hypolocomotion in MDD remains unknown.

In animal models of depression-relevant neurobehavio-
ral states, chronic social defeat stress (CSDS) has proven
to be useful in understanding the molecular mechanism
and neural basis [7]. Midbrain dopaminergic (DA) neu-
rons, including the ventral tegmental area (VTA)-DA pop-
ulations, contribute to both the induction and recovery of
CSDS-induced depression-like behaviors [8, 9]. Indeed,
the VTA area consists of reward-value-coding dopamine
neurons [10, 11]. Dopamine-releasing neurons of the VTA
play involved in reward-related and goal-directed behav-
iors, such as positive and negative reinforcement, decision-
making, working memory, and aversion [12]. Interestingly,
VTA-DA neurons exhibit two patterns of firing in vivo,
namely, low-frequency tonic firing and high-frequency
phasic firing [13]. The phasic firing of VTA-DA neurons,
which is the key mediator in the brain’s reward circuit,
plays a central role in the mouse model of depression-rel-
evant neurobehavioral states [9, 14]. Moreover, VTA-DA
neurons send projections to other brain regions, including
NAc, prefrontal cortex (PFC), central amygdala (CeA),
basolateral amygdala nucleus (BLA), and hippocampus.
Using adeno-associated virus-based anterograde tracing,
in conjunction with rabies virus-based trans-synaptic trac-
ing and Cre-based cell-type-specific targeting, the rela-
tionships between direct inputs and outputs of VTA-DA
neurons have been systematically identified [15]. However,
how the outputs of VTA-DA neurons mediate hypoloco-
motion in MDD remains unclear.

In this study, we have investigated the behavioral adap-
tations of locomotor activity following CSDS and the role
of VTA-DA neurons. We found that CSDS could directly
induce hypolocomotion. Using a chemogenetic approach,
increased VTA-DA neurons activity significantly reverses
the CSDS-induced decline in locomotor activity. To evalu-
ate the change of direct projections from VTA-DA neu-
rons in CSDS mice, whole-brain quantitative mapping is
employed, and the result reveals that the neural circuit, from
VTA-DA neurons to substantia nigra pars reticulata (SNr),
was involved. Optogenetic and chemogenetic activation of
VTA-SNr dopaminergic projections could robustly rescue
the CSDS-induced hypolocomotion. Collectively, dopamin-
ergic projections from VTA to SNr appear to mediate CSDS-
induced hypolocomotion, and this circuit may be involved
in MDD.
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Materials and Methods
Mice

One hundred and sixty 8—12 weeks aged C57BL/6 J male
mice and one hundred 4-month-old retired CD1 breeders
were purchased from Vital River Laboratory Animal Tech-
nology (Beijing, China). The mice were group-housed and
maintained at 22-25 °C in a 12-h light/dark cycle (lights
on from 8:00 to 20:00 h) with food and water available
ad libitum. All animal procedures involving mice were
approved by the Institutional Animal Care and Use Com-
mittee (IACUC) at Huazhong University of Science and
Technology.

Virus Preparations

Recombinant AAV vectors were used for delivering target
genes. AAV9-TH (tyrosine hydroxylase)-Cre, AAV9-DIO-
hM3Dq (human M3 muscarinic receptor, Gq)-mCherry,
AAV9-DIO-ChR2 (channelrhodopsin-2)-EYFP (enhanced
yellow fluorescent protein), AAV2-retro-DIO-ChR2-
mCherry, and AAV2-retro-DIO-hM3Dq (Gq)-mCherry
were purchased from BrainVTA (BrainVTA Co., Ltd.,
Wuhan, China). The titer of viruses was as follow: AAV9-
TH-Cre, 7.65 % 10'? vg/ml; AAV9-DIO-hM3Dq(Gq)-
mCherry, 2.00 x 10'? vg/ml; AAV9-DIO-ChR2-EYFP,
6.30 x 10'? vg/ml; AAV2-retro-DIO-ChR2-mCherry,
5.99 x 10'2 vg/ml; AAV2-retro-DIO-hM3Dq(Gq)-
mCherry, 5.13 X 1012 vg/mL; and AAV2-retro-DIO-
mCherry, 2.81 x 10'2 vg/ml. Viral vectors were subdivided
into aliquots stored at — 80 °C until use.

Chronic Social Defeat Stress

Chronic social defeat stress (CSDS) was performed
according to previously described procedures [7]. Briefly,
retired breeder CD1 male mice were screened over three
consecutive days and selected for aggressive behavior
based on the following criteria: (a) the attack latency
under 60 s; (b) attacking for at least two consecutive days.
For ten consecutive days, experimental mice were placed
into the home cage of a novel CD1 aggressor mouse for
5-10 min, during which they were physically attacked
and displayed subordinate posturing. Following the daily
defeat, the CD1 and experimental mouse were housed
together but separated by a perforated plexiglass parti-
tion to allow for visual, olfactory, and auditory contacts,
for the remainder of the 24-h period. Control animals
were housed in pairs separated by a perforated Plexiglas
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partition and changed daily. After the last defeat, all
mice were singly housed and tested 24 h later for the bat-
tery of behavior tests, including social interaction test,
forced swim test, locomotion test, rotarod test, and grip
strength test (Fig. 1). And all the mice of CSDS group
were included for the above behavior tests.

a cSDs

Social Interaction and Avoidance

Social avoidance behavior was measured with a novel CD1
mouse in a two-stage social interaction test [7]. In the first
2.5-min “no target” session, test mice were allowed to
roam around an open arena (50 cm X 50 cm X 50 cm) with
an empty Plexiglas enclosure (10 cm X 6.5 cm x50 cm) at
one end. For the second 2.5-min “target” session, test mice
were placed back into the arena with an unfamiliar CD1
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Fig. 1 Spontaneous locomotor activity, but not passive motor activity,
was reduced in chronic social defeat stress (CSDS) mice. a Timeline
of CSDS treatments and behavioral tests. Social interaction test, SIT;
forced swim test, FST; locomotion test, LMT; rotarod test, RT; grip
strength test, GST. b Schematic of social defeat procedures and SIT. ¢
Social interaction (SI) ratio [(interaction time, target present) / (inter-
action time, target absent)]) was measured in CSDS individuals and
control (CON) mice (unpaired ¢ test, t=3.427, P=0.0028). d CSDS
induced a depression-like phenotype in mice as assessed by immo-
bility time in the forced swim test (FST, unpaired ¢ test, t=6.568,
P<0.0001). e Time course (three sessions and 5 min for each ses-
sion) of spontaneous exploration in LMT with control and stressed
mice (two-way ANOVA, row factor F , 57)=0.804, P=0.4525; col-
umn factor F  57)=15.28, P=0.0002; interaction F (,s;=0.557,
P=0.5759). f Total distance travelled for the 15-min locomotion test

in stressed and control mice (unpaired ¢ test, 1=2.836, P=0.0106).
g The percentage of immobility time travelled during the three ses-
sions with 5 min for each session (two-way ANOVA, row factor F
@.s51=2.214, P=0.1185; column factor F ; 5,,=12.92, P=0.0007;
interaction F (,57)=0.714, P=0.494). h The percentage of immo-
bility time travelled in the 15-min locomotion test between stressed
mice and control animals (unpaired ¢ test, t=2.713, P=0.0138). i
Representative trace of spontaneous locomotor activity for 15 min in
control and stressed mice. j The latency to fall in RT was measured
(unpaired ¢ test, t=1.037, P=0.3126). k GST was performed by a
dynamometer (unpaired ¢ test, t=1.008, P=0.3263). The number of
animals in control and CSDS group was 10 and 11, respectively. Data
are depicted by the means+s.e.m. with *P<0.05, **P<0.01, and
*#%P <(0.001. ns, no significant difference
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mouse placed in the plexiglass cage. The times spent in the
interaction zone surrounding the cage were measured by
the Shanghai Xinruan video-tracking software. The social
interaction ratio (SI ratio) was calculated as the time spent
in the interaction zone (target) divided by the time spent in
the interaction zone (no target).

Forced Swim Test

Mice were individually placed into a cylindrical tank (30 cm
height and 15 cm diameter) containing 20 cm of water (24 to
26 °C), in which the experiments could not touch the bottom
of the tank. After 6 min, they were transferred to a drying
environment. The water was changed after each test to avoid
the influence of pheromone compounds left behind by the
previous mice. The immobility time was measured with a
video-tracking system (Shanghai Xinruan Information Tech-
nology Co. Ltd, Shanghai, China). Mice were considered
immobile when floating and making only the necessary
behaviors for keeping their nose above the water [16].

Spontaneous Locomotor Activity Test

An automated video-tracking apparatus (Shanghai Xinruan
Information Technology Co. Ltd) was used to assess spon-
taneous locomotion as previously described [17]. Mice were
placed into the testing room 60 min before initiation of loco-
motion testing for acclimation to the testing surroundings.
Animals were individually placed in the center of a gray
frosting Plexiglas cage (50 cm x50 cm X 50 cm), and spon-
taneous locomotor activity was measured in three sessions
for 15 min total and 5 min for each session.

Rotarod Test

Firstly, mice were habituated to the rotarod for 30 min and
then became familiar with the rotarod by being subjected to
one trial. After acclimation to the testing room for 60 min,
mice were placed on the Rota-Rod (Ugo Basile, Gemonio
VA, Italy), which was rotated at an accelerated speed from 4
to 40 rpm over a maximum of 5 min [18]. Each mouse was
given four trials. Each trial ended when a mouse fell off or
reached 300 s. The average latency to fall off the Rota-Rod
was calculated.

Grip Strength Test

The grip strength test was used to measure the maximal mus-
cle strength of forelimbs in mice [19]. Mice were allowed
to hold a metal grid with their forelimbs, lifted mice by the
tail so that the hind limbs were not in contact with the grid,
and gently pulled back until they could no longer grasp the
grid. A grip strength meter (Shandong Academy of Medical
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Sciences, China) was connected to a sensor to record the
strength (g). Four trials were carried out in succession to
measure forelimb strength. The mean of at least four suc-
cessful trials was calculated for each animal.

Stereotaxic Virus Injection

Adult male mice were 8—12 weeks old at the time of sur-
gery. Mice were anesthetized with an intraperitoneal injec-
tion of chloral hydrate (350 mg/kg) and xylazine (10 mg/kg)
and then placed in a stereotactic apparatus (68,030, RWD,
China). The small holes were drilled into the skull over the
target areas. The viruses were stereotaxically injected at
10-30 pl/min into the targeting areas using a micro-syringe
pump (Stoelting, USA) with a pulled glass needle (WPI,
USA). It was mounted directly on the stereotactic frame.
After each injection, the needle was kept in place for 10 min
before its withdrawal to allow proper diffusion of the virus.
Mice recovered on a heating pad until they waked up. All
experiments involving viral injections were conducted at
least 21 days after a surgical procedure to allow for sufficient
expression [20]. Coordinates used were as follows (relative
to Bregma, midline, or Bregma surface): VTA: AP (anterior/
posterior) — 3.20 mm, ML (medial/lateral) + 0.5 mm, DV
(dorsal/ventral) — 4.6 mm; SNr: AP —3.20 mm, ML 1.2 mm,
DV —4.7 mm.

Immunohistochemistry and Imaging

Mice were deeply anesthetized and transcardially perfused
with 4% paraformaldehyde (PFA) in 0.1 M phosphate-
buffered saline (PBS). Brains were post-fixed for 1 day and
placed in 30% sucrose in PBS for 1-2 days. After embed-
ding, frozen sections were performed at 20 or 40 pm thick-
ness on a cryostat by microtome (CM1860, Leica, German).
For immunohistochemistry, 20 pm coronal sections were
pretreated in 0.3% Triton X-100 for 5 min at room tempera-
ture, and then blocked in 10% goat serum albumin in PBS
for 1 h at room temperature, and they were then incubated
for overnight at 4 °C with primary antibody solution in PBS.
On the following day, tissue was rinsed in PBS, reacted with
secondary antibody for 1 h at room temperature, and rinsed
again. The primary antibody used in the research was rabbit
anti-tyrosine hydroxylase (TH, 1:200; Proteintech). The sec-
ondary antibodies used were Alexa Fluor 488 goat anti-rab-
bit (1:400, Jackson ImmunoResearch). For tracing analyses,
40 pm coronal sections were just washed with PBS. The flu-
orescent images were obtained on an epifluorescence micro-
scope (Olympus, Japan), an automatic scanning fluorescence
microscope (Olympus, SV120), and a confocal microscopy
(Zeiss, LSM800). The VTA sections were sampled contin-
uously at least three slices at Bregma —3.28 mm for each
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mouse. Then, the average percentage of mCherry " TH*/TH*
in each mouse was selected for statistical analysis.

Chemogenetic Manipulation

To test the necessity of VTA-DA neuron activity for the
development of CSDS-induced abnormal activity, 300 nl of
a 1:1 volume mixture of AAV9-TH-Cre and AAV9-DIO-
hM3Dq (Gq)-mCherry was injected bilaterally into the VTA
of WT animals [21]. Mice were allowed 3 weeks to recover
for sufficient expression. Clozapine-N-oxide (CNO, Sigma,
3 mg/kg) and saline were intraperitoneally delivered 1 h
before the beginning of the behavioral testing. To activate
VTA-DA neurons that project to the SNr, 200 nl of AAV2-
retro-DIO-hM3Dqg-mCherry was delivered bilaterally into
the SNr, and 100 nl of AAV9-TH-Cre was injected into the
VTA of WT mice. Three weeks later, animals were sub-
jected to behavioral tests at 1 h after CNO injection as previ-
ously described [22].

Multi-electrode Assay Recordings

Mice were anesthetized with chloral hydrate (350 mg/kg)
and xylazine (10 mg/kg) and killed by decapitation. The
brain was removed from the skull and the coronal midbrain
slices (250 pm) containing VTA were cut by a vibratome
(Leica, VT1000S) with high-sucrose ice-cold artificial cer-
ebrospinal fluid (ACSF) containing (in mM): 230 sucrose,
10 glucose, 25 NaHCO;, 2.5 KCl, 1.2 NaH,PO,, 0.5 CaCl,,
7 MgCl,, and oxygenated with 95% O, / 5% CO,). Then, the
slices were incubated for recovery at 32-34 °C for 60 min
in ACSF containing the following (in mM): 120 NaCl, 10
glucose, 25 NaHCO;, 2.5 KCl, 1.2 NaH,P0O4, 2.5 CaCl,, 2.3
MgCl,. After recovery, one slice was removed and placed
in the recording chamber and perfused continuously with
ACSF at 30 °C. Multi-electrode array (MEA) recordings
were used to detect the firing rate of multiple neurons, using
the MED64 System (Alpha MED Sciences, Osaka, Japan).
Coronal midbrain slices from injected mice were placed over
an 8 X 8 microelectrodes array, each 50X 50 pm in size, with
an interpolar distance of 150 pm (Alpha MED 150 Sciences
Inc., Osaka, Japan). During recording, the slice was per-
fused continuously with oxygenated-ACSF at 30 °C. The
first recording was performed as a baseline and the second
was done 5 min after perfusion of oxygenated-ACSF con-
taining CNO (10 pM). For recording, the amplification fac-
tor was set as 1200 x and the sampling frequency as 20 kHz.
Then, the recorded signals were filtered (0.1 ~ 10 kHz) using
MOBIUS software (Alpha MED Sciences, Osaka, Japan).
Meanwhile, the threshold of peak detection was set as the
signal amplitude exceeds + 3.2-fold change of the standard
deviations of the noise.

Whole-Brain Quantitative Mapping

On day 1, 300 nl of a 1:1 volume mixture of AAV9-TH-
Cre and AAV9-DIO-ChR2-EYFP was injected into the
VTA of 8-week-old wildtype (WT) mice. On day 21, the
mice were subjected to CSDS for consecutive 10 days.
On day 31, mice were perfused and brain tissue was pro-
cessed and sectioned as described in the histology and
imaging section. For VTA output quantification, images
were taken from 3 consecutive sections in each of the brain
regions on an automated slide scanner with a 10 X objec-
tive and an argon laser at 488 nm (Carl Zeiss LSM-780
laser scanning confocal microscope, Zeiss Microsystems,
Jena, Germany). Output signals (EYFP-positive) were
assigned to specific brain regions based on the Allen
Brain Atlas (http://mouse.brain-map.org/static/atlas).
The result of representative coronal images for VTA-DA
neurons projecting to regions was shown as a progres-
sion from anterior to posterior (AP). The pixel densities
of these images were measured by Image J (Fiji) and aver-
aged (3 images per brain region) to determine the fraction
of axons resulting from VTA-DA neurons in each brain
area. Because each brain differed in EYFP signals of brain
region injected, we normalized EYFP signals in each brain
region by EYFP signals of brain region injected in the
same brain [23].

Optogenetic Manipulations

To optical stimulate VTA-SNr pathway, 200 nl of AAV2-
retro-DIO-ChR2-mCherry or AAV2-retro-DIO-mCherry
virus was bilaterally injected into the SNr, and 100 nl
of AAV9-TH-Cre was bilaterally injected into the VTA
of WT mice. To optogenetic inhibit the VTA-SNr cir-
cuit, the AAV2-retro-DIO-eNpHR3.0-mCherry virus
was employed. After 3 weeks, the mice were implanted
bilaterally with custom-made optical fibers (200 pm core,
5 mm length) at a 7° angle into the VTA (AP — 3.2 mm;
LM £ 1.05 mm; DV —4.4 mm) and fixed using dental
cement. Mice were allowed to recover for 7 days before
starting behavioral testing. Optical fibers were connected
using a laser generator (NEWDOON, Hangzhou, China)
was used to generate blue light pulses (473 nm) or yel-
low light pulses (594 nm). Mice were given either 0.5 Hz,
15 ms (tonic firing) or 20 Hz, 40 ms (phasic firing) light
stimulations and received 3 min stimulation during the
locomotion test. In both tonic and phasic light stimulation
protocols, VTA-DA neurons were exposed to 5 spikes over
each 10 s [9]. Meanwhile, the mice within yellow light
group were administrated 5 min with continuous stimula-
tion at 10mW (laser power at the tip of the optic fiber) in
behavior test.
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Data Analyses and Statistics

Statistical analyses were calculated using GraphPad Prism 7
software (GraphPad Software, Inc., San Diego, CA). Sam-
ple size was determined based on the numbers reported in
the related research field. If the sample size is lower than
5, a test for normality (Shapiro—Wilk test) was conducted
before parametric test. Statistical significance was deter-
mined by unpaired Student’s t-tests, paired z-test, one-way
analysis of variance (abbreviated one-way ANOVA), and
two-way ANOVA according to the type of data sets. All data
were presented as means +s.e.m. For all figures, ns repre-
sents P-value no less than 0.05; *P<0.05; **P <0.01 and
*#%P <0.001.

Results

Chronic Social Defeat Stress Greatly Affects
the Spontaneous Locomotor Activity of Mice
but Showed Little Influence on the Forced
Locomotor Ability

To examine the spontaneous locomotor activity, mice
exposed to CSDS were subjected to the locomotor activ-
ity test (LMT), along with several other behavioral tests
relevant to forced motor ability (Fig. la). Mice were sub-
jected to a standardized 10-day social defeat protocol and
tested for avoidance behavior by the social interaction test
(SIT) (Fig. 1b), as described previously [7]. After CSDS,
defeated mice showed robust social aversion in the pres-
ence of a CD1 aggressor [24], whereas the social interaction
score of control mice was significantly higher than CSDS
mice (Fig. 1c). In the forced swim test (FST), CSDS mice
had substantially longer immobile time than did control
mice (Fig. 1d). Next, we tested the spontaneous locomotion
performance using LMT in mice exhibiting depression-like
behaviors. Stressed mice displayed significantly decreased
distances travelled compared with unstressed mice (Fig. le
and f); the immobility of CSDS mice was also higher than
the control (Fig. 1g and h). Representative examples of the
moving trace (15 min) between control and CSDS mice also
exhibited significant differences (Fig. 1i). The ratio of dis-
tance travelled and time spent between the central and the
peripheral area was no significantly altered after CSDS treat-
ment (Supplementary Fig. 1a and b). Finally, we assessed
whether the decline of the locomotor ability in CSDS mice
was due to the physical injuries from CD1 aggressor mice.
The mice exposed to the 10-day defeat stress were subjected
to the rotarod test (RT) and grip strength test (GST). No
significant differences between CSDS and control mice were
observed (Fig. 1j and k). Collectively, our results demon-
strated that CSDS triggered decreased locomotor activity.
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Targeted Activation of VTA-DA Neurons Rescued
the CSDS-Induced Impairment of Locomotor
Activity

VTA-DA neurons are critical for the development of CSDS-
induced depression-related behaviors [25]. We first exam-
ined the electrophysiological characterization of VTA-DA
neurons by multi-channel in vivo recording after the CSDS
exposure. The electrophysiological result showed that the
firing rate of putative VTA-DA neurons was significantly
decreased after CSDS treatment (Supplementary Fig. 2a-d).
To determine whether VTA-DA neuron activity was neces-
sary for CSDS-induced behavioral adaptations, we used a
chemogenetic approach to activate VTA-DA neurons selec-
tively. Additionally, we took advantage of a recombinant
AAV reporter virus expressing Cre recombinase under the
TH promotor [21], and a Cre-dependent adeno-associated
virus-containing hM3Dq. A mixture of AAV-TH-Cre and
AAV-DIO-hM3Dg-mCherry virus was bilaterally injected
into the VTA (Fig. 2a and b) to activate VTA-DA neurons
selectively. To validate the chemogenetic tools, the infection
efficiency of hM3Dq in VTA-DA neurons of wild-type mice
was verified from brain slices (Fig. 2c and d). Meanwhile,
treating with CNO robustly increased the VTA-DA neurons
firing in hM3Dg-expressing mice (Fig. 2e and f). After the
recovery process of 3 weeks, mice were subjected to the
CSDS procedure, and locomotor activity was measured
(Fig. 2g). Then, mice were injected saline or CNO (3 mg/
kg, i.p.) 1 h before the behavioral tests. The CNO group
had more locomotor activity compared with the NS group
(Fig. 2h-1), indicating that stimulation of VTA-DA neurons
reverses CSDS-induced hypolocomotion. Meanwhile, the
ratio of distance travelled and time spent between the cen-
tral and the peripheral area was no significantly changed in
CNO group (Supplementary Fig. 3a and b).

Whole-Brain Quantitative Mapping
for CSDS-Induced VTA-DA Neuronal Outputs

Although the modification of VTA-DA neuronal firing has
been clarified previously in mouse model of depression-
relevant neurobehavioral states [25], the direct projections
from VTA-DA neurons in CSDS compared with healthy
mice remained unknown. Thus, to determine the identities
of the VTA-DA neuronal projections altered by CSDS, we
combined a recombinant AAV reporter virus expressing
Cre recombinase under the tyrosine hydroxylase (TH) pro-
moter and a Cre-dependent adeno-associated virus encoding
ChR2-EYFP. All mice were subjected to CSDS treatment
after injection with a mixture of AAV-TH-Cre and AAV-
DIO-ChR2-mCherry into the VTA (Fig. 3a—c). As expected,
robust anterograde tracing from the left VTA-DA neurons
was observed throughout the brain (Fig. 3d, Supplementary
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Fig.2 Chemogenetic activation of ventral tegmental area (VTA)
dopamine neurons could reverse the chronic social defeat stress-
induced impairment of locomotor activity. a A mixture of AAV-TH-
Cre and AAV-DIO-hM3Dg-mCherry was injected into the VTA of
WT mice. b Schematic map of AAV vector constructs. ¢ Immunoflu-
orescence image of AAV labeling (mCherry, red) in VTA dopamine
neurons by the tyrosine hydroxylase (TH, green) antibody (scale bar,
125 pm). Representative high-magnification images of immunofluo-
rescence for mCherry and TH (scale bar, 25 pm). d AAV transduc-
tion efficiency shows that mCherry and TH double-positive cells are
79.28 +1.87% of total TH-positive neurons in the VTA (n=5 mice).
e Representative trace of spontaneous activity in the VTA region by
the 8 x8 microelectrode array. f Scatter dot plot depicting the fre-
quency of VTA cells in all groups. The number of mice was n=28
for mCherry and n=6 for hM3Dq group (paired t-test, mCherry/
Baseline vs. mCherry/CNO, t=0.1768, P=0.8647; hM3Dg/Baseline
vs. hM3Dg/CNO, r=3.843, P=0.0121). g Experimental timeline of

CSDS treatment and AAV injection. h The time-course distance trav-
elled was detected by spontaneous locomotor activity in Saline and
CNO mice during the three sessions with 5 min for each session (two-
way ANOVA, row factor F (5 13,=0.4605, P=0.6320; column factor
F (1.132=29.8, P<0.0001; interaction F (5 3,)=0.0035, P=0.9965).
i The total distance travelled in the 15-min locomotion test (unpaired
t test, t=3.19, P=0.0026). j The percentage of immobility time trav-
elled during the three sessions with 5 min for each session (Two-way
ANOVA, row factor F (5 135,=0.2231, P=0.8003; column factor F
(1.132=62.91, P<0.0001; interaction F ,,3,,=0.0026, P=0.9974).
k The immobility of the 15-min locomotion test (unpaired ¢ test,
t=4.642, P<0.0001). 1 Representative trace of the locomotion test
for 15 min in Saline and CNO groups. The number of animals was
22 and 24 in the Saline and CNO groups, respectively. Data are dis-
played by the means +s.e.m. *P <0.05, **P <0.01, and ***P <0.001.
The ns showing no significant difference
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Fig.3 Whole-brain mapping of the outputs of ventral tegmental area
(VTA) dopamine neurons in chronic social defeat stress mice. a A
mixture of AAV-TH-Cre and AAV-DIO-ChR2-EYFP was unilater-
ally injected into the VTA of WT mice. b Schematic representation
of viral vectors. ¢ Experimental timeline of CSDS procedures and
AAV injection. d Series of coronal sections from VTA-DA neurons
in control and stressed mice after injection of the virus mixture (scale
bar, 500 pm). PL, prelimbic area; SI, substantia innominata; ACB,
nucleus accumbens; MS, medial septal nucleus; LSr, lateral septal
nucleus rostral part; CP, caudoputamen; AAA, anterior amygdalar
area; LHA, lateral hypothalamic area; RE, nucleus of reuniens; BLA,
basolateral amygdalar nucleus; LH, lateral habenula; SNr, substantia

Fig. 4). Strong projections were seen in the prelimbic area
(PL), substantia innominata (SI), nucleus accumbens (ACB),
medial septal nucleus (MS), lateral septal nucleus rostral
part (LSr), caudoputamen (CP), anterior amygdalar area
(AAA), lateral hypothalamic area (LHA), nucleus of reu-
niens (RE), basolateral amygdalar nucleus (BLA), lateral
habenula (LH), SNr, periaqueductal gray (PAG), pontine
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nigra pars reticulata; VTA, ventral tegmental area; PAG, periaque-
ductal gray, PCG, pontine central gray; RM, nucleus raphe magnus;
LRNm, lateral reticular nucleus, magnocellular part. e Average frac-
tion of VTA-DA axons in 16 brain regions. Projection fractions were
normalized by the fluorescence density of the injection site. (Control,
n=3; CSDS, n=3; unpaired #-test; SNr, r=3.991, P=0.0163; PAG,
1=2.854, P=0.0462.) f Representative image of the substantia nigra
pars reticulata (SNr) region in stressed and control animals (scale
bar, 100 pm). Data are represented by the means +s.e.m. *P <0.05,
*#*P<0.01, and ***P<0.001. The detailed statistical values were
shown as Supplementary Table 1

central gray (PCG), nucleus raphe magnus (RM), and lateral
reticular nucleus magnocellular part (LRNm). Analysis of
the labeled projections from VTA-DA neurons in 16 brain
regions, comprised of long-range outputs, revealed signifi-
cant differences of SNr and PAG between the control and
CSDS groups (Fig. 3e, Supplementary Fig. 5). Moreover,
representative images of EYFP-positive terminals in the
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SNr are shown (Fig. 3f). Our results indicated that VTA-
DA neurons projected to SNr, and the VTA-SNr outputs
were significantly decreased in CSDS.

Chemogenetic Activation of VTA-SNr Projections
Reversed the CSDS-Induced Hypolocomotion

Given that the VTA-SNr dopaminergic projections were sig-
nificantly reduced in CSDS, selective chemogenetic activa-
tion of this circuit may also restore the locomotor activ-
ity performance in CSDS mice. To specifically manipulate
the neural circuit from the VTA-DA to SNr, we expressed
hM3Dgq in the VTA-SNr circuit by bilaterally injecting a
recombinant AAV reporter virus expressing Cre recombi-
nase driven by the TH promotor (AAV-TH-Cre) into the
VTA, and a retrograde Cre-dependent adeno-associated
virus encoding hM3Dq (A AV-retro-DIO-hM3Dg-mCherry)
separately into the SNr (Fig. 4a and b). The infection effi-
ciency of hM3Dq in VTA-DA neurons was confirmed by
immunofluorescence staining (Fig. 4c and d). Furthermore,
the VTA-DA neurons activity was validated by electrophysi-
ology (Fig. 4e and f). According to the experimental time-
line (Fig. 4g), infected mice were exposed to the 10-day
social defeat stress protocol before starting the behavioral
test. The results suggested that the CNO-mediated activation
of VTA-SNr projections reversed the CSDS-induced hypolo-
comotion (Fig. 4h-1). And the ratio of distance travelled and
time spent between the central and the peripheral area was
not significantly changed in CNO group (Supplementary
Fig. 6a and b).

Selectively Phasic Optogenetic Stimulation
of the VTA-SNr Circuit Generates Hyperlocomotion

To selectively activate the circuit of VTA-DA neurons to the
SNr by optogenetic tools, mice were given stereotaxic injec-
tions of a recombinant AAV reporter virus expressing Cre
recombinase controlled by the TH promotor (AAV-TH-Cre),
and a retrograde adeno-associated virus with Cre-depend-
ent constructs encoding ChR2 (AAV-retro-DIO-ChR2-
mCherry), into the VTA and SNr, respectively. Optic fibers
were implanted in the VTA before behavioral testing (Fig. Sa
and b). The experimental timeline is shown in Fig. 5c. To
assess the functional consequence of increased neuronal
firing in VTA-SNr projections, the behavioral effects of
optogenetic-induced phasic firing (20 Hz, 40 ms), with 5
spikes for each 10 s, in ChR2-expressing VTA-DA neurons
were evaluated during locomotion testing (Fig. 5d). Mice
that received phasic stimulation (ChR2 group) expressed
a robust increase in locomotion, indicated by significant
increases in travel distance and decreased immobility
compared with phasic-stimulated mCherry control mice
(Fig. 5e—i). And the ratio of distance travelled and time

spent between the central and the peripheral area was no
significantly altered in ChR2 group (Supplementary Fig. 7a
and b). However, mice stimulated with tonic firing (0.5 Hz,
15 ms) (Fig. 6a) showed no significant differences in travel
distance or immobility between ChR2 and mCherry groups
(Fig. 6b—g) during behavioral testing. The ratio of distance
travelled and time spent between the central and the periph-
eral area was not significantly changed in ChR2 mice (Sup-
plementary Fig. 8a and b). These data confirmed the func-
tional importance of VTA-SNr projections through enhanced
phasic firing, but not tonic firing, which was involved in the
hyperactivity.

Discussion

Although there are some drugs, like fluoxetine, that could
be significantly relieving or treating MDD, the pathophysi-
ological mechanism underlying depression is still a major
challenge in psychiatric research. In this study, we combined
behavioral assays, viral tracing, chemogenetics, optogenet-
ics, and immunofluorescence to elucidate how the VTA-
SNr dopaminergic projection mediates the hypolocomotion
behaviors in CSDS mice model. Firstly, we found CSDS
could directly induce a decline in locomotor activity perfor-
mance, but not motor ability. Secondly, using chemogenetic
technology, we modulated VTA-DA neuron activity and
found that VTA-DA neuron activation ameliorated CSDS-
induced hypolocomotion. Thirdly, the alteration of all the
brain regions, which receives VTA-DA neuronal projec-
tions, was identified and quantitated in depressive mice.
Lastly, the dopaminergic projections from VTA to SNr were
functionally validated in CSDS-induced hypolocomotion
performance.

An initial objective of this study was to identify whether
the locomotor activity changed in CSDS individuals. Our
results showed that the CSDS triggered decreased locomo-
tor activity and increased immobility. This finding observed
in this study mirrors those of the previous study that have
examined the behavior outcomes of social defeat stress in
Lewis rats [6]. However, the locomotor activity displayed
no significant alterations in the chronic mild stress animal
model [25]. The reason for the inconsistency of locomotion
performance between CSDS and chronic mild stress model
is not clear but it may have something to do with the differ-
ent protocols for establishing the animal model of depres-
sion-relevant neurobehavioral states. A unique aspect of the
CSDS mouse model that distinguishes from other environ-
mental stressors is its ability to continuously activate the
pituitary-adrenal axis over 10 consecutive days of repeated
social confrontations [26]. It is also worth noting that the
potential pitfalls of utilizing the CSDS model, as well as of
any animal model based on social interaction, include the
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Fig.4 Chemogenetic activation of the ventral tegmental area to
substantia nigra pars reticulata (VTA-SNr) projections could rescue
the chronic social defeat stress (CSDS)-induced hypolocomotion. a
AAV-TH-Cre and AAV-retro-DIO-hM3Dq(Gq)-mCherry was bilat-
erally injected respectively into the VTA and SNr of WT mice. b
Schematic representation of AAV vectors. ¢ Representative image of
TH-positive neurons labeled mCherry in VTA (scale bar=250 um).
High-magnification images of immunofluorescence for mCherry and
TH (scale bar, 25 pm). d AAV transduction efficiency shows that
mCherry and TH double-positive cells are 69.11 +£3.26% of total TH
positive neurons in the VTA area (n=9 mice). e Representative trace
of spontaneous activity in the VTA region by microelectrode array.
f Scatter dot plot showing the frequency of VTA cells. The number
of mice was n=8 for mCherry and n=6 for hM3Dq group (paired
t-test, mCherry/Baseline vs. mCherry/CNO, r=0.3496, P=0.7409;
hM3Dg/Baseline vs. hM3Dg/CNO, r=9.015, P=0.0003). g Time-
line of AAV injection and behavior tests. h The distance travelled of
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time points (three sessions with 5 min for each session) was meas-
ured by the locomotion test in Saline and CNO groups (two-way
ANOVA, row factor F ;144 =0.0492, P=0.9520; column factor F
(1.144y=20.51, P<0.0001; interaction F , 44y=0.0669, P=0.9353). i
The total distance travelled of the 15-min locomotion test in Saline
and CNO mice (unpaired ¢ test, 1=2.665, P=0.0104). j The immo-
bility of time points (three sessions with 5 min for each session) in
locomotion test (two-way ANOVA, row factor F (,44,=0.0085,
P=0.9915; column factor F ; 144y=19.36, P<0.0001; interaction
F (2.144=0.1863, P=0.8302). k The immobility of the locomotion
test for a 15-min period was recorded in Saline and CNO groups
(unpaired ¢ test, t=2.633, P=0.0114). 1 Representative trace of the
locomotion test for 15 min in Saline and CNO mice. The number of
mice was n=25 for both Saline and CNO groups. Data are depicted
by the mean+s.e.m. *P<0.05, **P<0.01, and ***P <0.001. ns, no
significant difference
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Fig.5 Optogenetic stimulation with phasic firing of the ventral teg-
mental area to substantia nigra pars reticulata (VTA-SNr) circuit
induced hyperlocomotion in mice. a Diagram of virus injection and
optical fiber implant in wildtype mice to active the VTA-SNr cir-
cuit. b Schematic representation of AAV vectors. ¢ Project timeline
of virus injection and optical fiber implant. d Optogenetic stimula-
tion protocols for mimicking phasic (20 Hz, 40 ms) with blue light
(470 nm). e The distance travelled of the locomotion test was meas-
ured during the lights off and on (two sessions with 3 min for each
session), with phasic optogenetic stimulation (two-way ANOVA,
row factor F (; 50,=5.023, P=0.0365; column factor F ; 5, =7.967,
P=0.0105; interaction F 1.20= 1.434, P=0.2451). f The 3-min dis-
tance travelled of the locomotion test in mCherry and ChR2 groups

varying aggression levels of CD1 mice and the subjective
classification of phenotypes (susceptibility or resilience) [7].
Certainly, the similarities and differences between CSDS
and the chronic mild stress model were an important issue
for future research.

VTA-DA neurons have been suggested that could directly
project to various brain structures to involve in neuropsychi-
atric diseases [12]. Viral-genetic tracing tools as a new para-
digm to tackle neural circuit research; however, few studies

with lights on of phasic firing was conducted (unpaired ¢ test,
1=2.978, P=0.0139). g Percentage of time spent in the immobile
state during lights off and on with phasic firing was displayed (two-
way ANOVA, row factor F | 55 =7.251, P=0.0140; column factor
F (120=5.057, P=0.0360; interaction F (55, =1.644, P=0.2145).
h Percentage of time spent in the immobile state after optical stim-
ulation of phasic firing within a session for 3 min (unpaired ¢ test,
t=3.044, P=0.0124). i Characteristic trace from mCherry and ChR2
mice under the phasic firing stimulation condition. The number of
mice was n=8 for mCherry and n=4 for ChR2 groups, with phasic
firing. Data are showed by the means+s.e.m. *P<0.05, **P<0.01,
and ***P <0.001. The detailed information of statistical values was
displayed as Supplementary Table 2

have used this approach to analyze direct projections of the
VTA-DA neurons in the CSDS-induced animal model of
depression-relevant neurobehavioral states. This study iden-
tified SNr and PAG regions were the significantly changed
targets receiving VTA-DA neuronal projections during the
stress-induced depression. SNr is the major output nuclei
of the basal ganglia circuit [27]. Meanwhile, the published
study suggested that a higher strength SNr stimulation abol-
ished the locomotion [28]. Reduced projections from the
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Fig.6 Optogenetic activation with tonic firing of the ventral tegmen-
tal area to substantia nigra pars reticulata (VTA-SNr) projections
has no impact on locomotion. a Experimental timeline of treatments
and behavior tests. b Optogenetic stimulation protocols for mimick-
ing tonic (0.5 Hz, 15 ms) firing. ¢ The distance travelled of the loco-
motion test was measured during the lights off and on (two sessions
with 3 min for each session) with tonic optogenetic stimulation (two-
way ANOVA, row factor F (; 5,=0.0938, P=0.7629; column factor
F (.15=1.011, P=0.3281; interaction F (; ;4=0.142, P=0.7107).
d The distance travelled of the spontaneous locomotor activity with
tonic firing during lights on within 3 min was recorded (unpaired ¢

VTA-DA to the SNr appear to contribute to CSDS-induced
hypolocomotion. This finding may support previous research
into this crucial role, which links SNr and locomotion. Other
dopaminergic projections from VTA-DA neurons to PAG
were significantly increased after CSDS procedures treat-
ment. A further study with more focus on the role of the
VTA-PAG circuit in CSDS-induce hypolocomotion is there-
fore suggested.

Optogenetic-behavioral experiments revealed that phasic,
but not tonic, stimulation of VTA-DA neurons could increase
spontaneous locomotor activity. We also demonstrated that
prolonged artificial activity of VTA-DA neuronal terminals
in the SNr sufficiently reversed CSDS-induced locomotor
decreases. The present findings seem to be consistent with
other research which found dysfunction of dopamine neuron
firing in the VTA is essential for the development of neu-
ropsychiatric disorders such as depression [29]. The results

@ Springer

test, r=0.557, P=0.5911). e The immobility of the locomotion test
was analyzed during lights off and on (two sessions with 3 min for
each session) with tonic stimulation. (two-way ANOVA, row factor F
(1.18=0.0004, P=0.9838; column factor F | 5,=0.5434, P=0.4705;
interaction F  15)=0.0396, P=0.8445). f Immobility of the loco-
motion test after tonic photo-stimulation with lights on for 3 min
(unpaired ¢ test, 1=0.5636, P=0.5868). g Representative trace of
mCherry and ChR2 mice after tonic optical stimulation with lights
on. The mCherry and ChR2 groups with tonic firing were n=6 and
n=35, respectively. Data are represented by the means +s.e.m. ns; no
significant difference

also suggested that the phasic firing pattern of VTA-DA
neurons has a functional role in encoding locomotor activ-
ity performance. However, the precise firing of GABAer-
gic neurons in the SNr controlled by VTA-DA projections
requires further study. It is well known that the phasic firing
of VTA-DA neurons encoding reward [30]. Meanwhile, the
spontaneous locomotor activity test was based on free explo-
ration and moving behavior. Hence, it could conceivably be
hypothesized that such connections exist between reward
and locomotion. However, more research on this topic needs
to be undertaken before the association between depression-
related hypolocomotion and reward deficits is more clearly
understood.

In the current study, the generalizability of these findings
is subject to certain limitations. Firstly, previously published
studies have suggested that antidepressant bupropion, an
inhibitor of dopamine reuptake, induces a dose-dependent
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hyperlocomotion in adult mice [31, 32]. Thus, the dopamin-
ergic projection of VTA-SNr maybe not only plays a role in
MDD-specific hypolocomotion, but also participates in the
physiological basis of spontaneous locomotion. Secondly,
the present study was only selected male mice to study the
neural basis of hypolocomotive behavior in CSDS model.
Sex differences have been observed in MDD, and females
show a roughly twofold greater risk as compared to males
[33-35]. Therefore, the findings of this study cannot be
extrapolated to female population. Thirdly, considering the
validities of CSDS, not all exposed mice should develop
depressive-like phenotype as not all chronically stress
humans will experience MDD. It is important to bear in
mind the possible bias of individual differences in response
to CSDS treatment. Further studies, which take the variable
of individual differences into account, will need to be under-
taken. Fourthly, the spontaneous locomotor activity test was
performed in an open field apparatus. It is well known the
open filed test is one of the most commonly used platforms
to measure anxiety-like behaviors in animal models [36].
Several studies have revealed that repeated social defeat
significantly induced anxiety-like behavior in CSDS mice
[7, 37]. However, the ratio of distance travelled and time
spent between the central and the peripheral area was no
significantly changed in all spontaneous locomotor activ-
ity tests. The reason for this was that the tracking period
of locomotor activity was much longer than anxiety-like
behavior. The experimental mice may enter the central por-
tions more readily due to habituation to the central area
of the open field maze in the later period. Moreover, this
study focuses on the VTA-SNr pathway in CSDS-induced
hypolocomotion behavior. Undoubtedly, the CSDS-related
anxiety-like behavior was also an important and interesting
question. Further work needs to be done to establish how the
VTA dopamine neurons regulate CSDS-related anxiety-like
behavior.

In summary, we describe a neural circuit from VTA-DA
neurons to SNr that maybe underlies the locomotor activity
in hypolocomotive behavior observed in CSDS.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12035-021-02522-7.
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