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Abstract 23 

Stress-induced depression is common worldwide. Nucleus accumbens (NAc), a “reward” 24 

center, is recently reported to be critical to confer the susceptibility to chronic social defeat 25 

stress (CSDS) and the depression-related outcome. However, the underlying molecular 26 

mechanisms have not been well characterized. In this study, we induced depression-like 27 

behaviors with CSDS and chronic mild stress (CMS) in male mice to mimic social and 28 

environmental factors, respectively, and observed animal behaviors with social interaction test, 29 

tail suspension test and sucrose preference test. To determine the role of neuronal nitric oxide 30 

synthase (nNOS) and its product nitric oxide (NO), we employed brain region-specifically 31 

nNOS overexpression and stereotaxic injection of NO inhibitor or donor. Moreover, the 32 

downstream molecular cyclin-dependent kinase 5 (CDK5) was explored by conditional 33 

knockout and gene mutation. We demonstrate that nNOS-implicated mechanisms in NAc 34 

shell (NAcSh), including increased cell number, increased protein expression levels and 35 

increased specific enzyme activity, contribute the susceptibility to social defeat and the 36 

following depression-like behaviors. NAcSh nNOS does not directly respond to CMS but 37 

facilitates the depression-like behaviors. The increased NAcSh nNOS expression after CSDS 38 

leads to the social avoidance and depression-like behaviors in defeated mice, which is 39 

dependent on the nNOS enzyme activity and NO production. Moreover, we identify the 40 

downstream signal in NAcSh. S-nitrosylation of CDK5 by NO contributes to enhanced CDK5 41 

activity, leading to depression-related behaviors in susceptible mice. Therefore, NAcSh nNOS 42 

mediates susceptibility to social defeat stress and the depression-like behaviors through 43 

CDK5. 44 
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 45 

Significance statement  46 

Stress-induced depression is common worldwide and chronic exposure to social and 47 

psychological stressors is important cause of human depression. Our study carried out with 48 

CSDS mice models demonstrates that nNOS in NAcSh is crucial to regulate the susceptibility 49 

to social defeat stress and the following depression-like behaviors, indicating NAcSh nNOS 50 

as the responding molecule to social factors of depression. Moreover, we discover the 51 

downstream mechanism of NAcSh nNOS in mediating the susceptibility is NO and 52 

S-nitrosylation of CDK5. Thus, NAcSh nNOS mediates susceptibility to social defeat stress 53 

through CDK5 is a potential mechanism for depression, which may interpret how the brain 54 

transduces social stress exposure into depression. 55 

 56 

Key words: nNOS, NAc, CDK5, Social Defeat, Depression 57 

 58 

Introduction 59 

Major depressive disorder (MDD) is one of the greatest public health problems in the world, 60 

and more than 320 million people (around 4.7% of the world’s population) suffered from 61 

depression globally (World Health Organization, 2017). Based on the monoaminergic 62 

hypothesis which was established a half-century ago, monoamine reuptake inhibitors are 63 

widely used in clinic for depression treatment, even though these drugs have a limited 64 

efficacy and a slow onset of therapeutic action (Thompson et al., 2015; Perez-Caballero et al., 65 

2019). Researchers have made numerous efforts for better understanding the mechanisms 66 
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underlying depression and developing originally new antidepressants. 67 

An excitatory synapse hypothesis of depression has been proposed. Chronic stress- and 68 

genetic susceptibility-caused changes in the glutamatergic synapses strength at the prefrontal 69 

cortex (PFC), hippocampus, and nucleus accumbens (NAc), are thought to result in a 70 

dysfunction of corticomesolimbic reward circuitry that underlies many of the symptoms of 71 

depression (Thompson et al., 2015). The N-methyl-D-aspartate receptor (NMDAR) 72 

antagonists are regarded as the prospectively therapeutic alternative for MDD in future (Lang 73 

et al., 2018), especially after the finding that ketamine has rapid, robust, and sustained 74 

antidepressant-like effects in humans (Berman et al., 2000) and animals (Li et al., 2011). 75 

Neuronal nitric oxide synthase (nNOS), catalyzing the formation of nitric oxide (NO), can 76 

bind with NMDAR through postsynaptic density-95 (PSD-95) (Christopherson et al., 1999; 77 

Aarts et al., 2002). Both the enzyme and its production are reported to be closely related to 78 

neuropsychiatric disorders, including depression, anxiety and bipolar disorders (Zhou et al., 79 

2018). We have demonstrated that hippocampal nNOS is essential for chronic mild stress 80 

(CMS)-induced depressive behaviors in mice (Zhou et al., 2007; Zhou et al., 2011). Recently, 81 

more evidence from animal and clinical studies support the implication of NO in the 82 

pathophysiology of depression (Dhir and Kulkarni, 2011; Baranyi et al., 2015) and nNOS 83 

inhibitors (intraperitoneal or intrahippocampal injection) showed antidepressant-like 84 

properties (Zhou et al., 2018). Thus, nNOS might be a novel therapeutic target for depressive 85 

disorder other than NMDAR. However, knowledge about how nNOS mediates depression is 86 

limited, especially nNOS located outside hippocampus. 87 

NAc (also called ventral striatum), a “reward” center in the mesolimbic dopamine circuit, 88 
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influencing the motivation to seek rewarding stimuli and motor behaviors (Smith et al., 2011; 89 

Floresco, 2015), has been repeatedly reported to be involved in depression and related mood 90 

disorders (Thompson et al., 2015; Russo and Nestler, 2013; Francis and Lobo, 2017). Since 91 

NAc integrates the information associated with motivation and reward (Stuber et al., 2011; 92 

Britt et al., 2012), it might possess some different properties in mediating depression 93 

compared with hippocampus (Belleau et al., 2019). Depression-like behaviors arising from 94 

environmental factors and social conflicts are well reproduced by chronic mild stress (CMS) 95 

and chronic social defeat stress (CSDS) model in rodents, respectively (Venzala et al., 2013). 96 

NAc is critical to control the susceptibility to CSDS and the depression-like behaviors 97 

(Chaudhury et al., 2013; Heshmati et al., 2018; Francis et al., 2015). Regarding the regulation 98 

of depressive behaviors by NAc, great focus has been placed on classic transmitter dopamine 99 

(DA) and its receptors (Chaudhury et al., 2013; Heshmati et al., 2018; Francis et al., 2015; 100 

Tye et al., 2013), while the role of gas transmitter NO and its enzyme nNOS has not been 101 

characterized. 102 

In NAc, nNOS staining is localized to aspiny interneurons, moderate in the core and 103 

robust in the shell subregion (Hoque and West et al., 2010). Although nNOS-interneurons 104 

make up only 1-2% of the neuronal population, they are thought to exert an important 105 

functional impact on neurotransmission through NO diffusion (West et al., 2002; West and 106 

Grace, 2004; Sagi et al., 2014). Here, we explored the function of NAc nNOS and its product 107 

NO in regulating susceptibility to social defeat stress and the depression-like behaviors in 108 

mice, revealed that nNOS in NAc responded to social stress (CSDS) and environmental stress 109 

(CMS) differently with hippocampal nNOS, and explored the possible downstream signal of 110 
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NAc nNOS mediating CSDS-induced depression.  111 

 112 

Materials and methods 113 

Animals 114 

Male adult C57BL/6 mice (7-8 weeks) and male CD-1 mice (4 months, sexually experienced 115 

retired breeders) were purchased from Model Animal Research Center of Nanjing University 116 

(Nanjing, China) and Animal Core Facility of Nanjing Medical University (Nanjing, China), 117 

respectively. Homozygous nNOS KO mice (B6;129S4-Nos1tm1Plh/J, nNOS-/-, stock #002633, 118 

RRID: IMSR_JAX: 002633, The Jackson Laboratory, Bar Harbor, ME, USA) and their 119 

wild-type (WT) control with similar genetic background (B6129SF2, nNOS+/+) were 120 

maintained in Model Animal Research Center of Nanjing University. Floxed Cdk5 121 

(cyclin-dependent kinase 5) mice (B6.129S4(Cg)-Cdk5tm1.1Lht/J, Cdk5flox/f lox; stock 122 

#014156, RRID: IMSR_JAX: 014156, The Jackson Laboratory) were gifts from Dr. 123 

Zhi-Gang Xu (Shandong University, Qingdao, China). Animals were housed at controlled 124 

temperature (20 ± 2 °C) and 12:12 h light/dark cycle (lights on at 07:00) with access to food 125 

and water ad libitum. All animal experiments were conducted in accordance with the 126 

Institutional Animal Care and Use Committee of Nanjing Medical University. 127 

 128 

Depression models 129 

Exposure to stress increases the risk for depression in humans, so we employed two animal 130 

models, CSDS and CMS, to induce depression-like behaviors in mice. CSDS involves 131 

repeated bouts of social subordination, while CMS involves a series of repeated physical 132 
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stresses (Nestler and Hyman, 2010; Russo and Nestler, 2013). 133 

Chronic social defeat stress 134 

Chronic social defeat stress (CSDS) was carried out as described previously (Golden et al., 135 

2011). Briefly, retired male breeder CD1 mice (singly housed) were screened for 3 136 

consecutive days prior to the experiment to verify their aggressive characteristics. Over the 137 

following 10 consecutive days, each experimental C57BL/6 male mice (intruder) was 138 

introduced into the home cage of a novel aggressive CD1 mouse (resident) for 10 min 139 

physical attack and basic observation throughout the defeat sessions was made to ensure that 140 

high-quality aggressive bouts occur. In cases in which repeated defeats lead to the 141 

development of open wounds exceeding 1 cm, the intruder mouse was immediately removed 142 

from the experiment and euthanasia is done. The offending aggressor mouse was removed too. 143 

After the 10 min-physical attack, the intruders were kept in sensory contact with the residents 144 

for 24 h until the next defeat, using a perforated Plexiglass partition to divide the resident 145 

home cage in two compartments. Control mice were housed in pairs, one on each side of a 146 

perforated Plexiglass partition, and they were never in physical or sensory contact with CD1 147 

mice. The animals underwent behavioral tests 24 h after 10-day or 7-day CSDS. 148 

Chronic mild stress 149 

The procedure of chronic mild stress (CMS) was designed as we described previously (Zhou 150 

et al., 2011). In brief, the CMS protocol consists of the sequential application of a variety of 151 

mild stressors, including restraint, forced swimming, water and/or food deprivation 24 h and 152 

following placing the empty bottles 1 h, housing in wet sawdust, reversal of the light/dark 153 

cycle, an electric shock (0.75 mA, 3 s) in 3 minutes and exposure to the same device without 154 
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shock in the same period time on next day, in a schedule that lasts for 4 weeks. The schedule 155 

is repeated thereafter from week 1 and lasted for 4 weeks to induce depressive behaviors. The 156 

protocol of subthreshold CMS was the same as CMS except that the total duration was 2 157 

weeks and no obvious behaviors alteration appeared in stressed mice. 158 

 159 

Behavioral tests 160 

We carried out three behavioral tests to measure the depression-like behaviors in mice, social 161 

interaction test (TST, social avoidance), tail suspension test (TST, behavioral despair) and 162 

sucrose preference test (SPT, anhedonia) (Nestler and Hyman, 2010; Golden et al., 2011). 163 

Social interaction test 164 

After the last stress, the experimental mice were singly housed and were tested in the social 165 

interaction test (SIT) 24 hours later. This test was composed of two 2.5 min phases as 166 

described before (Isingrini et al., 2016). In the first 2.5 min, each experimental mouse was 167 

placed in an open field (45 cm wide × 45 cm deep × 45 cm high) with a Plexiglas wire mesh 168 

enclosure (10 cm wide × 6.5 cm deep × 42 cm high) in which the wire mesh was empty (no 169 

target). In the second 2.5 min, an unfamiliar CD1 mouse (target) was placed inside the wire 170 

mesh. The interaction zone of the test arena encompasses a 27 cm wide × 15 cm deep 171 

rectangular area projecting 8.5 cm around the wire-mesh enclosure. The corner zones 172 

encompass a 9 cm × 9 cm area projecting from both corner joints opposing the wire-mesh 173 

enclosure. The behaviors of the experimental mouse were recorded and analyzed with 174 

TopScan LITE software (RRID: SCR_014494, Clever Sys Inc., Reston, VA, USA) and the 175 

proximity of the body to interaction zone was regarded as the interaction. Between the two 176 
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phases, the experimental mouse was returned to his home cage for 30 s. The ratio of 177 

interaction was calculated by dividing time spent in the interaction zone with target (CD1 178 

mouse) by that without target. 179 

Tail suspension test 180 

After SIT, mice were allowed to rest in their home cage for 30 min, and were then assessed in 181 

tail suspension test (TST) as we described previously (Zhou et al., 2011). Mice were 182 

suspended by their tail with adhesive tape to a hook in a soundproof box. The test session was 183 

videotaped for 6 min and the immobility was analyzed using TopScan LITE software (RRID: 184 

SCR_014494, Clever Sys Inc.). 185 

Sucrose preference test 186 

The sucrose preference test (SPT) was performed as we reported (Liu et al., 2018). Mice were 187 

allowed to rest in their home cage for 30 min after TST, and then placed into SPT apparatus 188 

individually, given two regular bottles for 24 h, one containing 1% (wt/vol) sucrose water and 189 

one containing tap water (regular water). Then, the mice were deprived of both food and 190 

water for 12 h. Immediately after that, all animals were given 10 h access to one tube of 1 % 191 

(wt/vol) sucrose solution and one tube of regular water. Each tube was weighed before and 192 

after the test. At the end of the test, the mice were returned to group housing with ad libitum 193 

food and water. The sucrose preference for each mouse was evaluated as [sucrose 194 

consumption / (sucrose consumption + regular water consumption)] × 100%. 195 

 196 

Recombinant virus and stereotaxic infection 197 

To specifically manipulate the target protein, the recombinant virus was infused into the 198 
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desired brain region with a stereotaxic apparatus. The recombinant viruses used in this study, 199 

including AAV-hSyn-nNOS-eGFP (2.8  1012 v.g./ml), AAV-hSyn-inactive nNOS-eGFP (2.8 200 

 1012 v.g./ml), AAV-hSyn-eGFP (2.8  1012 v.g./ml), 201 

AAV-CMV-CDK5-C83/157S-3Flag-T2A-eGFP (1.3  1013 v.g./ml) and 202 

AAV-CMV-3Flag-T2A-eGFP  (1.3  1013 v.g./ml) were produced by GeneChem Co., Ltd 203 

(Shanghai, China). AAV-hSyn-Cre (1.0  1013 v.g./ml, catalog #CN867) were purchased from 204 

Neuron Biotech Co., Ltd (Shanghai, China). AAV-hSyn-nNOS-eGFP expressed the fusion 205 

protein of mouse full length nNOS and fluorescent protein eGFP. AAV-hSyn-inactive 206 

nNOS-eGFP expressed the fusion protein of eGFP and mouse nNOS truncation mutants 207 

which is a catalytically inactive protein with deletion of amino acids 1373 to 1429 of nNOS 208 

(Hallmark et al., 1999). AAV-CMV-CDK5-C83/157S-3Flag-T2A-eGFP expresses 209 

3Flag-tagged mouse CDK5 with two point mutations: Cys 83 Ser and Cys 157 Ser. This 210 

mutant CDK5 could not be activated by S-nitrosylation (Qu et al., 2011). Desired AAV was 211 

microinjected into NAc or ventral hippocampus of control, susceptible or resilient mice 3 212 

weeks before behavioral tests. Mice were anesthetized and desired virus in appropriate 213 

volume (1 μl for AAV-hSyn-nNOS-eGFP, AAV-hSyn-inactive nNOS-eGFP and 214 

AAV-hSyn-eGFP, 0.4 μl for AAV-hSyn-Cre, AAV-CMV-CDK5-C83/157S-3Flag-T2A-eGFP 215 

and AAV-CMV-3Flag-T2A-eGFP) was microinjected into the shell of NAc (NAcSh) or 216 

ventral hippocampus bilaterally using a stereotaxic instrument for mice (Stoelting, Wood Dale, 217 

IL, USA) at a rate of 2 nl/s. The The coordinates for NAcSh: anterior-posterior, +1.6 mm; 218 

medial-lateral, ±1.3 mm; dorsal-ventral, -4.5 mm. Hippocampus: anterior-posterior, -2.9 mm; 219 

medial-lateral, ±2.8 mm; dorsal-ventral, -3.2 mm. Following injection, the needle was 220 
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withdrawn over a course of 10 min to assure even distribution of the virus. 221 

 222 

Cannula implantation and drug microinjection 223 

Cannula was pre-implanted when drug microinjection was needed. Five days before 224 

behavioral tests, stainless-steel guide cannula (26 gauge, 4.0 mm, RWD Life Science, 225 

Shenzhen, China) were implanted into NAcSh (anterior-posterior, +1.6 mm; medial-lateral, 226 

±1.3 mm) and fixed to the skull with adhesive luting cement and acrylic dental cement. 227 

Following surgery, a stainless-steel obturator was inserted into the guide cannula to avoid 228 

obstruction until microinjection was made. Thirty minutes before behavioral tests, mice were 229 

briefly head-restrained while the stainless-steel obturator was removed and an injection tube 230 

(30 gauge, 4.5 mm, RWD Life Science) was inserted into the guide cannula. A dose of 231 

L-VNIO (Alexis Biochemicals, catalog #270-216), C-PTIO (Sigma-Aldrich, catalog #C221), 232 

DETA/NONOate (Sigma-Aldrich, catalog #A5581) or Roscovitine (Sigma-Aldrich, catalog 233 

#R7772) was slowly infused bilaterally at a flow rate of 0.2 μl/min to a total volume of 1 μl. 234 

The concentration of L-VNIO (1.5 mM), C-PTIO (10 μM) and DETA/NONOate (100 μM) 235 

was the same as we used in our published work (Luo et al., 2010; Liang et al., 2020) and the 236 

concentration of Roscovitine (50 μM) was referred to literature (Li et al. 2016). The injection 237 

tube was left in place for 5 min after injection to reduce backflow and then was slowly 238 

withdrawn. The stainless-steel obturator was reinserted into the guide cannula.  239 

 240 

Immunofluorescence and cell counting 241 

To determine the number of nNOS+ cells or confirm the effective infection of recombinant 242 
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virus, immunofluorescent labeling was performed as we previously did (Luo et al., 2010; Luo 243 

et al., 2014; Zhou et al., 2010). The 4-5 mice whose social interaction ratio was nearest to the 244 

average value of each group were chosen for immunofluorescence. Mice were transcardially 245 

perfused with 4% paraformaldehyde (w/v) in phosphate buffer (0.1 M, pH 7.4), and brains 246 

were removed and post-fixed overnight. Serial vibratome sections (40 μm) were processed. 247 

After blocking in PBS containing 3% normal goat serum, 0.3% (w/v) Triton X-100 and 0.1% 248 

BSA at room temperature for 1 h, slices were incubated in primary antibody diluted in 249 

blocking solution overnight at 4 C and washed. Slices were then incubated in secondary 250 

antibody for 2 h at room temperature. The primary antibodies used were as follows: rabbit 251 

anti-nNOS (1:400; Thermo Scientific, catalog #61-7000, RRID: AB_2313734), rabbit 252 

anti-GFP (1:1000, Abcam, catalog #ab290, RRID: AB_303395), rabbit anti-CDK5 (1:100; 253 

Abcam, catalog #ab40773, RRID: AB_726779), guinea pig anti-c-Fos (1:200; Synaptic 254 

System, catalog #226-004, RRID: AB_2619946), and mouse anti-NeuN (1:500; millipore, 255 

catalog #MAB377, RRID: AB_2298772). Secondary antibodies used were goat anti-rabbit 256 

Cy3 (1:400; Jackson ImmunoResearch, catalog #111-165-003, RRID: AB_2338000), goat 257 

anti-rabbit Dylight 488 (1:400; Jackson ImmunoResearch, catalog #111-545-003, RRID: 258 

AB_2338046), goat anti-mouse Cy3 (1:200; Jackson ImmunoResearch, catalog #115-165-003, 259 

RRID: AB_2338680) and goat anti-guinea pig Alexa 488 (1:200; Abcam, catalog #ab150185, 260 

RRID: AB_2736871). Finally, slices were mounted onto slides and images were acquired 261 

with a fluorescence microscope (Axio Imager, Zeiss, Oberkochen, Germany) or a confocal 262 

laser-scanning microscope (LSM700, Zeiss). 263 

For nNOS+ cells counting, the immunofluorescent images were analyzed with UTHSCSA 264 
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ImageTool 3.0 software. The analysis was conducted on every third section in a series of 265 

40- m coronal sections throughout NAc (from AP + 1.94 mm to AP + 0.86 mm, about 9 266 

sections per mouse). To determine the total number of nNOS+ cells per NAc, the counts from 267 

sampled sections were averaged and the mean values were multiplied by the total number of 268 

sections. The product was regarded as the final value of one mouse. This is an approximation 269 

and not an unbiased stereological estimate or an accurate count. 270 

 271 

Biochemical assays 272 

After the last test, mice were decapitated under anaesthesia and the brains were quickly placed 273 

on the ice. 1 mm brain slices were cut by two knife blades which held together with a 1 mm 274 

interstice. After removal of the olfactory bulb, the second 1 mm coronal section (beginning 275 

from Bregma +1.94 mm, approximately) was selected to dissect bilateral NAc and mPFC, 276 

while the seventh 1 mm coronal section (beginning from Bregma -2.92 mm, approximately) 277 

was selected to dissect bilateral VTA. According to mouse brain atlas hires, bilateral HP 278 

tissues were dissected using forceps before the dissection of VTA. Samples were stored at 279 

-80 °C until further use. 280 

Western blot 281 

To determine the change of protein levels of nNOS, CDK5 and S-nitrosylated CDK5 in 282 

CSDS-induced depression, western bolt was performed as we previously did (Luo et al., 2010; 283 

Luo et al., 2014; Zhou et al., 2010). Tissues from bilateral NAc were lysed in 100 mM 284 

HEPES containing 200 mM NaCl, 10% glycerol, 2 mM Na4P2O7, 2 mM DTT, 1 mM EDTA, 285 

1 mM benzamidine, 0.1 mM Na3VO4, 1 μM pepstatine, 10 μg/ml aprotinin, 10 μg/ml 286 
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leupeptin and 10 μM PMSF at PH 7.4. After lysis for 30 min in ice, samples were centrifuged 287 

at 12 000 g, 4 C for 15 min. The samples containing equivalent amounts of protein were 288 

applied to acrylamide denaturing gels (SDS-PAGE). The separated proteins were transferred 289 

onto Immobilon®-P Transfer Membranes (Millipore, Burlington, MA, USA). Blotting 290 

membranes were incubated with blocking solution [7.5% nonfat dried milk powder dissolved 291 

in PBST buffer (pH 7.5, 10 mM Tris-HCl, 150 mM NaCl, and 0.1% Tween 20)] for 1 h at 292 

room temperature, washed three times, and then were incubated with primary antibodies in 293 

PBST overnight at 4 C. The primary antibodies were as follows: rabbit anti-nNOS (1:1000; 294 

Thermo Scientific, catalog #61-7000, RRID: AB_2313734), mouse anti-Flag (1:4000; 295 

Sigma-Aldrich, catalog #F1804, RRID: AB_262044) and rabbit anti-CDK5 (1:800; Abcam, 296 

catalog #ab40773, RRID: AB_726779). Internal control was performed using mouse 297 

anti-GAPDH (1:4000; KangChen Bio-tech, catalog #KC-5G4, RRID: AB_2493106), rabbit 298 

anti-β-actin (1:2000; Bioss, catalog #bs-0061R, RRID: AB_10855480) or mouse anti-Tubulin 299 

(1:5000; Bioworld Technology, catalog #BS1482M). After several washes with PBST buffer, 300 

the membranes were incubated for 2 h with appropriate horseradish peroxidase-linked 301 

secondary antibody [goat anti-mouse HRP (1:8000, Multi Science, catalog #70-GAM0072, 302 

RRID: AB_2827834) or goat anti-rabbit HRP (1:6000, Multi Science, catalog 303 

#70-GAR0072)]. The membranes were then processed with enhanced chemiluminescence 304 

western blotting detection reagents (Bio-Rad, Hercules, CA, USA). The films were scanned 305 

with ChemiDOCTM MP Imaging System (Bio-Rad), avoiding densitometric saturation, and 306 

densitometry was performed using Image LabTM software (Bio-Rad). 307 

nNOS specific activity assay 308 
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To explore the role of nNOS in regulating the susceptibility to CSDS, the specific enzyme 309 

activity of nNOS was determined. Bilateral NAc were collected and homogenized in ice-cold 310 

PBS, pH 7.4, and analyzed using the Nitric Oxide Assay Kit (Beyotime Biotech, catalog 311 

#S0023, Shanghai, China). Because NO has an extremely short half-life, we quantified total 312 

NOS (including nNOS, eNOS and iNOS) activity by measuring the concentrations of the two 313 

stable NO products nitrate and nitrite (NOX). According to the protocol of the manufacturer, 314 

the assay included a process to convert nitrate to nitrite and then to use a Greiss reaction to 315 

measure the nitrite concentrations. Absorbance of the samples was measured at 540 nm. To 316 

calculate nNOS activity, the measured value of total NOS activity of nNOS KO group was 317 

regarded as background from eNOS and iNOS, and was subtracted from the total NOS 318 

activity value of each group. Finally, the nNOS specific activity was expressed as pmol 319 

NOX/min/mg of protein. 320 

CDK5 specific activity assay 321 

To explore the role of CDK5 in regulating the susceptibility to CSDS, the specific enzyme 322 

activity of CDK5 was determined. Analysis was conducted by a GENMED in vitro CDK5 323 

Kinase Activity Kit (catalog #GMS50151.2.3v.A, GENMED Scientifics, Arlington, MA, USA) 324 

with tissues from bilateral NAc. According to the instructions, ADP was produced with the 325 

oxidation of NADH using phosphoenolpyruvate catalysed by lactic dehydrogenase and 326 

pyruvate kinase (PK). In brief, a 100 μL mixture containing tissue lysate (250 μg) was 327 

incubated for 5 min at 30°C with the peptide substrate PKTPKKAKKL and the PK/lactic 328 

dehydrogenase system in the presence of the selective CDK5/p25 inhibitor BML259. The 329 

oxidation of NADH was measured by examining the absorbance at 340 nm using a 330 



 

16 
 

spectrophotometer. The CDK5 specific activity was expressed as nmol NADH/min/mg of 331 

protein. 332 

Biotin-switch assay 333 

To determine the S-nitrosylation of CDK5 by NO, biotin-switch assay was conducted. 334 

Biotin-Switch Assay Kit (catalog #10006518, Cayman, Ann Arbor, MI, USA) was used to 335 

complete the biotin-switch of tissue lysate until the biotinylated proteins were precipitated 336 

with acetone. The assay was performed in the dark according to the manufacture’s instruction. 337 

Briefly, tissues from bilateral NAc were lysed and incubated in Wash Buffer containing 338 

Blocking Reagent and 1% Triton X-100 for 30 minutes at 4 °C. Proteins were precipitated 339 

with acetone for 1 h at -20 °C. After adding Buffer B containing 1% Triton X-100, Reducing 340 

and Labeling Reagents, proteins were incubated at room temperature for 1 h. Proteins were 341 

precipitated with acetone for 1 h at -20 °C. Then, biotinylated proteins were resuspended in 342 

250 μl HENS buffer plus 500 μl neutralization buffer (20 mM HEPES, 100 mM NaCl, 1 mM 343 

EDTA, 0.5% Triton X-100) and precipitated with 50 μl prewashed avidin-affinity resin beads 344 

(Sigma-Aldrich) at room temperature for 1 h or overnight at 4°C. The beads were washed five 345 

times at 4 °C using wash buffer (0.05 M HEPES buffer, pH 7.1, containing 0.15% Triton 346 

X-100, 0.15 M NaCl, and 0.1 × 10-3 M sodium orthovanadate). Biotinylated proteins were 347 

eluted using 30 μl elution buffer (20 mM HEPES, 100 mM NaCl, 1 mM EDTA, 100 mM 348 

β-mercaptoethanol) and heated at 100 °C for 5 min in reducing SDS-PAGE loading buffer. 349 

Finally, biotinylated proteins were detected by immunoblotting using rabbit anti-CDK5 (1:800; 350 

Abcam, catalog #ab40773, RRID: AB_726779). 351 

 352 
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Experimental design and statistical analyses 353 

Most experiments in this study were performed with a single cohort, except two experiments 354 

(Fig. 7I-L and Fig. 8L-O). For these two experiments, data from two cohorts were pooled 355 

together. No sample-size calculation was performed in this study. Sample size was 8-18 mice 356 

for animal behavioral tests and 4-5 mice for biochemical measurements, according to 357 

previously published studies (Chaudhury et al., 2013; Tye et al., 2013; Cheng et al., 2019) and 358 

our prior experience (Hu et al., 2012; Zhu et al., 2014; Liang et al., 2020). The accurate 359 

sample size is given in each figure legend. For biochemical measurements, no data were 360 

excluded from the analysis unless the data were not successfully obtained for technical or 361 

accidental reasons. For behavioral tests, animals were excluded from the analysis if accidental 362 

events occurred, such as no movement in SIT, fall or climb in TST, water-leaking in SPT, and 363 

escape. The data from the mice whose brain region was not been correctly targeted in 364 

microinjection were also excluded. The details of excluded animals, if any, are provided in 365 

each figure legend. Investigators were blind to group treatment when assessing the outcome. 366 

Appropriate parametric statistics were utilized to test our hypothesis. Comparisons among 367 

multiple groups were made by Tukey’s post hoc test following one-way or two-way ANOVA, 368 

and comparisons between two groups were made by Sidak’s post hoc test following two-way 369 

ANOVA, according to the recommendation of GraphPad Prism 6 software (RRID: 370 

SCR_002798). Two independent variables in SIT were target and treatment or genotype or 371 

phenotype, two independent variables in nNOS+ cells counting experiment were location and 372 

phenotype, and one independent variable in other experiments was treatment or genotype or 373 

phenotype. Comparisons between two groups were made with unpaired two-tail student’s 374 
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t-test (GraphPad Prism 6 software, RRID: SCR_002798). Data were presented as mean  375 

SEM, and p < 0.05 was considered statistically significant. Statistical details of experiments 376 

are shown in results, figures and figure legends. 377 

 378 

Results 379 

 380 

nNOS is specifically upregulated in NAc shell of susceptible mice exposed to CSDS 381 

In order to investigate the contribution of social factor to depression, we used mice CSDS 382 

model (Fig. 1A) and divided the defeated mice into susceptible and resilient subtypes by 383 

social interaction ratio (Fig. 1B), according to previous report (Golden et al., 2011). 384 

Susceptible mice spent less time in the interaction zone with target than control and resilient 385 

mice (Fig. 1C) (ANOVA: F(2,78) = 11.34, p < 0.0001 for interaction; F(1,78) = 2.838, p = 0.096 386 

for target; F(2,78) = 2.565, p = 0.083 for phenotype. post hoc test following ANOVA: p < 387 

0.0001 for CON vs. SUS, p = 0.0008 for SUS vs. RES and p = 0.0838 for CON vs. RES with 388 

target; p = 0.261 for CON vs. SUS, p = 0.369 for SUS vs. RES and p = 0.977 for CON vs. 389 

RES with no target), while the locomotor activities among groups were similar with or 390 

without target (Fig. 1D) (ANOVA: F(2,78) = 0.057, p = 0.945 for interaction; F(1,78) = 35.93, p < 391 

0.0001 for target; F(2,78) = 0.814, p = 0.447 for phenotype. post hoc test following ANOVA: p 392 

= 0.991 for CON vs. SUS, p = 0.847 for SUS vs. RES and p = 0.811 for CON vs. RES with 393 

target; p = 0.992 for CON vs. SUS, p = 0.586 for SUS vs. RES and p = 0.570 for CON vs. 394 

RES with no target). Behavioral despair (TST) and anhedonia (SPT) were successfully 395 

induced in susceptible mice (Fig. 1E, F) (post hoc test following ANOVA: F(2,30) = 5.848, p = 396 
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0.028 for CON vs. SUS, p = 0.011 for SUS vs. RES and p = 0.951 for CON vs. RES in Fig. 397 

1E; F(2,33) = 10.43, p = 0.002 for CON vs. SUS, p = 0.0009 for SUS vs. RES and p = 0.993 for 398 

CON vs. RES in Fig. 1F). Yet, there was still substantial overlap between susceptible and 399 

resilient mice in TST and SPT. As well as the different behavioral phenotypes, susceptible and 400 

resilient mice showed upregulated and unchanged nNOS expression levels in NAc, 401 

respectively (Fig. 1G) (post hoc test following ANOVA: F(2,9) = 20.47, p = 0.0007 for CON vs. 402 

SUS, p = 0.002 for SUS vs. RES, p = 0.808 for CON vs. RES). nNOS upregulation was not 403 

found in hippocampus (HP), medial PFC (mPFC) or ventral tegmental area (VTA) of 404 

susceptible mice (Fig. 1H) (ANOVAs: F(2,9) = 0.102, p = 0.904 for HP; F(2,9) = 0.041, p = 405 

0.960 for mPFC; F(2,9) = 0.040, p = 0.961 for VTA), which were known regions related to 406 

modulation of depressive behaviors. The results indicated that nNOS in NAc was specifically 407 

sensitive to CSDS-induced depression. Moreover, because NAc consists of two primary 408 

segments: a medial “core” and a more lateral “shell” (Zahm and Brog, 1992) and they may 409 

subserve distinct behavioral functions (Floresco, 2015), we examined in situ nNOS 410 

expression by immunofluorescence. As shown in Fig. 1I and Fig. 1J, the number of nNOS+ 411 

neurons in NAc core (NAcC) was similar in control, susceptible and resilient mice, but 412 

significantly increased in NAc shell (NAcSh) of susceptible mice (ANOVA: F(2,24) = 44.71, p 413 

< 0.0001 for interaction; F(1,24) = 454.0, p < 0.0001 for location; F(2,24) = 62.24, p < 0.0001 for 414 

phenotype. post hoc test following ANOVA: p = 0.510 for CON vs. SUS and p = 0.620 for 415 

SUS vs. RES in core; p < 0.0001 for CON vs. SUS and p < 0.0001 for SUS vs. RES in shell). 416 

Thus, upregulated nNOS expression in susceptible mice specifically occurred in NAcSh. We 417 

next investigated whether the activity of nNOS enzyme in nNOS-expressing neurons in 418 
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NAcSh was important to mediate susceptibility to CSDS. In agreement with the protein 419 

expression and cell counting, nNOS specific activity in NAc was obviously enhanced in 420 

susceptible mice but not resilient mice (Fig. 1K) (post hoc test following ANOVA: F(2,12) = 421 

55.62, p < 0.0001 for CON vs. SUS, p < 0.0001 for SUS vs. RES, p = 0.696 for CON vs. 422 

RES). We labeled neurons with nNOS and c-Fos (a widely used indicator of cell activation) 423 

antibodies. Unexpectedly, there was no nNOS+ neuron in NAcSh co-labeled with c-Fos 60 424 

min after SIT, TST or SPT (Fig. 1L), suggesting that the regulation of depression-related 425 

behaviors by NAcSh nNOS may be independent of nNOS+ cell activity. 426 

 427 

nNOS overexpression in NAcSh promotes susceptibility to depression 428 

Next, we determined whether nNOS in NAcSh alone was sufficient to lead to 429 

depression-related behaviors. To avoid the influence of nNOS background, we overexpressed 430 

full-length nNOS with a recombinant adeno-associated virus (AAV-hSyn-nNOS-eGFP) in 431 

NAcSh neurons of nNOS gene knockout (KO) mice (Fig. 2A). Three weeks after the virus 432 

microinjection, the effective and accurate infection of NAcSh (Fig. 2B) and considerable 433 

nNOS-eGFP expression was confirmed (Fig. 2C). Compared with AAV-hSyn-eGFP-infected 434 

mice, AAV-hSyn-nNOS-eGFP-infected mice spent much less time in the interaction zone with 435 

target (Fig. 2D) (ANOVA: F(1,46) = 19.99, p < 0.0001 for interaction; F(1,46) = 4.561, p = 0.038 436 

for target; F(1,46) = 14.03, p = 0.0005 for treatment. post hoc test following ANOVA: p < 437 

0.0001 for eGFP vs. nNOS-eGFP with target; p = 0.848 for eGFP vs. nNOS-eGFP with no 438 

target). This active social avoidance was not due to different locomotor activities, because 439 

total distances travelled in both groups were equivalent (Fig. 2E) (ANOVA: F(1,46) = 0.004, p 440 
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= 0.952 for interaction; F(1,46) = 3.387, p = 0.245 for target; F(1,46) = 0.120, p = 0.731 for 441 

treatment). Consistent with augmented social avoidance, overexpression of nNOS resulted in 442 

increased immobility time in TST (Fig. 2F) (t test: t22 = 6.262, p < 0.0001) and reduced 443 

sucrose preference in SPT (Fig. 2G) (t test: t22 = 3.567, p = 0.002). Thus, nNOS 444 

overexpression in NAcSh caused depression-like behaviors.  445 

Moreover, we compared the behaviors of nNOS KO mice with WT mice to clarify the 446 

results from nNOS overexpression in nNOS KO mice. Under physiological (unstressed) 447 

condition, nNOS KO mice spent equivalent time in interaction zone with target to WT mice 448 

(Fig. 2H, left) (ANOVA: F(1,48) = 0.042, p = 0.838 for interaction; F(1,48) = 36.62, p < 0.0001 449 

for target; F(1,48) = 1.404, p = 0.242 for genotype. post hoc test following ANOVA: p = 0.552 450 

for WT vs. nNOS KO with target). However, total distance travelled by nNOS KO mice was 451 

markedly increased with or without target (Fig. 2I, left) (ANOVA: F(1,48) = 0.199, p = 0.658 452 

for interaction; F(1,48) = 9.018, p = 0.004 for target; F(1,48) = 44.09, p < 0.0001 for genotype. 453 

post hoc test following ANOVA: p = 0.0001 for WT vs. nNOS KO with target, p < 0.0001 for 454 

WT vs. nNOS KO with no target), indicating the enhanced locomotor activity of nNOS KO 455 

mice. Dramatically reduced immobility time showed by nNOS KO mice in TST (Fig. 2J, left) 456 

(t test: t24 = 5.742, p < 0.0001) may result from the enhanced locomotor activity, at least 457 

partly. The sucrose preference was equal between nNOS KO and WT mice (Fig. 2K, left) (t 458 

test: t24 = 0.597, p = 0.556). Under CSDS-exposed condition, WT mice tended to avoid the 459 

interaction with target, but nNOS KO mice did not. As shown in Fig. 2H, right, nNOS KO 460 

mice spent much more time in interaction zone with target than WT mice (ANOVA: F(1,48) = 461 

10.10, p = 0.003 for interaction; F(1,48) = 8.031, p = 0.007 for target; F(1,48) = 11.99, p = 0.001 462 
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for genotype. post hoc test following ANOVA: p < 0.0001 for WT vs. nNOS KO with target). 463 

After CSDS, nNOS KO mice also travelled much longer in SIT (Fig. 2I, right) (ANOVA: 464 

F(1,48) = 0.268, p = 0.607 for interaction; F(1,48) = 7.735, p = 0.008 for target; F(1,48) = 34.90, p < 465 

0.0001 for genotype. post hoc test following ANOVA: p < 0.0001 for WT vs. nNOS KO with 466 

target, p = 0.0008 for WT vs. nNOS KO with no target) and struggled much longer in TST 467 

(Fig. 2J, right) (t test: t24 = 5.763, p < 0.0001), compared with WT mice. Finally, 468 

CSDS-exposed nNOS KO mice showed higher sucrose preference than CSDS-exposed WT 469 

mice (Fig. 2K, right) (t test: t24 = 3.128, p = 0.005). 470 

 Further we microinjected AAV-hSyn-nNOS-eGFP or AAV-hSyn-eGFP into resilient 471 

C57BL/6 mice to observe whether the resilient phenotype could be reversed to the susceptible 472 

phenotype (Fig. 2L). The behavioral results showed that the mice resilient to the first 10-day 473 

CSDS became susceptible to the second 7-day CSDS when they were infected with 474 

AAV-hSyn-nNOS-eGFP, while AAV-hSyn-eGFP-infected mice maintained their resilient 475 

phenotype (Fig. 2M) (ANOVA: F(3,82) = 21.85, p < 0.0001 for interaction; F(1,82) = 5.476, p = 476 

0.0217 for target; F(3,82) = 11.54, p < 0.0001 for phenotype or treatment. post hoc test 477 

following ANOVA: p < 0.0001 for CON vs. SUS, p = 0.9997 for CON vs. RES+eGFP and p < 478 

0.0001 for RES+eGFP vs. RES+nNOS-eGFP with target). The locomotor activities among 479 

groups were similar in the presence of target (Fig. 2N) (ANOVA: F(3,82) = 0.350, p = 0.789 for 480 

interaction; F(1,82) = 75.57, p < 0.0001 for target; F(3,82) = 6.373, p = 0.0006 for phenotype or 481 

treatment. post hoc test following ANOVA: p = 0.271 for CON vs. SUS, p = 0.322 for CON 482 

vs. RES+eGFP and p = 0.813 for RES+eGFP vs. RES+nNOS-eGFP with target). 483 

Overexpression of nNOS in NAcSh also produced behavior despair and anhedonia in resilient 484 
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mice (Fig. 2O, P) (post hoc test following ANOVA: F(3,43) = 19.23, p < 0.0001 for CON vs. 485 

SUS, p  0.9999 for CON vs. RES+eGFP and p < 0.0001 for RES+eGFP vs. 486 

RES+nNOS-eGFP in Fig. 2O; F(3,43) = 16.55, p < 0.0001 for CON vs. SUS, p = 0.998 for 487 

CON vs. RES+eGFP and p < 0.0001 for RES+eGFP vs. RES+nNOS-eGFP in Fig. 2P). 488 

Therefore, nNOS overexpression in NAcSh promoted susceptibility to depression in resilient 489 

mice exposed to CSDS. 490 

 491 

NAcSh nNOS does not directly respond to CMS but facilitates the depression-like 492 

behaviors 493 

Though we identified nNOS in NAcSh as the key to mediate susceptibility to CSDS and 494 

induce depression-related behaviors here, we also reported that hippocampal nNOS mediated 495 

CMS-induced depression in mice (Zhou et al., 2011). Is there any distinction between the 496 

action of nNOS in hippocampus and NAcSh? Given that CSDS did not change nNOS 497 

expression in hippocampus (Fig. 1H), we then detected NAc nNOS expression after CMS 498 

(Fig. 3A). The result showed that CMS had no obvious effect on nNOS protein level in NAc (t 499 

test: t8 = 0.196, p = 0.850), though it produced about 2.6-fold increase in hippocampus (t test: 500 

t8 = 3.809, p = 0.005) (Fig. 3B). From this discrepancy, we hypothesized that NAc nNOS 501 

reacted to social stress rather than environmental stress. Indeed, CMS led to marked 502 

behavioral despair in TST (Fig. 3C) (t test: t26 = 5.447, p < 0.0001) and anhedonia in SPT (Fig. 503 

3D) (t test: t26 = 4.892, p < 0.0001), but it did not cause social avoidance (Fig. 3E) (ANOVA: 504 

F(1,48) = 0.003, p = 0.957 for interaction; F(1,48) = 41.00, p < 0.0001 for target; F(1,48) = 0.338, p 505 

= 0.564 for treatment. post hoc test following ANOVA: p = 0.917 for CON vs. CMS with 506 
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target and p = 0.881 for CON vs. CMS with no target) or change locomotor activity (Fig. 3F) 507 

(ANOVA: F(1,48) = 0.630, p = 0.431 for interaction; F(1,48) =6.629, p = 0.013 for target; F(1,48) = 508 

1.894, p = 0.175 for treatment. post hoc test following ANOVA: p = 0.246 for CON vs. CMS 509 

with target and p = 0.899 for CON vs. CMS with no target). To compare with the effects of 510 

nNOS overexpression in NAc, we delivered AAV-hSyn-nNOS-eGFP or AAV-hSyn-eGFP into 511 

hippocampus of nNOS KO mice (Fig. 3G). Three weeks later, effective infection in ventral 512 

hippocampus was illustrated (Fig. 3H). As expected, nNOS-eGFP mice showed 513 

depression-like behaviors in TST (Fig. 3I) (t test: t22 = 3.484, p = 0.002) and SPT (Fig. 3J ) (t 514 

test: t22 = 5.705, p < 0.0001), while their social interaction (Fig. 3K) (ANOVA: F(1,44) = 0.950, 515 

p = 0.335 for interaction; F(1,44) = 12.21, p = 0.001 for target; F(1,44) = 0.852, p = 0.361 for 516 

treatment. post hoc test following ANOVA: p = 0.338 for eGFP vs. nNOS-eGFP with target 517 

and p = 0.999 for eGFP vs. nNOS-eGFP with no target) and locomotor activity (Fig. 3L) 518 

(ANOVA: F(1,44) = 0.0003, p = 0.987 for interaction; F(1,44) = 4.066, p = 0.050 for target; F(1,44) 519 

= 0.054, p = 0.818 for treatment) was normal. The results suggested the particular role of NAc 520 

nNOS in social stress-induced depression. 521 

 Furthermore, we demonstrated whether NAc nNOS could facilitate CMS-induced 522 

depression-like behaviors. We found microinjection of 1.4  109 v.g. AAV-hSyn-nNOS-eGFP 523 

in NAcSh of C57BL/6 mice to produce moderate overexpression of nNOS (Fig. 4A, B) 524 

without direct emergence of depression-like behaviors (Fig. 4C-F) (Fig. 4C: ANOVA: F(3,60) = 525 

4.827, p = 0.004 for interaction; F(1,60) = 4.793, p = 0.032 for target; F(3,60) = 5.372, p = 0.002 526 

for treatment. post hoc test following ANOVA: p = 0.991 for nNOS-eGFP (0.7  109 v.g.) vs. 527 

eGFP, p = 0.231 for nNOS-eGFP (1.4  109 v.g.) vs. eGFP and p < 0.0001 for nNOS-eGFP 528 
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(2.8  109 v.g.) vs. eGFP with target. Fig. 4D: ANOVA: F(3,60) = 0.202, p = 0.895 for 529 

interaction; F(1,60) = 8.953, p = 0.004 for target; F(3,60) = 0.568, p = 0.638 for treatment. post 530 

hoc test following ANOVA: p = 0.939 for nNOS-eGFP (0.7  109 v.g.) vs. eGFP, p  0.9999 531 

for nNOS-eGFP (1.4  109 v.g.) vs. eGFP and p = 0.969 for nNOS-eGFP (2.8  109 v.g.) vs. 532 

eGFP with target. Fig. 4E: ANOVA: F(3,30) = 7.733, p = 0.0006. post hoc test following 533 

ANOVA: p  0.9999 for nNOS-eGFP (0.7  109 v.g.) vs. eGFP, p = 0.741 for nNOS-eGFP 534 

(1.4  109 v.g.) vs. eGFP and p = 0.001 for nNOS-eGFP (2.8  109 v.g.) vs. eGFP. Fig. 4 F: 535 

ANOVA:  F(3,30) = 12.57, p < 0.0001. post hoc test following ANOVA: p = 0.942 for 536 

nNOS-eGFP (0.7  109 v.g.) vs. eGFP, p = 0.563 for nNOS-eGFP (1.4  109 v.g.) vs. eGFP 537 

and p < 0.0001 for nNOS-eGFP (2.8  109 v.g.) vs. eGFP). In the experiment designed as Fig. 538 

4G, three weeks after AAV-nNOS-eGFP (1.4 x 109 v.g.) or AAV-eGFP infusion, C57BL/6 539 

mice were subjected to a subthreshold CMS. Though moderate nNOS overexpression in 540 

NAcSh or subthreshold CMS alone did not result in depression-related behaviors in TST or 541 

SPT, the combination of these two conditions did (Fig. 4H, I) (post hoc test following 542 

ANOVA: F(3,44) = 3.207, p = 0.882 for eGFP vs. nNOS-eGFP, p = 0.975 for eGFP vs. 543 

eGFP+Subthreshold CMS, p = 0.087 for eGFP+Subthreshold CMS vs. 544 

nNOS-eGFP+Subthreshold CMS, and p = 0.0329 for eGFP vs. nNOS-eGFP+Subthreshold 545 

CMS in Fig. 4H; F(3,44) = 22.84, p = 0.704 for eGFP vs. nNOS-eGFP, p = 0.787 for eGFP vs. 546 

eGFP+Subthreshold CMS, p < 0.0001 for eGFP+Subthreshold CMS vs. 547 

nNOS-eGFP+Subthreshold CMS, and p < 0.0001 for eGFP vs. nNOS-eGFP+Subthreshold 548 

CMS in Fig. 4I). All groups had the similar social interaction behaviors (Fig. 4J) (ANOVA: 549 

F(3,84) = 0.045, p = 0.987 for interaction; F(1,84) = 10.96, p = 0.001 for target; F(3,84) = 0.368, p = 550 
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0.776 for treatment) and locomotor activities (Fig. 4K) (ANOVA: F(3,84) = 0.173, p = 0.914 for 551 

interaction; F(1,84) = 23.09, p < 0.0001 for target; F(3,84) = 0.053, p = 0.984 for treatment). The 552 

findings suggested that moderate overexpression of NAcSh nNOS does not directly respond 553 

to CMS but facilitates the depression-like behaviors. 554 

 555 

NO production and nNOS enzyme activity in NAcSh is necessary for susceptibility to 556 

CSDS-induced depression-like behaviors 557 

Given that nNOS expression and specific activity increased in NAcSh of SUS mice but not 558 

RES mice, the most possible mechanism for nNOS-mediating depression-like behaviors after 559 

CSDS was the nitric oxide (NO) production. To test this hypothesis, we employed nNOS 560 

specific inhibitor L-VNIO, NO scavenger C-PTIO and NO donor DETA/NONOate (Luo et al., 561 

2010). Each drug was delivered into NAcSh through an implanted bilateral cannula 30 min 562 

before the behavioral tests (Fig. 5A). Bilateral cannulation in NAcSh did not significantly 563 

influence the behaviors in SIT (Fig. 5B) (ANOVA: F(1,42) = 0.505, p = 0. 481 for interaction; 564 

F(1,42) = 22.31, p < 0.0001 for target; F(1,42) = 0.005, p = 0.944 for treatment. post hoc test 565 

following ANOVA: p = 0.827 for CON vs. IMP with target and p = 0.880 for CON vs. IMP 566 

with no target), TST (Fig. 5C) (t test: t19 = 0.333, p = 0.743) and SPT (Fig. 5D) (t test: t20 = 567 

0.592, p = 0.560). The results showed that either L-VNIO (Fig. 5E-H) or C-PTIO (Fig. 5I-L) 568 

reversed susceptible phenotype of mice exposed to CSDS. The drug-treated mice had higher 569 

social interaction time, reduced immobility time and stronger sucrose preference, compared 570 

with vehicle-treated ones. (Fig. 5E: ANOVA: F(2,56) = 10.97, p < 0.0001 for interaction; F(1,56) 571 

= 2.068, p = 0.156 for target; F(2,56) = 5.816, p = 0.005 for treatment. post hoc test following 572 
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ANOVA: p < 0.0001 for CON vs. SUS+VEH , p < 0.0001 for SUS+VEH vs. SUS+L-VNIO 573 

with target. Fig. 5F: ANOVA: F(2,56) = 0.544, p = 0.583 for interaction; F(1,56) = 33.59, p < 574 

0.0001 for target; F(2,56) = 1.385, p = 0.259 for treatment. post hoc test following ANOVA: p = 575 

0.298 for CON vs. SUS+VEH, p = 0.940 for SUS+VEH vs. SUS+L-VNIO with target. Fig. 576 

5G: post hoc test following ANOVA: F(2,31) = 9.761, p = 0.0005 for CON vs. SUS+VEH and p 577 

= 0.012 for SUS+VEH vs. SUS+L-VNIO. Fig. 5H: post hoc test following ANOVA: F(2,30) = 578 

9.008, p = 0.002 for CON vs. SUS+VEH and p = 0.003 for SUS+VEH vs. SUS+L-VNIO. Fig. 579 

5I: ANOVA: F(2,72) = 7.715, p = 0.0009 for interaction; F(1,72) = 1.678, p = 0.199 for target; 580 

F(2,72) = 6.884, p = 0.002 for treatment. post hoc test following ANOVA: p < 0.0001 for CON 581 

vs. SUS+VEH, p = 0.034 for SUS+VEH vs. SUS+C-PTIO, p = 0.015 for CON vs. 582 

SUS+C-PTIO with target. Fig. 5J: ANOVA: F(2,72) = 2.130, p = 0.126 for interaction; F(1,72) = 583 

60.58, p < 0.0001 for target; F(2,72) = 1.087, p = 0.343 for treatment. post hoc test following 584 

ANOVA: p = 0.893 for CON vs. SUS+VEH, p = 0.970 for SUS+VEH vs. SUS+C-PTIO with 585 

target. Fig. 5K: post hoc test following ANOVA: F(2,37) = 13.07, p = 0.012 for CON vs. 586 

SUS+VEH, p < 0.0001 for SUS+VEH vs. SUS+C-PTIO. Fig. 5L: post hoc test following 587 

ANOVA: F(2,33) = 5.56, p = 0.012 for CON vs. SUS+VEH , p = 0.023 for SUS+VEH vs. 588 

SUS+C-PTIO). By contrast, DETA/NONOate could induce depression-like behaviors in 589 

unstressed mice (Fig. 5M-Q) (Fig. 5N: ANOVA: F(1,42) = 60.22, p < 0.0001 for interaction; 590 

F(1,42) = 0.036, p = 0.850 for target; F(1,42) = 30.97, p < 0.0001 for treatment. post hoc test 591 

following ANOVA: p < 0.0001 for CON vs. DETA with target. Fig. 5O: ANOVA: F(1,42) = 592 

0.683, p = 0.413 for interaction; F(1,42) = 23.87, p < 0.0001 for target; F(1,42) = 0.938, p = 0.338 593 

for treatment. post hoc test following ANOVA: p = 0.994 for CON vs. DETA with target. Fig. 594 
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5P: t test: t19 = 4.039, p = 0.0007. Fig. 5Q: t test: t22 = 4.750, p < 0.0001). Taken together, 595 

nNOS-derived NO in NAcSh played a critical role in susceptibility to CSDS. 596 

 Moreover, we generated a recombinant AAV to express an inactive nNOS (Hallmark et 597 

al., 1999). Compared with AAV-hSyn-eGFP-infected KO mice, 598 

AAV-hSyn-nNOS-eGFP-infected KO mice had marked increase of nNOS specific activity but 599 

AAV-hSyn-inactive nNOS-eGFP-infected KO mice showed similar nNOS specific activity at 600 

the low level 3 weeks after infection (Fig. 6A) (post hoc test following ANOVA: F(4,18) = 26.08, 601 

p = 0.0006 for WT vs. nNOS KO, p = 0.899 for nNOS KO vs. nNOS KO+eGFP, p < 0.0001 602 

for nNOS KO+eGFP vs. nNOS KO+nNOS-eGFP, p = 0.999 for nNOS KO+eGFP vs. nNOS 603 

KO+inactive nNOS-eGFP). We also found that, unlike full-length nNOS, inactive nNOS 604 

overexpression in NAcSh (Fig. 6B) did not change the social interaction (Fig. 6C) (ANOVA: 605 

F(1,44) = 0.072, p = 0.789 for interaction; F(1,44) = 38.03, p < 0.0001 for target; F(1,44) = 0.0001, 606 

p = 0.979 for treatment. post hoc test following ANOVA: p = 0.973 for eGFP vs. inactive 607 

nNOS-eGFP with target and p = 0.982 for eGFP vs. inactive nNOS-eGFP with no target), 608 

locomotor activities (Fig. 6D) (ANOVA: F(1,44) = 0.024, p = 0.877 for interaction; F(1,44) = 609 

1.198, p = 0.280 for target; F(1,44) = 0.287, p = 0.595 for treatment), immobility time (Fig. 6E) 610 

(t test: t19 = 0.262, p = 0.796) and sucrose preference (Fig. 6F) (t test: t21 = 1.068, p = 0.298), 611 

compared with eGFP control. Therefore, the contribution of overexpressed or upregulated 612 

nNOS in NAcSh to the depression-related behaviors was dependent on enzyme activity and 613 

the product NO. 614 

 615 

CDK5 activity is required for NAcSh nNOS-mediated susceptibility to CSDS 616 
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Subsequently, we determined the downstream signal through which NAcSh nNOS mediated 617 

susceptibility to CSDS. Conditional knockout of cyclin-dependent kinase 5 (CDK5) in ventral 618 

striatum produced antidepressant-like effects and promoted resistance to CSDS (Plattner et al, 619 

2015). Moreover, pathophysiological NO could S-nitrosylate CDK5, stimulating its activity 620 

(Qu et al., 2011). There is a possibility that CDK5 is involved in NAcSh nNOS-mediated 621 

susceptibility to CSDS. To verify this possibility, we bilaterally microinjected a CDK5 622 

inhibitor roscovitine (ROS) into NAcSh of susceptible mice 30 min before behavior tests (Fig. 623 

7A), and found that the decreased social interaction in susceptible mice was reversed by ROS 624 

treatment completely (Fig. 7B) (ANOVA: F(2,68) = 8.886, p = 0.0004 for interaction; F(1,68) = 625 

0.165, p = 0.686 for target; F(2,68) = 8.062, p = 0.0007 for treatment. post hoc test following 626 

ANOVA: p < 0.0001 for CON vs. SUS+VEH, p < 0.0001 for SUS+VEH vs. SUS+ROS with 627 

target), but total distance travelled in presence of the target was similar among groups (Fig. 628 

7C) (ANOVA: F(2,68) = 1.069, p = 0.349 for interaction; F(1,68) = 72.32, p < 0.0001 for target; 629 

F(2,68) = 1.105, p = 0.337 for treatment. post hoc test following ANOVA: p = 0.574 for CON vs. 630 

SUS+VEH, p = 0.996 for SUS+VEH vs. SUS+ROS with target). Consistently, ROS-treated 631 

mice struggled longer in the tail-suspension test (Fig. 7D) (post hoc test following ANOVA: 632 

F(2,35) = 7.795, p = 0.005 for CON vs. SUS+VEH, p = 0.005 for SUS+VEH vs. SUS+ROS) 633 

and favored sucrose over water much more (Fig. 7E) (post hoc test following ANOVA: F(2,35) 634 

= 17.13, p < 0.0001 for CON vs. SUS+VEH, p < 0.0001 for SUS+VEH vs. SUS+ROS) than 635 

vehicle-treated susceptible mice. Then, we examined whether CDK5 was necessary for the 636 

depression-like behaviors induced by NAcSh nNOS overexpression. Neuron-specific 637 

knockdown of CDK5 was achieved by microinjecting AAV-hSyn-Cre into NAcSh of 638 
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homozygous floxed CDK5 mice (Fig. 7F). Two weeks later, AAV-hSyn-nNOS-eGFP was 639 

delivered by microinjection to overexpress full-length nNOS. Five weeks later, the validity of 640 

CDK5 conditional knockout (CDK5 cKO) was confirmed (Fig. 7G-H) and animal behaviors 641 

were tested. In agreement with the behavioral alterations resulted from nNOS overexpression 642 

in nNOS KO mice, AAV-hSyn-nNOS-eGFP-infected CDK5flox/flox mice spent less time in the 643 

interaction zone with target compared with AAV-hSyn-eGFP-infected ones (Fig. 7I) (ANOVA: 644 

F(3,98) = 5.230, p = 0.002 for interaction; F(1,98) = 3.236, p = 0.075 for target; F(3,98) = 7.996, p < 645 

0.0001 for treatment. post hoc test following ANOVA: p = 0.036 for eGFP+CDK5flox/flox vs. 646 

nNOS-eGFP+CDK5flox/flox, p = 0.045 for eGFP+CDK5flox/flox vs. eGFP+CDK5flox/flox+Cre, p = 647 

0.995 for eGFP+CDK5flox/flox+Cre vs. nNOS-eGFP+CDK5flox/flox+Cre with target), although 648 

their locomotor activities were equivalent (Fig. 7J) (ANOVA: F(3,98) = 1.129, p = 0.341 for 649 

interaction; F(1,98) = 16.27, p = 0.0001 for target; F(3,98) = 1.718, p = 0.168 for treatment. post 650 

hoc test following ANOVA: p  0.9999 for eGFP+CDK5flox/flox vs. nNOS-eGFP+CDK5flox/flox, 651 

p = 0.990 for eGFP+CDK5flox/flox vs. eGFP+CDK5flox/flox+Cre, p = 0.852 for 652 

eGFP+CDK5flox/flox+Cre vs. nNOS-eGFP+CDK5flox/flox+Cre with target). In CDK5flox/flox mice, 653 

AAV-hSyn-nNOS-eGFP infection also led to longer immobility time in TST (Fig. 7K) (post 654 

hoc test following ANOVA: F(3,49) = 24.02, p = 0.0126 for eGFP+CDK5flox/flox vs. 655 

nNOS-eGFP+CDK5flox/flox, p = 0.016 for eGFP+CDK5flox/flox vs. eGFP+CDK5flox/flox+Cre, p = 656 

0.532 for eGFP+CDK5flox/flox+Cre vs. nNOS-eGFP+CDK5flox/flox+Cre) and lower sucrose 657 

preference (Fig. 7L) (post hoc test following ANOVA: F(3,49) = 13.26, p < 0.0001 for 658 

eGFP+CDK5flox/flox vs. nNOS-eGFP+CDK5flox/flox, p = 0.425 for eGFP+CDK5flox/flox vs. 659 

eGFP+CDK5flox/flox+Cre, p = 0.999 for eGFP+CDK5flox/flox+Cre vs. 660 
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nNOS-eGFP+CDK5flox/flox+Cre). All these behavioral alterations induced by nNOS 661 

overexpression in CDK5flox/flox mice disappeared when nNOS was overexpressed in CDK5 662 

cKO mice (Fig. 7I-L). Moreover, the results from Fig. 7I-L also suggested that conditional 663 

knockout of CDK5 had an antidepressant-like effects, shown by comparison between 664 

eGFP+CDK5flox/flox and eGFP+CDK5flox/flox+Cre. However, CDK5flox/flox mice exhibited 665 

similar behaviors with WT mice in all tests (Fig. 7M-P) (Fig. 7M: ANOVA: F(1,48) = 0.040, p = 666 

0.842 for interaction; F(1,48) = 11.15, p = 0.002 for target; F(1,48) = 0.171, p = 0.681 for 667 

genotype. post hoc test following ANOVA: p = 0.986 for WT vs. CDK5flox/flox with target and 668 

p = 0.889 for WT vs. CDK5flox/flox with no target. Fig. 7N: ANOVA: F(1,48) = 0.043, p = 0.836 669 

for interaction; F(1,48) = 4.005, p = 0.051 for target; F(1,48) = 1.166, p = 0.286 for genotype. post 670 

hoc test following ANOVA: p = 0.599 for WT vs. CDK5flox/flox with target and p = 0.789 for 671 

WT vs. CDK5flox/flox with no target. Fig. 7O: t test: t24 = 0.298, p = 0.768. Fig. 7P: t test: t24 = 672 

0.591, p = 0.560). 673 

 674 

S-nitrosylation contributes to increased CDK5 activity in NAcSh nNOS-mediated 675 

susceptibility to CSDS 676 

Before establishing the relationship between S-nitrosylation of CDK5 and nNOS-mediating 677 

susceptibility to CSDS, we assessed CDK5 specific activity in NAcSh when nNOS was 678 

inhibited or NO was supplied. Consistent with the behavioral alterations, L-VNIO suppressed 679 

the CDK5 specific activity of susceptible mice as ROS did (Fig. 8A) (post hoc test following 680 

ANOVA: F(3,14) = 35.58, p < 0.0001 for CON vs. SUS, SUS vs. SUS+L-VNIO and SUS vs. 681 

SUS+ROS), while DETA/NONOate resulted in enhanced CDK5 specific activity in 682 
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unstressed mice (Fig. 8B) (post hoc test following ANOVA: F(2,11) = 73.16, p < 0.0001 for 683 

CON vs. DETA and DETA vs. DETA+C-PTIO). Moreover, C-PTIO could abolish the effect of 684 

DETA/NONOate. Biotin-switch assay showed that susceptible mice had double 685 

S-nitrosylation level of CDK5 in NAcSh compared to control mice and L-VNIO suppressed 686 

this upregulation (Fig. 8C) (post hoc test following ANOVA: F(2,12) = 14.33, p = 0.0006 for 687 

CON vs. SUS+VEH, p = 0.008 for SUS+VEH vs. SUS+L-VNIO). Thus, we hypothesized that 688 

the mechanism underlying the susceptibility regulation to CSDS by upregulated nNOS in 689 

NAcSh was elevated CDK5 activity through S-nitrosylation. 690 

To further confirm this hypothesis, we generated a recombinant adeno-associated virus 691 

AAV-CMV-CDK5-C83/157S-3Flag-T2A-eGFP, which encoded mouse CDK5 with two point 692 

mutations: Cys 83 Ser and Cys 157 Ser. This mutant CDK5 could not be activated by 693 

S-nitrosylation (Qu et al., 2011). Then we examined the effects of this 694 

CDK5-C83/157S-overexpressing AAV as designed in Fig. 8D. Mice in CON and SUS groups 695 

were not treated with any viral injection. The AAV efficiently infected NAcSh of susceptible 696 

mice (Fig. 8E) and expressed substantial CDK5-C83/157S (Fig. 8F, Input). In consistent with 697 

previous report, the C83/157S mutation totally abrogated S-nitrosylation increase of CDK5 in 698 

susceptible mice exposed to CSDS (Fig. 8F, SNO-CDK5) (post hoc test following ANOVA: 699 

F(3,12) = 11.70, p = 0.010 for CON vs. SUS, p = 0.004 for SUS+3Flag-T2A-eGFP vs. 700 

SUS+CDK5-C83/157S-3Flag-T2A-eGFP). Meanwhile, the CDK5 activity was also 701 

suppressed (Fig. 8G) (post hoc test following ANOVA: F(3,12) = 14.81, p = 0.010 for CON vs. 702 

SUS, p = 0.0009 for SUS+3Flag-T2A-eGFP vs. SUS+CDK5-C83/157S-3Flag-T2A-eGFP). 703 

Most importantly, overexpression of CDK5-C83/157S in NAcSh of susceptible mice reversed 704 
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the active social avoidance (Fig. 8H) (ANOVA: F(3,90) = 10.47, p < 0.0001 for interaction; 705 

F(1,90) = 4.399, p = 0.039 for target; F(3,90) = 7.889, p < 0.0001 for phenotype or treatment. post 706 

hoc test following ANOVA: p < 0.0001 for CON vs. SUS and SUS+3Flag-T2A-eGFP vs. 707 

SUS+CDK5-C83/157S-3Flag-T2A-eGFP with target), though the locomotor in the presence 708 

of target was not obviously altered (Fig. 8I) (ANOVA: F(3,90) = 0.301, p = 0.825 for interaction; 709 

F(1,90) = 43.29, p < 0.0001 for target; F(3,90) = 1.716, p = 0.169 for phenotype or treatment. post 710 

hoc test following ANOVA: p = 0.760 for CON vs. SUS, p = 0.830 for 711 

SUS+3Flag-T2A-eGFP vs. SUS+CDK5-C83/157S-3Flag-T2A-eGFP with target). The 712 

depression-related behaviors were also rescued in 713 

AAV-CMV-CDK5-C83/157S-3Flag-T2A-eGFP-infected mice, compared with control 714 

AAV-infected mice (Fig. 8J, K) (post hoc test following ANOVA: F(3,44) = 9.52, p = 0.017 for 715 

CON vs. SUS, p = 0.0006 for SUS+3Flag-T2A-eGFP vs. 716 

SUS+CDK5-C83/157S-3Flag-T2A-eGFP in Fig. 8J; F(3,40) = 13.37, p = 0.0003 for CON vs. 717 

SUS, p = 0.0004 for SUS+3Flag-T2A-eGFP vs. SUS+CDK5-C83/157S-3Flag-T2A-eGFP in 718 

Fig. 8K). Additionally, DETA/NONOate could not induce social avoidance and 719 

depression-like behaviors in mice infected with 720 

AAV-CMV-CDK5-C83/157S-3Flag-T2A-eGFP (Fig. 8L-O) (Fig. 8L: ANOVA: F(3,90) = 21.34, 721 

p < 0.0001 for interaction; F(1,90) = 0.848, p = 0.360 for target; F(3,90) = 9.898, p < 0.0001 for 722 

treatment. post hoc test following ANOVA: p < 0.0001 for CON vs. DETA, p = 0.002 for 723 

DETA+3Flag-T2A-eGFP vs. DETA+CDK5-C83/157S-3Flag-T2A-eGFP with target. Fig. 8M: 724 

ANOVA: F(3,90) = 0.187, p = 0.905 for interaction; F(1,90) = 111.3, p < 0.0001 for target; F(3,90) 725 

= 0.713, p = 0.547 for treatment. Fig. 8N: post hoc test following ANOVA: F(3,45) = 29.82, p < 726 
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0.0001 for CON vs. DETA and DETA+3Flag-T2A-eGFP vs. 727 

DETA+CDK5-C83/157S-3Flag-T2A-eGFP. Fig. 8O: post hoc test following ANOVA: F(3,42) = 728 

22.13, p < 0.0001 for CON vs. DETA and DETA+3Flag-T2A-eGFP vs. 729 

DETA+CDK5-C83/157S-3Flag-T2A-eGFP). Taken together, nNOS-derived NO in NAcSh 730 

mediated susceptibility to CSDS through elevated CDK5 activity by S-nitrosylation of CDK5. 731 

 732 

Discussion 733 

In this study, we demonstrate that nNOS in NAcSh but not in hippocampus is crucial to 734 

regulate the susceptibility to social defeat and the following depression-like behaviors. The 735 

increased NAcSh nNOS expression after CSDS contributes to the social avoidance and 736 

depression-like behaviors in defeated mice, and this effect is dependent on the nNOS enzyme 737 

activity and NO production. Moreover, we identify the downstream signal in NAcSh. 738 

S-nitrosylation of CDK5 by NO contributes to enhanced CDK5 activity, leading to 739 

depression-related behaviors in susceptible mice. 740 

 Clinic evidence that MDD patients showed elevated plasma nitrate levels compared with 741 

normal control subjects (Suzuki et al., 2001) and increased plasma NOx level associated with 742 

suicide attempt in depressive patients (Kim et al., 2006) suggests the possible relationship 743 

between NO and depression. A large number of animal studies with nNOS inhibitors establish 744 

the critical role of nNOS in mediating depression (Harkin et al., 1999; Volke et al., 2003; Ulak 745 

et al., 2010; Tomaz et al., 2014), as well as our findings (Zhou et al., 2011). Along with the 746 

development of chemogenetics and optogenetics, a few studies focused on nNOS-expressing 747 

neurons. Recently, we demonstrated the activity of mPFC nNOS-expressing neurons is 748 
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necessary for mediation of another affective disorder anxiety (Liang et al., 2020), and Smith 749 

et al. discovered the stimulation of accumbens nNOS-expressing neurons in cocaine relapse 750 

(Smith et al. 2017). However, no papers about nNOS-expressing neurons and depression have 751 

been published, to our knowledge. In this study, we uniquely found three separate 752 

mechanisms by which nNOS regulation of depression-like behaviors after CSDS occurs in the 753 

NAc shell, viz. increase in cell number, increase in protein expression levels and increase in 754 

specific activity. Our results suggest that these three mechanisms work together, 755 

independently of the nNOS-expressing neurons activity. 756 

 The early studies on the regulation of depression-like behaviors by nNOS usually used 757 

intraperitoneal injection which was not region-specific. Recently, we and others verified that 758 

inhibiting hippocampal nNOS displayed antidepressant-like effects (Zhou et al., 2011; Joca 759 

and Guimarães, 2006; Sherwin et al., 2017). Here, we focus on NAc nNOS and report the 760 

different roles of NAc nNOS and hippocampal nNOS in depression regulation. NAc nNOS 761 

specifically mediates susceptibility to the social component of CSDS-induced depression-like 762 

behaviors, while hippocampal nNOS is responsible for CMS-induced depression-like 763 

behaviors. Moreover, we found that social avoidance but not sucrose preference was 764 

differently influenced by CMS- and CSDS-induced mechanisms, which was also observed by 765 

other researchers (Venzala et al., 2013). The above differences may be due to the functional 766 

specialization of different brain regions and the internality of different stress procedures. 767 

CSDS involves subjecting normal rodents to repeated bouts of social subordination, while 768 

CMS involves subjecting rodents to a series of repeated physical stresses (Nestler and Hyman, 769 

2010). Although a great number of studies on depression are performed within hippocampus 770 
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or NAc, they are usually independent. The actual mechanisms underlying the distinct 771 

response of NAc and hippocampal nNOS to CSDS and CMS will not have easy answers, and 772 

further work is needed to clarify the underlying mechanisms. Despite distinct responses to 773 

social and environmental stress, nNOS upregulation either in NAc or in hippocampus can 774 

result in depression-like behaviors (despair and anhedonia) solely. Moreover, NAc nNOS 775 

could produce an additive or synergistic effect on depression-like behaviors with subthreshold 776 

CMS, indicating interaction of social and environmental factors in complex neurobiology of 777 

MDD.  778 

 Many studies have demonstrated the crucial role of NAc in the susceptibility to social 779 

stress and the depression-like behaviors (Newton et al., 2002; Chaudhury et al., 2013; Francis 780 

et al., 2015), and there is significant functional overlap between the shell and core subregion 781 

of NAc in encoding motivation and reward (Kalivas and Volkow, 2005; Floresco, 2015). Little 782 

is known about the specific role of NAcSh and NAcC in the pathophysiology of depression. It 783 

is well established that the NAcSh controls gating of behavioral responses to emotional 784 

stimuli and mediates social isolation-induced behavioral deficits (Barrot et al. 2002; Wallace 785 

et al., 2009). Until recently, cholinergic interneurons of NAcSh were discovered to regulate 786 

depression-like behaviors in CSDS mice (Cheng et al., 2019). The report that infusions of 787 

neuropeptide S into the NAcSh, but not the NAcC, exerted antidepressant-like effects in the 788 

learned helplessness rats also indicates the specific role NAcSh in depression (Shirayama et 789 

al., 2015). On the other hand, the NAcC is regarded as the key in mediating drug addiction for 790 

its prominent contribution to the cue-motivated behaviors (Kalivas and Volkow, 2005; Collins 791 

et al. 2019), though its implication in depression was also been supposed. Our finding in this 792 
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study further supports the role of NAcSh in the depression-like behaviors. 793 

Diverse molecular mechanisms are proposed to interpret the regulation of depression-like 794 

behaviors by NAc, including decreased neuroligin-2 selectively in dopamine D1-positive cells 795 

(Heshmati et al., 2018) and reduced HCN2 in cholinergic interneurons (Cheng et al., 2019). 796 

These meticulous works provide a basis for targeted, cell-type specific therapy of social 797 

stress-induced depression disorders. In our previous and present studies, we found that 798 

pharmacological inhibition of nNOS enzyme in NAc and hippocampus reduced susceptibility 799 

to CSDS and CMS, respectively. Thus, nNOS might be a more common and accessible target 800 

for treatment of both social stress- and environmental stress-induced depression. This is in 801 

agreement with interpretation to the excitatory synapse hypothesis of depression, as nNOS 802 

can bind with NMDARs and can be activated through calcium influx after NMDARs 803 

stimulation (Christopherson et al., 1999; Aarts et al., 2002). However, whether the nNOS 804 

effects described here are dependent or independent of an NMDAR mechanism remains 805 

unclear, based on our present study. It is reported that CSDS induces downregulation of 806 

NMDAR and PSD-95 in NAc neurons (Jiang et al., 2013). Fortunately, we have developed a 807 

small molecule ZL006, which can dissociate nNOS from PSD-95 to disrupt the interaction 808 

between nNOS and NMDARs (Zhou et al., 2010; Luo et al., 2014), and recently it is reported 809 

to show antidepressant-like effect in unstressed mice (Doucet et al., 2013). Further studies are 810 

performing in our lab and the indirect intervention of NMDARs or nNOS is a promising 811 

strategy for depression disorder therapy. 812 

  NO-activated soluble guanylate cyclase (sGC) and cyclic guanosine monophosphate 813 

(cGMP) is the most widely accepted downstream mechanism of nNOS (Zhou et al. 2018).  814 
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In other hand, we have focused on S-nitrosylation of some functional proteins by NO over a 815 

long period (Luo et al., 2014; Zhu et al., 2014; Zhang et al., 2018). Now, we discovered the 816 

requirement of CDK5 and S-nitrosylation of CDK5 for the function of NAcSh nNOS in the 817 

susceptible mice exposed to CSDS. CDK5 is a proline-directed serine/threonine kinase with 818 

high activity in the brain. Unlike other CDK family members, it does not participate in cell 819 

cycle progression in proliferating cells, but is fundamental to neurotransmission and synaptic 820 

plasticity (Chergui et al., 2004; Su et al., 2012; Rudenko et al., 2015). Dysfunction of CDK5 821 

is implicated in several neuropsychiatric disorders, including depression (Barnett and Bibb, 822 

2011; Su and Tsai, 2011). However, the regulation of CDK5 on depression is complicated and 823 

the findings from various labs are not in complete agreement. Increased CDK5 activity in 824 

dentate gyrus mediates depressive-like behaviour in rats (Zhu et al., 2012; Papadopoulou et al., 825 

2015). Conditional knockout of CDK5 in VTA neurons induces depressive-like behaviors in 826 

mice (Zhong et al., 2014). Conditional knockout of CDK5 in NAc neurons produced 827 

antidepressant effects and promoted resistance to CSDS in mice (Plattner et al., 2015). 828 

Transcriptional activation of Cdk5 gene in NAc attenuates social avoidance of defeated mice 829 

(Heller et al., 2016). The discrepancy comes from different brain area aimed, as well as 830 

different methods used. With pharmacological inhibition and virus-dependent knockout of 831 

CDK5 in NAc, we demonstrate that enhanced CDK5 function contributes to CSDS-induced 832 

depression, consistent with the finding from Plattner and his colleagues (Plattner et al., 2015). 833 

Moreover, we provide evidence that nNOS expression and NO production in NAc mediates 834 

susceptibility to CSDS and depression-like behaviors through S-nitrosylation of CDK5. 835 

Nevertheless, more work is needed to clarify the role CDK5 within different brain regions in 836 
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depression regulation and to reveal the related mechanisms. 837 
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 1070 

 1071 

Figure legends 1072 

Figure 1. CSDS causes increased nNOS expression specifically in NAc shell. A, Scheme 1073 

illustrating experimental design for B-K. B-D scatter plots showing social interaction ratio (B), 1074 

time spent in interaction zone (C) and total distance travelled (D) of undefeated (control, 1075 

CON, n = 12) and defeated (susceptible, SUS, n = 18 and resilient, RES, n = 12) mice in SIT 1076 

after 10-day CSDS. E-F, Scatter plots showing immobility time in TST (E, n = 10, 12 and 11, 1077 

respectively), and sucrose preference percentage (F, n = 11, 13 and 12, respectively). One 1078 
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CON mouse escaped after SIT and one video with tri-channel recordings for one mouse in 1079 

each group of TST was damaged. G, Scatter plot (left) and representative blots (right) 1080 

showing nNOS expression in NAc. n = 4 for each group. H, Scatter plot (upper) and 1081 

representative blots (lower) showing nNOS expression in hippocampus (HP), medial 1082 

prefrontal cortex (mPFC) and ventral tegmental area (VTA), n = 4 for each group. I, 1083 

Representative immunofluorescent images labeled with nNOS antibody. Scale bars, 400 μm 1084 

(upper) and 50 μm (lower). J, Scatter plot showing the number of nNOS positive neurons in 1085 

shell and core of NAc. n = 5 for each group. K, Scatter plot showing nNOS specific activity. n 1086 

= 5 for each group. L, Representative immunofluorescent images of NAcSh labeled with 1087 

nNOS and c-Fos antibodies. Mice were subjected to social interaction test (SIT), tail 1088 

suspension test (TST) or sucrose preference test (SPT), and sacrificed 60 min after each test. 1089 

Similar results were obtained with 3 mice for each group. Scale bar, 50 μm. Data are mean ± 1090 

SEM; *p < 0.05, **p < 0.01, ***p < 0.001. 1091 

 1092 

Figure 2. nNOS overexpression in NAcSh is sufficient to induce social avoidance and 1093 

depression-related behaviors. A, Experimental design for B-G. B-C, Representative 1094 

fluorescent images (B) and blots (C) showing nNOS-eGFP expression in NAcSh of nNOS 1095 

gene knockout (KO) mice infected by AAV-hSyn-nNOS-eGFP. The extent of antero-posterior 1096 

spread of the virus was approximately 1.2 mm, almost covered the entire NAc. Scale bars, 1097 

200 μm (left) and 20 μm (lower). D-G, Scatter plots showing time spent in interaction zone (D) 1098 

and total distance travelled (E) in SIT (n = 14 and 11, respectively), immobility time in TST 1099 

(F, n = 13 and 11, respectively) and sucrose preference percentage in SPT (G, n = 13 and 11, 1100 
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respectively). One mouse in eGFP group escaped after SIT. Three mice in nNOS-eGFP group 1101 

were excluded because brain region was not correctly targeted in microinjection. H-K, Scatter 1102 

plots showing time spent in interaction zone (H) and total distance travelled (I) in SIT (n = 13 1103 

for each group), immobility time in TST (J, n = 13 for each group) and sucrose preference 1104 

percentage in SPT (K, n = 13 for each group) of nNOS KO and WT mice. L, Scheme 1105 

illustrating experimental design for M-P. M-P, Scatter plots showing time spent in interaction 1106 

zone (M) and total distance travelled (N) in SIT (n = 11, 11, 13 and 10, respectively), 1107 

immobility time in TST (O, n = 11, 11, 13 and 12, respectively) and sucrose preference 1108 

percentage in SPT (P, n = 11, 11, 13 and 12, respectively). Two mice in RES+nNOS-eGFP 1109 

group of SIT were excluded from the analysis because of no movement. Data are mean ± 1110 

SEM; **p < 0.01, ***p < 0.001. 1111 

 1112 

Figure 3. NAcSh nNOS does not directly respond to CMS. A, Scheme illustrating 1113 

experimental design for B-F. B, Scatter plots (upper) and representative blots (lower) 1114 

showing nNOS expression. n = 5 for each group. C-F, Scatter plots showing immobility time 1115 

in TST (C, n = 14 for each group), sucrose preference percentage in SPT (D, n = 14 for each 1116 

group), time spent in interaction zone (E) and total distance travelled (F) in SIT (n = 13 for 1117 

each group) after 28-day CMS. One mouse in each group of SIT was excluded from the 1118 

analysis because of no movement. G, Scheme illustrating experimental design for H-L. H, 1119 

Representative fluorescent image showing ventral hippocampus infected with 1120 

AAV-hSyn-nNOS-eGFP. Scale bar, 200 μm. I-L, Scatter plots showing immobility time in 1121 

TST (I), sucrose preference percentage in SPT (J), time spent in interaction zone (K) and total 1122 
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distance travelled (L) in SIT. n = 13 for eGFP and 11 for nNOS-eGFP. Data are mean ± SEM; 1123 

**p < 0.01, ***p < 0.001. 1124 

 1125 

Figure 4. NAcSh nNOS facilitates CMS-induced depression-like behaviors. A, Experimental 1126 

design for B-F. B, Representative immunofluorescent images showing NAc infected with 1127 

0.25, 0.5 and 1 μl AAV-hSyn-nNOS-eGFP (0.7 109, 1.4 109 and 2.8 109 v.g., respectively). 1128 

The extent of antero-posterior spread of the virus at 0.25, 0.5 and 1 μl was appropriate 0.3, 0.6 1129 

and 1.2 mm within NAc, respectively. Scale bar, 200 μm. C-F, Scatter plots showing time 1130 

spent in interaction zone (C) and total distance travelled (D) in SIT, immobility time in TST 1131 

(E) and sucrose preference percentage in SPT (F). n = 9, 9, 8 and 8, respectively. One mouse 1132 

in eGFP group, One mouse in nNOS-eGFP (0.7 109) group, two mice in nNOS-eGFP 1133 

(1.4 109) group and two mice in nNOS-eGFP (2.8 109) group were excluded because brain 1134 

region was not correctly targeted in microinjection. G, Experimental design for H-K. H-K, 1135 

Scatter plots showing immobility time in TST (H, n = 12 for each group), sucrose preference 1136 

percentage in SPT (I, n = 12 for each group), time spent in interaction zone (J) and total 1137 

distance travelled (K) in SIT (n = 12, 12, 11 and 11, respectively). One mouse of 1138 

eGFP+subthreshold CMS group and one mouse of nNOS-eGFP+subthreshold CMS group in 1139 

SIT were excluded because of no movement. Data are mean ± SEM; *p < 0.05, **p < 0.01, 1140 

***p < 0.001. 1141 

 1142 

Figure 5. NAcSh NO availability accounts for susceptibility to CSDS-induced 1143 

depression-like behaviors. A, Experimental design for B-L. B-D, Scatter plots showing time 1144 
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spent in interaction zone in SIT (B, n = 11 and 12, respectively), immobility time in TST (C, n 1145 

= 10 and 11, respectively) and sucrose preference percentage in SPT (D, n = 10 and 12, 1146 

respectively) of control (CON) and cannula-implanted (IMP) mice. One CON mouse escaped 1147 

after SIT, one IMP mouse in TST was excluded from the analysis because of fall. E-H, Scatter 1148 

plots showing time spent in interaction zone (E) and total distance travelled (F) in SIT (n = 10, 1149 

12 and 9, respectively), immobility time in TST (G, n = 13, 11 and 10, respectively.) and 1150 

sucrose preference percentage in SPT (H, n = 10, 12 and 11, respectively) of control (CON), 1151 

vehicle-treated (VEH) or L-VNIO-treated susceptible mice. Three CON mice and two 1152 

SUS+L-VNIO mice in SIT were excluded from analysis because of no movement. One 1153 

SUS+VEH mouse and one SUS+L-VNIO mouse climbed up in TST, and were excluded. 1154 

Three CON mice in SPT were excluded from the analysis because of water-leaking. I-L, 1155 

Scatter plots showing time spent in interaction zone (I) and total distance travelled (J) in SIT 1156 

(n = 13, 12 and 14, respectively), immobility time in TST (K, n = 12, 14 and 14, respectively) 1157 

and sucrose preference percentage in SPT (L, n = 12, 11 and 13, respectively) of control 1158 

(CON), vehicle-treated (VEH) or C-PTIO-treated susceptible mice. Two SUS+VEH mice in 1159 

SIT were excluded from analysis because of no movement. One CON mouse fell down in 1160 

TST and was excluded from analysis. One CON mouse, three VEH+SUS mice and one 1161 

SUS+C-PTIO mouse in SPT were excluded because of water-leaking. M, Experimental 1162 

design for N-Q. N-Q, Scatter plots showing time spent in interaction zone (N) and total 1163 

distance travelled (O) in SIT (n = 11 and 12, respectively), immobility time in TST (P, n = 11 1164 

and 10, respectively) and sucrose preference percentage in SPT (Q, n = 12 for each group) of 1165 

vehicle-treated (VEH) or DETA/NONOate-treated mice. One VEH mouse in SIT was 1166 
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excluded from analysis because of no movement. One VEH mouse and two DETA mice fell 1167 

down or climbed up in TST and were excluded. Data are mean ± SEM; *p < 0.05, **p < 0.01, 1168 

***p < 0.001. 1169 

 1170 

Figure 6. nNOS enzyme activity in NAcSh is necessary for mediating CSDS-induced 1171 

depression. A, Scatter plot showing nNOS specific activity. n = 4, 4, 5, 5 and 5 respectively. 1172 

Mean measured value of nNOS KO mice was regarded as the background and subtracted 1173 

from measured value of each other group. B, Experimental design for C-F. C-F, Scatter plots 1174 

showing time spent in interaction zone (C) and total distance travelled (D) in SIT (n = 12 for 1175 

each group), immobility time in TST (E, n = 11 and 10, respectively) and sucrose preference 1176 

percentage in SPT (F, n = 11 and 12, respectively). One mouse escaped after SIT. Two mice 1177 

in inactive nNOS-eGFP group climbed up in TST and were excluded. Data are mean ± SEM; 1178 

***p < 0.001. 1179 

 1180 

Figure 7. CDK5 activity is required for NAcSh nNOS-mediated susceptibility to CSDS. A, 1181 

Scheme illustrating experimental design for B-E. B-E, Scatter plots showing time spent in 1182 

interaction zone (B) and total distance travelled (C) in SIT (n = 14, 13 and 10, respectively), 1183 

immobility time in TST (D, n = 13, 13 and 12, respectively.) and sucrose preference 1184 

percentage in SPT (E, n = 13, 13 and 12, respectively) of control (CON), vehicle-treated 1185 

(VEH) or ROS-treated susceptible mice. Two SUS+ROS mice in SIT were excluded because 1186 

of no movement. One CON mouse climbed up in TST and was excluded. One CON mouse in 1187 

SPT was excluded because of water-leaking. F, Experimental designed scheme for G-L. G-H, 1188 
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Representative western blots (G) and immunofluorescent images (H) showing effective 1189 

knockout of CDK5 in neurons of NAcSh. Scale bars, 200 μm (left), 20 μm (middle) and 20 1190 

μm (right). I-L, Scatter plots showing time spent in interaction zone (I) and total distance 1191 

travelled (J) in SIT, immobility time in TST (K) and sucrose preference percentage in SPT (L). 1192 

n = 13, 14, 13 and 13 respectively. Three mice (one in eGFP+CDK5flox/flox group, one in 1193 

eGFP+CDK5flox/flox+Cre group and one in nNOS-eGFP+CDK5flox/flox+Cre group) were 1194 

excluded from analysis because brain region was not correctly targeted in microinjection. 1195 

M-P, Scatter plots showing time spent in interaction zone (M) and total distance travelled (N) 1196 

in SIT, immobility time in TST (O) and sucrose preference percentage in SPT (P). n = 13 for 1197 

each group. Data are mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001. 1198 

 1199 

Figure 8. NAcSh nNOS controls susceptibility to CSDS through elevated CDK5 activity by 1200 

S-nitrosylation of CDK5. A, Scatter plot showing CDK5 specific activity of control (CON) 1201 

and susceptible (SUS) mice exposed CSDS. L-VNIO or ROS was delivered into bilateral 1202 

NAcSh through an implanted cannula. n = 5, 4, 4 and 5, respectively. B, Scatter plot showing 1203 

CDK5 specific activity of control (CON), DETA/NONOate and DETA/NONOate+C-PTIO 1204 

groups. DETA/NONOate with or without C-PTIO was delivered into bilateral NAcSh through 1205 

an implanted cannula 30 min before measurement. n = 5, 4 and 5 respectively. C, 1206 

Representative blots (left) and scatter plot (right) showing S-nitrosylation of CDK5 in control 1207 

(CON), vehicle-treated (VEH) and L-VNIO-treated susceptible mice. n = 5 for each group. D, 1208 

Experimental design for E-K. AAV-CMV-CDK5-C83/157S-3Flag-T2A-eGFP or its control 1209 

AAV-CMV-3Flag-T2A-eGFP was bilaterally microinjected into NAcSh of susceptible mice. 1210 
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Mice in CON and SUS groups were not treated with any viral injection. E, Representative 1211 

fluorescent images showing effective AAV-CMV-CDK5-C83/157S-3Flag-T2A-eGFP 1212 

infection in NAcSh. The extent of antero-posterior spread of the virus was approximately 1.2 1213 

mm, almost covered the entire NAc. Scale bars, 20 μm (left), 200 μm (right). F, 1214 

Representative blots of biotin-switch assay (left) and scatter plots (right) showing 1215 

S-nitrolylated level of CDK5 (SNO-CDK5) in NAcSh. n = 4 for each group. G, Scatter plot 1216 

showing CDK5 activity in NAcSh. n = 4 for each group. H-K, Scatter plots showing time 1217 

spent in interaction zone (H) and total distance travelled (I) in SIT (n = 13, 12, 12 and 12, 1218 

respectively), immobility time in TST (J, n = 11, 13, 12 and 12, respectively) and sucrose 1219 

preference percentage in SPT (K, n = 11, 9, 12 and 12, respectively). One SUS mouse in SIT 1220 

was excluded from analysis because of no movement. Two CON mouse climbed up in TST, 1221 

and were excluded. Two CON mice and two SUS mice escaped during SPT and two SUS 1222 

mice were excluded from the analysis due to water-leaking in SPT. L-O, 1223 

DETA/NONOate-induced social avoidance and depression-like behaviors are dependent on 1224 

S-nitrosylation of CDK5. Scatter plots showing time spent in interaction zone (L) and total 1225 

distance travelled (M) in SIT (n = 12, 12, 12 and 13, respectively), immobility time in TST (N, 1226 

n = 12, 12, 12 and 13, respectively) and sucrose preference percentage in SPT (O, n = 10, 12, 1227 

12 and 12, respectively). Two mice in CON group and one mouse DETA+ 1228 

CDK5-C83/157S-3Flag-T2A-eGFP group in SPT were excluded from analysis due to 1229 

water-leaking. AAV-CMV-CDK5-C83/157S-3Flag-T2A-eGFP or 1230 

AAV-CMV-3Flag-T2A-eGFP was microinjected into bilateral NAcSh and cannula was 1231 

implanted. Three weeks later, DETA/NONOate was delivered through the cannula. Data are 1232 
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mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. 1233 


















