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Abstract: 47 

Chronic stress in both humans and rodents induces a robust downregulation of 48 
neuroligin-2, a key component of the inhibitory synapse, in the nucleus accumbens 49 
(NAc) that modifies behavioral coping mechanisms and stress resiliency in mice. Here 50 
we extend this observation by examining the role of two other inhibitory synapse 51 
constituents, vesicular GABA transporter (vGAT) and gephyrin, in the NAc of male mice 52 
that underwent chronic social defeat stress (CSDS) and in patients with major 53 
depressive disorder (MDD). We first performed transcriptional profiling of vGAT and 54 
gephyrin in postmortem NAc samples from a cohort of healthy controls, medicated and 55 
non-medicated MDD patients. In parallel, we conducted whole-cell electrophysiology 56 
recordings in the NAc of stress susceptible and stress resilient male mice following 10 57 
days of CSDS. Finally, we utilized immunohistochemistry to analyze protein levels of 58 
vGAT and gephyrin in the NAc of mice after CSDS. We found that decreased vGAT and 59 
gephyrin mRNA in the NAc of non-medicated MDD patients is paralleled by decreased 60 
inhibitory synapse markers and decreased frequency of mini inhibitory postsynaptic 61 
currents (mIPSCs) in the NAc of susceptible mice, indicating a reduction in the number 62 
of NAc inhibitory synapses that is correlated with depression-like behavior. Overall, 63 
these findings suggest a common state of reduced inhibitory tone in the NAc in 64 
depression and stress susceptibility. 65 

 66 
Significance Statement: 67 
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Existing studies focus on excitatory synaptic changes after social stress though 68 
little is known about stress-induced inhibitory synaptic plasticity and its relevance for 69 
neuropsychiatric disease. These results extend our previous findings on the critical role 70 
of impaired inhibitory tone in the NAc following stress and provide new 71 
neuropathological evidence for reduced levels of inhibitory synaptic markers in human 72 
NAc from non-medicated MDD patients. This finding is corroborated in stress-73 
susceptible male mice that have undergone CSDS, a mouse model of depression, at 74 
both the level of synaptic function and protein expression. These data support the 75 
hypothesis that reduced inhibitory synaptic transmission within the NAc plays a critical 76 
role in the stress response.   77 

 78 
Introduction: 79 
 Stress disorders result in maladaptive plasticity within the brain’s reward circuit 80 
that then mediates symptoms of anhedonia and social avoidance prevalent in 81 
depressed individuals.  Preclinical models, such as chronic social defeat stress (CSDS), 82 
provide evidence that stress-induced synaptic plasticity within a number of different 83 
brain regions, including the nucleus accumbens (NAc), prefrontal cortex and thalamus, 84 
among others, is causally linked to the expression of depression-like behaviors. While 85 
prior studies focus predominantly on the remodeling of glutamatergic synapses 86 
(Christoffel et al., 2011, 2015; Golden et al., 2013; Dias et al., 2014; Veeraiah et al., 87 
2014; Francis et al., 2015), recent evidence shows that CSDS-induced changes at 88 
inhibitory synapses in NAc promote stress susceptibility and the expression of 89 
depression-like behaviors (Heshmati et al., 2018).  More specifically, we showed that 90 
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CSDS reduces levels of the inhibitory synapse-specific protein, neuroligin 2, in NAc 91 
medium spiny neurons (MSNs) promoting social avoidance.  Neuropathological 92 
evidence in humans confirmed reduced neuroligin-2 mRNA in NAc of unmedicated 93 
depressed subjects. Based on these data, we hypothesized that CSDS and depression 94 
may also promote changes to additional inhibitory synaptic markers as well as 95 
functional changes to inhibitory synapses in NAc. 96 

We measured vesicular gamma-aminobutyric acid transporter (vGAT) and 97 
gephyrin mRNA in postmortem human NAc and found reduced expression in non-98 
medicated depressed individuals. vGAT is shown to be a marker that reliably co-99 
localizes to GABAergic presynaptic terminals, while gephyrin forms the postsynaptic 100 
scaffold of the inhibitory synapse (Chaudhry et al., 1998; Tyagarajan and Fritschy, 101 
2014). Using whole-cell electrophysiology, we observed that stress susceptible, but not 102 
resilient, male mice exhibit decreased NAc MSN mIPSC frequency relative to controls, 103 
and that conversely, resilient mice exhibit increased mIPSC amplitude relative to 104 
controls. mIPSC frequency, but not amplitude, was correlated with social avoidance 105 
behavior. Lastly, we confirmed that vGAT protein expression was decreased in 106 
susceptible mice, while gephyrin protein expression was increased in resilient mice. 107 
Overall, these findings extend previously published studies supporting changes to 108 
inhibitory synaptic tone in the NAc after CSDS and provide new evidence for decreased 109 
inhibitory tone in the stress susceptible phenotype.  110 
 111 
Methods: 112 
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Experimental Animals 113 
Single-housed male CD-1 mice (4-month old sexually experienced retired breeders) 114 
from Charles River Laboratories (Wilmington, MA) were used as aggressors in social 115 
defeat experiments. 8-week-old C57BL6/J male mice from Jackson Laboratories (Bar 116 
Harbor, ME) were used for slice electrophysiology and immunohistochemistry after 117 
exposure to CSDS. All mice were group housed in a controlled environment (12 h 118 
light/dark cycle) with food and water available ad libitum. Mice were singly housed one-119 
week prior to resident-intruder testing and 24 hours prior to social interaction testing. 120 
Behavioral assessments and tissue collections were performed during the animals’ light 121 
phase. All experiments were performed in accordance with the Icahn School of 122 
Medicine Institutional Animal Care and Use Committee. 123 
 124 
Chronic Social Defeat Stress 125 
CSDS was performed as previously described (Berton et al., 2006; Krishnan et al., 126 
2007). All CD-1 aggressors were screened for aggressive behavior prior to use 127 
according to published protocols (Golden et al., 2011). Experimental C57BL6/J mice 128 
encountered a novel CD-1 aggressor for 10 minutes daily over 10 consecutive days. 129 
Mice were housed opposite a perforated plexiglass barrier between defeat sessions to 130 
enable continuous sensory contact with the aggressor. After the 10 days, experimental 131 
mice were singly housed overnight and underwent social interaction testing the 132 
following day.  133 
 134 
Social Interaction Test 135 
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Social interaction testing was performed as previously described (Golden et al., 2011). 136 
Mice were placed over two 150-second trials into a novel, open field arena with an 137 
interaction zone delineated. In the first “No target” trial, an empty cage was placed in the 138 
interaction zone. In the second “Target” trial, a novel CD-1 mouse was placed inside the 139 
cage in the interaction zone. Time spent in the interaction zone, distance traveled, and 140 
velocity was measured using Ethovision video tracking software (Noldus Technology). 141 
The social interaction ratio was calculated as time spent in the interaction zone in the 142 
“Target” trial divided by time spent in the interaction zone in the “No target” trial. 143 
Susceptible mice were defined by having a social interaction ratio less than 1 (Krishnan 144 
et al., 2007; Golden et al., 2011) . 145 
 146 
Perfusion for immunohistochemistry 147 
Following CSDS, mice were anesthetized with 15% chloral hydrate. Transcardial 148 
perfusion was performed with cold phosphate-buffered saline (pH 7.4) followed by 4% 149 
paraformaldehyde in phosphate-buffered saline. Brains were dissected and post-fixed 150 
overnight in 4% paraformaldehyde.  151 
 152 
Immunohistochemistry 153 
Brains were perfused as described above, flash frozen after cryoprotection with 154 
sucrose, and 40 μm slices containing the NAc were cut on a cryostat (Leica CM1850). 155 
The following primary antibody dilutions were used in blocking solution (3% normal 156 
donkey serum and 0.3% Triton X in PBS) with free-floating incubation overnight:  1:500 157 
vGAT (guinea pig, Synaptic Systems 131 004) and 1:1,000 gephyrin (rabbit, Abcam 158 
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ab32206). Slices were incubated in secondary fluorescent antibody (Donkey Cy2 or 159 
Cy3, Jackson ImmunoResearch) for 2 hours. Images were acquired on a Zeiss LSM 160 
780 confocal microscope using a 100X oil immersion objective (pixel size of 0.17 161 
microns). Images were deconvoluted with the AutoQuant software and protein puncta 162 
were quantified using Image J 3D Object Counter.  163 
Electrophysiology 164 
All recordings were performed and analyzed blind to experimental condition, 3-20 days 165 
after social interaction testing, using methods based on previous studies in MSNs 166 
(Christoffel et al., 2011). Animals were perfused for 1 minute with ice-cold artificial 167 
cerebrospinal fluid (aCSF) containing in mM: 128 NaCl, 10 D-Glucose, 1.25 NaH2PO4 168 
25 NaHCO3, 2 MgSO4*7H20, 3 KCl, 2 CaCl2*2H20 (pH 7.35, 295-305 mOsm, 169 
carbogenated with 95% O2 and 5% CO2). 250 μm acute brain slices containing the NAc 170 
were cut in sucrose-enriched aCSF containing 254 mM sucrose in place of NaCl. Slices 171 
were incubated in the holding chamber for 1 hour at 37 degrees Celsius before being 172 
transferred to a recording chamber with a constant flow rate (2mL/min) of carbogenated 173 
aCSF at room temperature. MSNs in the NAc shell were identified by their size and 174 
location using infrared differential interference contrast microscopy and resting 175 
membrane potentials of -72 to -80 mV measured immediately upon making patch 176 
access. Mini inhibitory postsynaptic current (mIPSC) recordings were made in whole-177 
cell voltage-clamp configuration using glass microelectrodes (4-7 MΩ) containing in 178 
mM: 130 CsCl, 10 EGTA, 10 HEPES, 1 QX-314, 2 Mg-ATP, 0.2 Na-GTP (pH 7.2, 285 179 
mOsm) producing inward currents at a holding potential of -80 mV. Mini inhibitory 180 
currents were isolated by bath application of 1.5 μM tetrodotoxin (Tocris), 10 μM CNQX 181 
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(Sigma), and 50 μM APV (Sigma). Recordings were made with a computer-controlled 182 
amplifier (MultiClamp 700B), digitized (Digidata 1440) and acquired with Axoscope 10.1 183 
(Molecular Devices) at a sampling rate of 10 kHz. Series resistance was monitored 184 
throughout the recordings, and 3 minutes of spontaneous activity per cell was analyzed 185 
using MiniAnalysis software (Synaptosoft). The same thresholds were used in the 186 
analysis of all cells. A total of 52 (n = 17, 25, 10) cells were analyzed from (n = 5, 7, 4) 187 
control, susceptible, and resilient animals. 188 
 189 
Acquisition of Postmortem Human Tissue 190 
NAc tissue resections were collected at the local medical examiners’ offices, after 191 
obtaining next-of-kin permission, by the Quebec Suicide Brain Bank at the Douglas 192 
Hospital Research Center under an approval of the Douglas Hospital Research Center’s 193 
Research Ethics Committee. The NAc was dissected and immediately placed in a 194 
mixture of dry ice and isopentane (1:1 (vol:vol)) and stored at -80°C until further 195 
processed for total RNA using TRIzol (Invitrogen), see below for further description of 196 
qPCR. Groups were matched for gender, age, pH, postmortem interval (PMI) and RNA 197 
integrity number (RIN). Acceptable RIN values ranged from 6.1 - 9.5 (Agilent 2100 198 
Bioanalyzer). Subjects were excluded if they had a known history of neurological 199 
disease or head injury. For each subject, a review of clinical records, telephone 200 
interviews with primary caregivers, toxicology screen, and independent diagnosis by 3 201 
to 4 mental health care professionals using the Diagnostic and Statistical Manual of 202 
Mental Disorders IV was confirmed. All depressed subjects died by suicide. Individual 203 
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demographic characteristics are listed in supplementary extended human demographics 204 
table 1-1.   205 
 206 
Quantitative Polymerase Chain Reaction (qPCR) 207 
RNA isolation was performed using TRIzol (Invitrogen) homogenization and chloroform 208 
layer separation, followed by processing of the RNA layer (RNAeasy MicroKit, Qiagen). 209 
RNA was analyzed with NanoDrop (Thermo Scientific) and reverse transcribed to cDNA 210 
(qScript Kit, VWR). For qPCR, cDNA was diluted to 1 ng/μL and 3μL was used in each 211 
reaction. The reaction mixture consisted of 5μL Perfecta SYBR Green (VWR), 0.5μL 212 
each of forward and reverse primers, 1μL of water and the cDNA template. Samples 213 
were heated to 95°C for 2 minutes followed by 40 cycles of 95°C for 15 seconds (s), 214 
60°C for 33 s and 72°C for 33 s. Analysis was performed using the −ΔΔCT method, with 215 
sample normalization to GAPDH. IDT PrimeTime primers were purchased from 216 
Integrated DNA Technologies for both human and mouse vGAT and gephyrin genes. 217 
 218 
Statistical Analysis 219 
All data are expressed as the mean ± SEM. Sample size estimates were based on 220 
previous experiments in social defeat stress (Heshmati et al., 2018). Mean differences 221 
between groups were determined using two-tailed Student’s t-test, one-way analysis of 222 
variance (ANOVA) or two-way ANOVA, followed by Bonferroni post-tests if the main 223 
effect was significant at p<0.05. Statistical analyses were performed using Prism 5.0 224 
(GraphPad Software).  225 
 226 
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Results: 227 
In order to assay changes to NAc inhibitory synapse markers in major depressive 228 

disorder (MDD), we utilized qPCR profiling of both pre- and postsynaptic inhibitory 229 
synapse markers in postmortem samples from healthy controls vs patients with MDD as 230 
described previously (Chaudhry et al., 1998; Dobie and Craig, 2011). We find that 231 
mRNA levels of vesicular gamma-amino butyric acid transporter (vGAT), an inhibitory 232 
presynaptic marker, are decreased in the non-medicated depressed subjects compared 233 
to those on antidepressant medication at the time of death, suggesting that standard 234 
anti-depressant medications have some efficacy in normalizing inhibitory synaptic 235 
plasticity-related gene expression (Figure 1a; one-way ANOVA: F2,42 = 3.687, *p<0.05). 236 
Similarly, mRNA levels of the postsynaptic inhibitory marker gephyrin are significantly 237 
decreased in the non-medicated MDD group and increased in the medicated MDD 238 
group, with the medicated group showing similar levels as healthy controls (Figure 1b; 239 
one-way ANOVA: F2,42 = 7.030, **p<0.01). Analyses using sex as a variable 240 
demonstrate no significant difference between male and female samples for vGAT (two-241 
way ANOVA: F2,37 = 0.29, p>0.05) or gephyrin (two-way ANOVA: F2,37 = 0.70, p>0.05). 242 
Overall, these data suggest a downregulation of inhibitory synapses in MDD that is 243 
restored with antidepressant medication. 244 

We next used CSDS in mice to further investigate functional changes in inhibitory 245 
synapses (Figure 2). Following 10 days of CSDS, the social interaction test was 246 
performed to determine susceptibility to stress using time spent in the interaction zone 247 
with a novel animal present (Figure 2b; two-way ANOVA: F2,26 = 7.99, **p<0.01), as well 248 
as the social interaction ratio, determined by the ratio of time spent in the interaction 249 
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zone with a target animal present divided by time spent in the interaction zone with the 250 
target animal absent (Figure 2c; one-way ANOVA: F2,15 = 20.28, ***p<0.001). Notably, 251 
there is no difference in baseline locomotor activity between groups, measured as 252 
distance traveled in the target absent trial (Figure 2d; one-way ANOVA, p>0.05).  Next, 253 
whole cell recording of mIPSCs was performed in NAc shell MSNs from susceptible, 254 
control, and resilient mice to investigate functional changes to inhibitory synapses 255 
(Figure 3a; representative traces). We find that susceptible mice display a significant 256 
decrease in mIPSC frequency (Figure 3b; one-way ANOVA: F2,51 = 8.254, ***p<0.0008), 257 
while resilient mice show an increase in mIPSC amplitude compared to controls (Figure 258 
3c; one-way ANOVA: F2,53 = 4.801, *p<0.012). The change in mIPSC frequency 259 
significantly correlates with social interaction ratio (Figure 3d; r2 = 0.27, p*<0.05), 260 
supporting a decrease in the number of NAc inhibitory synapses associated with 261 
increased social avoidance behavior. Conversely, the increase in mIPSC amplitude in 262 
resilient animals does not significantly correlate with social interaction ratio (Figure 3e; 263 
p>0.05).  264 

In order to further examine changes to the number of inhibitory synapses after 265 
stress, immunohistochemistry for vGAT and gephyrin was performed in a separate 266 
cohort of mice after CSDS (Figure 4a; representative images). vGAT puncta are 267 
significantly reduced in the NAc of mice susceptible to stress, paralleling the reduction 268 
in mIPSC frequency and further supporting a reduction in the overall number of 269 
inhibitory synapses after stress (Figure 4b; one-way ANOVA: F2,21 = 4.45, *p<0.05). The 270 
reduction in vGAT puncta correlates significantly with decreased social interaction ratio 271 
(Figure 4d; r2 = 0.53, ***p = 0.0001). Interestingly, the number of postsynaptic gephyrin 272 
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puncta is increased in the resilient population, coinciding with the increased mIPSC 273 
amplitude observed in recordings from resilient mice (Figure 4c; one-way ANOVA: F2,21 274 
= 4.26, *p<0.05). The change in gephyrin also correlates with increased social 275 
interaction ratio (Figure 4e; r2 = 0.25, **p = 0.018). There is a trend but not a significant 276 
decrease in gephyrin puncta in susceptible animals. This suggests the change in 277 
mIPSC frequency in susceptible mice may be driven by a loss of inhibitory presynaptic 278 
inputs into the NAc, while resiliency is characterized by a strengthening of NAc 279 
inhibitory tone.  280 

To evaluate the region specificity of these inhibitory synapse changes, vGAT and 281 
gephyrin mRNA levels are assayed in the dorsal striatum of mice following CSDS. 282 
There is a significant stress-induced increase in vGAT mRNA levels in the dorsal 283 
striatum of both susceptible and resilient mice (Figure 5a; one-way ANOVA: F2,21 = 284 
11.75, *p<0.05). There is no change in gephyrin mRNA levels in the dorsal striatum 285 
after CSDS (Figure 5b; p>0.05). Overall, these data support the specificity of our 286 
findings in the ventral striatum, specifically assayed in NAc shell of mouse samples and 287 
combined NAc shell and core in human samples. Together, these data support a 288 
downregulation of NAc inhibitory tone in CSDS and major depressive disorder that is 289 
restored by antidepressant treatment and increased in stress resiliency.  290 
 291 
 292 
Discussion: 293 
 294 

Synaptic plasticity in the mesolimbic dopamine system is  an important 295 
component of the stress response that may underlie subsequent development of 296 
psychiatric disorders (Russo and Nestler, 2013; Fox and Lobo, 2019). Evidence 297 
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supports changes in NAc excitatory synapses following CSDS in mice, with prior studies 298 
demonstrating increased mini excitatory postsynaptic currents and increased number of 299 
dendritic spine excitatory synapses in the NAc of mice that are susceptible, but not 300 
resilient, to stress (Christoffel et al., 2011). From a functional perspective, increased 301 
excitatory tone, predominantly on dopamine D2 receptor-containing MSNs, drives 302 
behavioral susceptibility to stress (Francis et al., 2015).  While changes in excitatory 303 
synapses within NAc are well characterized, few studies investigate a role for inhibitory 304 
synaptic plasticity in NAc after chronic stress and depression.   305 

Our results confirm that social defeat stress also results in a loss of inhibitory 306 
synaptic function in susceptible mice. These changes in inhibitory function are likely due 307 
to both a loss of presynaptic inhibitory inputs given that we observe reduced vGAT 308 
puncta and mIPSC frequency in susceptible mice, as well as changes to inhibitory 309 
postsynaptic compartments, given that we see upregulation of gephyrin puncta and 310 
mIPSC amplitude to promote resiliency. Alterations to mIPSC frequency are a reflection 311 
of changes to inhibitory presynaptic inputs, correlated with decreased vGAT expression 312 
(Chaudhry et al., 1998; Lalchandani et al., 2013). Alterations to mIPSC amplitude likely 313 
reflect changes to the postsynaptic inhibitory synapse, measured by gephyrin 314 
expression (Tyagarajan and Fritschy, 2014; Pizzarelli et al., 2019). Importantly, these 315 
findings are corroborated in human postmortem NAc from MDD subjects, highlighting 316 
the translational value of our findings. Multiple sources of inhibitory inputs within NAc 317 
may contribute to these inhibitory synapse changes, including GABAergic projections 318 
from ventral tegmental area, local NAc GABAergic interneurons and MSN inhibitory 319 
collateral networks (Kawaguchi et al., 1995; Taverna et al., 2008; Gittis et al., 2010; van 320 
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Zessen et al., 2012). Together, our work supports a model of increased excitatory tone 321 
and decreased inhibitory tone promoting susceptibility to stress and depression (Figure 322 
6).  323 
 Despite inherent limitations of stress models in rodents, preclinical studies are 324 
integral to furthering understanding of the neurobiological changes underlying mood and 325 
anxiety disorders. CSDS is an animal model with both face and predictive validity. 326 
Analogous to a human population subjected to daily life stress, not all mice subjected to 327 
CSDS are susceptible to stress. Depression-like behaviors induced by CSDS are 328 
uniquely reversed by chronic, not acute, administration of antidepressant medication, 329 
similar to human MDD patients. Thus, the CSDS model enables an exploration of the 330 
biological mechanisms underlying susceptibility to stress in comparison to those that 331 
confer resilience to stress, as well as antidepressant responses. In addition, to enhance 332 
translational relevance, it is critical to validate findings from preclinical stress models 333 
using postmortem samples. Thus, our parallel findings of changes to inhibitory synaptic 334 
function in both susceptible mice following CSDS and human MDD together support the 335 
possibility that inhibitory function in the NAc may be a therapeutic target for depression 336 
treatment.   337 

One important limitation of the CSDS model is that these studies are restricted to 338 
male animals due to the requirement for aggressive resident-intruder interactions. 339 
Future studies should investigate changes to NAc inhibitory synaptic plasticity in 340 
additional chronic stress procedures, such as chronic variable stress or newly 341 
established repeated social stress models that have enabled inclusion of female mice 342 
(Hodes et al., 2015; Takahashi et al., 2017; Harris et al., 2018; Newman et al., 2019; 343 
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Yohn et al., 2019). Of note, using an established chronic mild stress protocol we 344 
recently showed that depression-like behavior is associated with reduced frequency of 345 
PSD-95 puncta, which is a marker of postsynaptic excitatory synapses (Brancato et al., 346 
2017; Zhang et al., 2018).  347 
 In conclusion, we identified changes in inhibitory synaptic plasticity in an 348 
established model for the study of depression in rodents that are corroborated in 349 
postmortem NAc from depressed human subjects.  Together with published data 350 
showing that increased excitatory drive is associated with stress susceptibility, the 351 
current results support a promising role for targeting inhibitory systems within the NAc to 352 
restore synaptic balance to promote stress resiliency.  353 
 354 
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 448 
Figure Legends: 449 
Figure 1. Expression of inhibitory synapse-related genes in postmortem nucleus 450 
accumbens of patients with major depressive disorder (MDD). (a) Table summarizing 451 
number of male and female samples along with average postmortem interval (PMI). 452 
Comprehensive demographics are listed in supplementary table 1-1. (b) MDD subjects 453 
exhibit significant reduced mRNA fold change for vesicular GABA transporter (vGAT) 454 
between antidepressant treated and untreated subjects (one-way ANOVA: F2,42 = 3.687, 455 
*p<0.05). (c) Untreated MDD subjects exhibit significantly lower gephyrin mRNA fold 456 
change whereas treated subjects exhibit significantly higher gephyrin compared to 457 
control subjects (one-way ANOVA: F2,42 = 7.030, **p<0.01). *indicates p<0.01, 458 
**indicates p<0.001.  All data are shown as mean ± standard error of the mean. Please 459 
see extended table 1-1 for human subject demographics.  460 
 461 
Figure 2. Effects of chronic social defeat stress (CSDS) on inhibitory postsynaptic 462 
currents in nucleus accumbens (NAc) medium spiny neurons (MSN). (a) Experimental 463 
timeline. (b) Susceptible mice spend less time in the interaction zone during the novel 464 
target animal trial, while control and resilient mice significantly increase time spent in the 465 
interaction zone with a target present (two-way ANOVA: F2,26 = 7.99, **p<0.01). (c) The 466 
ratio of time spent in the interaction zone with a target present divided by time spent in 467 
the interaction zone with target absent produces a social interaction ratio that is reduced 468 
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in mice defined as susceptible to stress compared to control and resilient mice (one-way 469 
ANOVA: F2,15 = 20.28, ***p<0.001). (d) There is no significant effect of locomotor activity 470 
between groups as shown by distance traveled during the no target trial (one-way 471 
ANOVA, p>0.05). *indicates p< 0.01, **indicates p< 0.001.  All data are represented as 472 
mean ± standard error of the mean. 473 
 474 
Figure 3. Mini inhibitory postsynaptic current (mIPSC) changes correlate with behavioral 475 
phenotype after chronic social defeat stress (CSDS). (a) Representative traces from 476 
whole-cell voltage-clamp recordings of mini inhibitory postsynaptic currents (mIPSC) 477 
from nucleus accumbens (NAc) medium spiny neurons (MSNs) after CSDS. Scale bar: 478 
250 ms, 50 pA. (b) MSNs from susceptible mice display significantly reduced mIPSC 479 
frequency (one-way ANOVA: F2,51 = 8.254, ***p<0.0008). (c) NAc MSNs from resilient 480 
mice show significantly increased mIPSC amplitude (one-way ANOVA: F2,53 = 4.801, 481 
*p<0.012; n = 17 control, 25 susceptible, 10 resilient cells recorded from 5 control, 7 482 
susceptible, 4 resilient mice). (d) Decreased mIPSC frequency significantly correlates 483 
with lower social interaction ratio (r2 = 0.27, *p<0.05). (e) Changes in mIPSC amplitude 484 
do not significantly correlate with social interaction ratio (p>0.05). * indicates p<0.01, ** 485 
indicates p<0,001.  All data are represented as mean ± standard error of the mean. 486 
 487 
Figure 4. Inhibitory synaptic protein levels correlate with social stress susceptibility vs 488 
resilience after chronic social defeat stress (CSDS). (a) Representative images of 489 
vesicular GABA transporter (vGAT) and gephyrin immunohistochemistry in the NAc of 490 
control, susceptible, and resilient mice after CSDS. Scale bar: 20 μm. (b) vGAT puncta 491 
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are reduced in susceptible mice (one-way ANOVA: F2,21 = 4.45, *p<0.05). (c) gephyrin 492 
puncta are increased in resilient mice (one-way ANOVA: F2,21 = 4.26, *p<0.05). (d) 493 
vGAT level correlates with social interaction ratio (r2 = 0.53, ***p = 0.0001). (e) gephyrin 494 
level correlates with social interaction ratio (r2 = 0.25, **p = 0.018). Detailed CSDS 495 
behavioral data for the animals used in the immunohistochemistry study published 496 
previously (Heshmati et al., 2018). *indicates p<0.01, ** indicates p<0.001, *** indicates 497 
p<0.0001. All data are represented as mean  standard error of the mean. 498 
 499 
Figure 5. Inhibitory synapse gene changes in the dorsal striatum after chronic social 500 
defeat stress. (a) vGAT mRNA is significantly upregulated in the dorsal striatum of both 501 
susceptible and resilient mice (one-way ANOVA: F2,21 = 11.75, *p<0.05). (b) There is no 502 
change in gephyrin mRNA levels in dorsal striatum after CSDS. All data are represented 503 
as mean  standard error of the mean. 504 
 505 
Figure 6. Model of inhibitory and excitatory synaptic changes in the nucleus accumbens 506 
(NAc) after chronic social defeat stress. (a) Overview of mesolimbic dopamine circuitry 507 
in the mouse brain with glutamatergic (green), dopaminergic (purple), and GABAergic 508 
(blue) projections to NAc shown from primary input regions. Ventral tegmental area 509 
(VTA) neurons may release glutamate in addition to dopamine. (b) Summary of 510 
changes to synaptic plasticity in NAc with increasing susceptibility to stress. (c) Stress 511 
promotes shifts in NAc excitatory and inhibitory tone with susceptible mice 512 
characterized by an overall increase in glutamatergic synapses and a decrease in 513 
GABAergic synapses. In addition to receiving inhibitory inputs from different populations 514 
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of NAc interneurons, MSNs synapse on each other to form an intricate inhibitory 515 
microcircuit within NAc. 516 
 517 
 518 
 519 














