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The treatment of major depressive disorder (MDD) is confounded 
by high rates of treatment resistance coupled with low probabilities 
of achieving lasting remission1. Such clinical realities, paired with an 
estimated depression-related economic burden in excess of $80 billion 
annually2,3, has led to a concerted effort to identify and develop new 
alternative therapeutic approaches on the basis of validated disease 
mechanisms to treat depression and related mood disorders. Although 
the monoamine hypothesis of depression4 has dominated depression 
treatment strategies, recent work suggests that the neuropathology of 
depression is stratified across a number of biological domains, such 
as inflammatory cytokines5, neurotrophic factors6 and glutamate7. 
One common mechanism linking these divergent systems is that they 
all robustly regulate excitatory synaptic structure8–10 and have been 
shown functionally to play a part in the etiology of depression and 
anxiety-like behavior6,11.

Although it is clear that synaptic loss occurs in cortical regions 
in depression12, a major question has been whether depression is 
caused by underlying synaptic alterations in subcortical reward cir-
cuits. Evidence in rodent models shows that chronic stress regulates 
synaptic and structural plasticity in reward-related limbic regions13. 
Recent work from our laboratory showed that chronic social defeat 
stress induces structural and functional synaptic plasticity on 

medium spiny neurons (MSNs) in the NAc13,14, a brain region known 
for controlling reward-related dysfunction such as social avoid-
ance and anhedonia in depression15. Although the phenomenon of 
stress-induced structural plasticity has been observed across multiple  
species and stress models, the intracellular mechanisms underlying 
these neuronal alterations and their relevance to human depression 
are poorly understood.

Under nonpathological conditions, small Rho GTPases, such as 
RAC1, act as crucial modulators of synaptic structure. Here we report 
that RAC1 is transcriptionally downregulated through an epigenetic 
mechanism in the NAc of subjects with MDD, an effect that is reca-
pitulated in the chronic social defeat stress model of depression-like 
behaviors. Functionally, Rac1 modulates depression-related behaviors 
such as social avoidance and anhedonia, as well as MSN structural 
plasticity. Overexpression of Rac1 by either viral gene therapy or 
epigenetic rescue has strong anti-stress efficacy in previously stress-
susceptible mice.

RESULTS
Transcriptional regulation of Rac1 in mice after social defeat
Pathway analyses of gene ontology groups from microarray data 
commonly identify cytoskeleton-related and small–Rho GTPase  
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Epigenetic regulation of RAC1 induces synaptic 
remodeling in stress disorders and depression
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Depression induces structural and functional synaptic plasticity in brain reward circuits, although the mechanisms promoting 
these changes and their relevance to behavioral outcomes are unknown. Transcriptional profiling of the nucleus accumbens (NAc) 
for Rho GTPase–related genes, which are known regulators of synaptic structure, revealed a sustained reduction in RAS-related C3 
botulinum toxin substrate 1 (Rac1) expression after chronic social defeat stress. This was associated with a repressive chromatin 
state surrounding the proximal promoter of Rac1. Inhibition of class 1 histone deacetylases (HDACs) with MS-275 rescued both 
the decrease in Rac1 transcription after social defeat stress and depression-related behavior, such as social avoidance. We found 
a similar repressive chromatin state surrounding the RAC1 promoter in the NAc of subjects with depression, which corresponded 
with reduced RAC1 transcription. Viral-mediated reduction of Rac1 expression or inhibition of Rac1 activity in the NAc increases 
social defeat–induced social avoidance and anhedonia in mice. Chronic social defeat stress induces the formation of stubby 
excitatory spines through a Rac1-dependent mechanism involving the redistribution of synaptic cofilin, an actin-severing protein 
downstream of Rac1. Overexpression of constitutively active Rac1 in the NAc of mice after chronic social defeat stress reverses 
depression-related behaviors and prunes stubby spines. Taken together, our data identify epigenetic regulation of RAC1 in the NAc 
as a disease mechanism in depression and reveal a functional role for Rac1 in rodents in regulating stress-related behaviors.
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signaling pathways as being highly modulated by stress and 
 depression-like behavioral paradigms, both in the NAc16,17 and other 
limbic regions18,19. This is consistent with a previously described phe-
nomenological role of structural plasticity in stress and depression8,13. 
Small GTPases are responsible, to a large extent, for the regulation 
and reorganization of the actin cytoskeleton in a number of biologi-
cal systems, including neuronal populations during synaptogenesis 
and dendritic spine maintenance20. They are modulated by upstream 
regulators such as guanine nucleotide exchange factors and GTPase-
activating proteins, leading ultimately to the severing of the underly-
ing actin cytoskeleton by cofilin20,21.

Although a number of preclinical rodent models of depression have 
been developed, models of prolonged social stress have been useful in 
revealing the molecular and cellular mechanisms underlying mood- 
or anxiety-related disorders22,23. In this model, male C57BL/6J mice 
are repeatedly subjected to bouts of social defeat by a larger and more 
aggressive CD-1 mouse, resulting in a majority of the smaller mice 
(termed susceptible) developing a syndrome highlighted by enduring 
social avoidance and anhedonia to previously pleasurable activities. 
Non-susceptible (resilient) mice, which do not show the social avoid-
ance and anhedonic response, generally comprise one-third of the 
mice subjected to social defeat24. Therefore, the behavioral syndrome 
induced by social defeat allows for a detailed dissection of individual 
variations in the molecular mechanisms that underlie stress-related 
behavioral phenotypes. It is important to note that social defeat stress 
results in the development of anxiety-like behaviors in both the sus-
ceptible and resilient populations, reinforcing the likelihood that 

this model captures components of depression, post-traumatic stress  
disorder or even social anxiety16.

On the basis of the lines of evidence outlined above, we measured 
regulation of Rho GTPase–related genes in the NAc of susceptible and 
resilient mice after social defeat (Fig. 1; RT-PCR primer sequences 
are listed in Supplementary Table 1). Although we assessed 13 Rho 
GTPase–related genes, only Rac1 showed selective stress-induced 
transcriptional regulation in susceptible but not resilient mice 
(Fig. 1a). Forty-eight hours after the final defeat episode, Rac1 
expression was strongly downregulated (Fig. 1b) and correlated with 
social avoidance behavior (Fig. 1c and Supplementary Fig. 1a–p).  
We did not generally observe the selective downregulation of Rac1 
in susceptible mice in other brain structures. For example, in the 
prefrontal cortex (PFC), Rac1 mRNA was unaffected by social defeat 
stress, and in the dorsal striatum, Rac1 mRNA levels were decreased 
in both susceptible and resilient mice (Supplementary Table 2). 
Deletion of Rac1 in the PFC or dorsal striatum had no effect on social 
avoidance behavior (Supplementary Table 2).

Within the NAc, downregulation of Rac1 expression and social 
avoidance behavior were both long lasting (≥35 d) and partially 
reversible by chronic antidepressant treatment (20 mg per kg body 
weight imipramine intraperitoneally (i.p.) once daily for 35 d) 
(Fig. 1d and Supplementary Fig. 2a,b). A single acute injection of 
imipramine after chronic social defeat stress neither regulated Rac1 
mRNA expression in the NAc (Fig. 1g) nor reversed social avoidance 
in susceptible mice (Supplementary Fig. 2c,d). Downregulation of 
Rac1 by chronic social defeat stress was associated with a decrease 
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Figure 1 Chronic social defeat  
stress decreases Rac1 mRNA  
expression in the NAc of  
susceptible but not resilient  
mice. (a) mRNA expression  
of the indicated small Rho  
GTPase–related genes in the  
NAc of C57BL/6J mice 48 h  
after their last social defeat  
exposure. Susceptible and resilient  
mice were subjected to chronic  
social defeat before social interaction  
testing, whereas control mice were housed identically but  
never exposed to social defeat sessions. (b) Temporal profile of  
Rac1 mRNA expression in the NAc 4, 24 and 48 h after chronic social defeat stress. (c) Correlation of Rac1 mRNA expression with social avoidance 
behavior at 48 h after chronic social defeat stress. (d) Rac1 mRNA expression after 35 d of imipramine or vehicle. (e) Total Rac1 protein expression  
in the NAc 48 h after chronic social defeat stress normalized to Gapdh (glyceraldehyde-3-phosphate dehydrogenase). (f) Correlation of total Rac1 
protein with social avoidance behavior at 48 h after chronic social defeat. (g) Rac1 mRNA expression in the NAc 48 h after a single acute social defeat 
stress (left) and 48 h after acute injection of imipramine (imi; 20 mg per kg body weight i.p.) or vehicle (veh) in previously susceptible mice (right).  
All data are presented as the mean ± s.e.m.; group sizes are indicated in parentheses in each legend or within the graph bars. *P < 0.05 determined by 
Student’s t test (g), one-way analysis of variance (ANOVA) (a,b,e) or two-way ANOVA (d). The P values in c and f were determined by Pearson’s r.
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in the total amounts of Rac1 protein in the NAc of susceptible, but 
not resilient, mice 48 h after the final defeat session (Fig. 1e). There 
was a nonsignificant trend of Rac1 protein correlating with social 
avoidance behavior (Fig. 1f). The mRNA and protein levels of down-
stream effectors of the Rac1 signaling cascade, such as p21-activated 
kinase 1 (Pak1) and LIM-domain containing protein kinase (Limk), 
were not affected by social defeat at similar time points (Fig. 1a and 
Supplementary Fig. 3a–c). Notably, a single social defeat episode 
did not alter Rac1 mRNA expression (Fig. 1g), indicating that only 
prolonged or severe stressors that induce marked depression-like 
behaviors are capable of inducing downregulation of Rac1.

Epigenetic regulation of Rac1 in mice after social defeat
Genome-wide promoter analysis using chromatin immunoprecipi-
tation (ChIP) paired to microarray analysis has recently identified 
increased repressive histone H3 Lys9 trimethylation (H3K9me3) and 
H3K27me3 in the NAc of mice along the promoter region of Rac1 
after social isolation stress25. On the basis of our finding that Rac1 
transcription is downregulated for extended periods after chronic 
social defeat stress, we next explored the possibility that this tran-
scriptional decrease is controlled through an epigenetic mechanism. 
In our mouse brain tissue ChIP assay we sonicated genomic DNA, 
resulting in 350-bp to 750-bp fragments26. We designed primer pairs 

(Supplementary Table 3) sequentially aligned from the promoter 
region and extending ~2,000 bp upstream of the transcription start 
site (TSS) of Rac1 (Fig. 2a). Using site-directed quantitative ChIP 
(qChIP), we examined permissive histone H3 acetylation (acH3) 
and repressive H3K27me3 in susceptible, resilient and control mice 
populations (behavioral data are shown in Supplementary Fig. 4). It 
is important to note that, unlike acH3, methylation at H3K27 has been 
shown to be either repressive or permissive under varying biological 
conditions. However, recent evidence suggests that in the adult mouse 
NAc, levels of H3K27me3 within the gene promoter region correlate 
with repressed gene expression27. Across both the promoter and the 
2,000-bp upstream region, permissive acetylation was significantly 
reduced in the susceptible but not resilient population (Fig. 2b). 
Conversely, methylation was differentially modulated at the proxi-
mal promoter and the immediate 1,000-bp upstream region; within 
the promoter region, resilient mice showed reduced methylation, and 
directly upstream of the promoter, susceptible mice had enhanced 
methylation (Fig. 2c).

As H3 acetylation was reduced in susceptible mice, we administered 
the class 1 HDAC inhibitor MS-275 locally into the NAc for 10 d by 
osmotic minipump (Fig. 2d). This resulted in a robust reversal of 
social avoidance in previously susceptible mice (Fig. 2e). Notably, 
Rac1 mRNA levels were normalized (Fig. 2f) and positively correlated 

Figure 2 Epigenetic regulation of Rac1 after chronic social defeat stress. (a) A schematic of the  
mouse Rac1 gene promoter and upstream regulatory region. Purple uppercase text indicates the  
promoter region, and green lowercase text indicates the untranslated region upstream of the TSS.  
Blue and yellow boxes represent the promoter primer pair locations sequentially aligned throughout  
the sequence. (b,c) Profiles of permissive H3 acetylation (b) and repressive H3K27me3 (c) along the  
mouse Rac1 promoter and upstream gene sequence in the NAc 48 h after chronic social defeat stress.  
A pan-acH3 antibody recognizes all acetylation events along the H3 tail. Susceptible and resilient  
mice were subjected to chronic social defeat before social interaction testing, whereas control mice  
were housed identically but never exposed to social defeat sessions. (d) Schematic detailing the  
experimental protocol for chronic intra-NAc minipump infusion of the class 1 HDAC inhibitor (HDACi)  
MS-275. CSDS, chronic social defeat stress; Veh, vehicle. (e,f) Social interaction ratio (e) and NAc Rac1  
mRNA expression (f) in susceptible mice treated with chronic MS-275 (100 µm) or vehicle. (g) Correlation  
of social avoidance behavior and NAc Rac1 mRNA expression 24 hours after social interaction testing. All mice were subjected to chronic social defeat 
stress, and susceptible mice were implanted with osmotic minipumps containing either MS-275 or vehicle. All data are presented as the mean ± s.e.m.; 
group sizes are indicated in parentheses in each legend or within the graph bars. *P < 0.05, **P < 0.01, ***P < 0.001 by one-way ANOVA (b,c) or 
Student’s t test (e,f). NC, no change. The P value shown in g was determined by Pearson’s r.
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with social interaction (Fig. 2g), suggesting 
that there is indeed a functional link between 
epigenetic regulation of Rac1 and social 
defeat behavior.

Regulation of RAC1 in subjects with MDD
We sought to corroborate the epigenetic 
mechanism found in our chronic social defeat 
model in postmortem NAc tissue derived 
from subjects with MDD (Fig. 3a). We used samples from two inde-
pendently collected MDD cohorts, one from the University of Texas 
Southwestern Medical Center in Texas and a second from McGill 
University in Montreal. Although all subjects in both cohorts had been 
on antidepressant medication at some point in their life, roughly half of 
the subjects in each cohort were on medication at their time of death, 
as determined by toxicology reports (Supplementary Tables 4 and 5).  
As observed in our rodent model, RAC1 expression was strongly 
downregulated in the NAc in nonmedicated subjects with MDD from 
both cohorts (Fig. 3b). Results for the medicated subjects with MDD 
were somewhat mixed. In the Texas cohort, there were no significant 
differences in RAC1 mRNA levels between medicated and nonmedi-
cated subjects; however, in the larger Montreal cohort, although the 
trend for reduced RAC1 mRNA levels was still evident, there was a 
bimodal distribution, with a subset of subjects having RAC1 mRNA 
levels similar to those of healthy, age-matched, nonmedicated control 
subjects. These findings are consistent with our mouse model, which 
showed that decreased Rac1 mRNA levels in susceptible mice were only 
normalized by chronic antidepressant treatment in ~50% of the mice 
(4 of 7 mice had social interactions ratios above 1.0; Supplementary 
Fig. 2a). In addition, NAc RAC1 mRNA levels were not reduced in a 
separate human cohort of individuals with a history of strong cocaine 

abuse, suggesting that the effect is at least partly specific to MDD 
(Supplementary Fig. 5). These data are consistent with previous 
work28 showing that chronic cocaine administration in mice transiently 
decreases NAc Rac1 activity with no effect on Rac1 gene transcription. 
Thus, there is compelling evidence to suggest that RAC1 downregula-
tion is not an artifact of addictive drugs or antidepressant medication, 
and is not a general marker of all psychiatric illnesses.

To examine chromatin structure around the RAC1 gene, we adapted 
our qChIP protocol for use in frozen human postmortem NAc  
tissue samples from subjects in the Texas cohort using a micro-
coccal nuclease–based assay29, which reliably results in 146-bp to  
165-bp fragments (Supplementary Fig. 6a,b). We used this method 
to create a high-resolution map of the human RAC1 promoter and the 
1,000-bp upstream regulatory region by designing closely grouped 
sequentially aligned primer pairs (Supplementary Table 6) and site-
directed qChIP (Fig. 3c). We selected this sequence length because 
of our observation that modifications in the Rac1 chromatin land-
scape in mouse NAc tissue were observed mostly within the first 
1,000 bp upstream of the TSS. We found decreased acetylation of the 
RAC1 gene sequences ~200 bp upstream and downstream of the TSS 
(Fig. 3d), whereas we found increased methylation only in the region 
~200 bp upstream of the TSS (Fig. 3e). In each subject, we directly 

Figure 3 Epigenetic regulation of RAC1  
mRNA expression in subjects with MDD.  
(a) Coronal and sagittal schematic of the human 
brain highlighting regions of NAc dissection  
in subjects with MDD. Scale bar, 10 mm.  
(b) RAC1 mRNA expression in the NAc of 
subjects with MDD in two separate cohorts. 
The numbers of samples per cohort are shown 
in the table (for complete demographics, 
see Supplementary Tables 4 and 5). Control 
samples were obtained from healthy, 
age-matched patients with no previous 
documentation of depression or antidepressant 
medication use. (c) Schematic of the human 
RAC1 gene promoter region and its ~1,000-bp  
upstream sequence. Purple uppercase text 
indicates the promoter region, and green 
lowercase text indicates the untranslated region 
upstream of the TSS. Blue and yellow boxes 
represent the promoter primer pair locations 
sequentially aligned throughout the sequence. 
(d,e) Profile of permissive H3 acetylation (d) 
and repressive H3K27me3 (e) along the human 
RAC1 promoter and upstream sequence in 
the NAc. (f,g) Correlation of human NAc H3 
acetylation (f) and human NAc H3K27me3 (g) 
levels with RAC1 mRNA expression. All data  
are presented as the mean ± s.e.m.; group sizes 
are indicated in parentheses in each legend.  
*P < 0.05, **P < 0.01 by one-way ANOVA (b) 
or Student’s t test (d,e). The P values shown in f 
and g were determined by Pearson’s r.
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correlated RAC1 mRNA expression with pro-
moter acetylation (Fig. 3f) and methylation 
(Fig. 3g) status. acH3 enrichment ~200 bp 
upstream of the TSS significantly (P = 0.0004, 
r = 0.668) correlated with RAC1 mRNA levels. 
A reanalysis of the qChIP data using medica-
tion status at time of death as a cofactor revealed no effect of medica-
tion status on either acetylation or methylation along the upstream or 
downstream region of the RAC1 gene (Supplementary Fig. 7a,b).

Rac1 modulates depression-related behavior
Next we directly examined the role of Rac1 expression in the NAc in 
regulating depression-like behavior after either social defeat stress 
or a subthreshold microdefeat (Fig. 4). Unlike chronic social defeat, 
microdefeats do not result in the development of any social avoidance 
or anhedonia in microdefeated, but otherwise unmanipulated, control 
mice, which can help reveal pro-susceptibility factors.

To manipulate Rac1, we used herpes simplex virus (HSV)-mediated  
gene transfer of bicistronic constructs containing GFP and 
either dominant-negative Rac1 (RacDN), constitutively active 
Rac1 (RacCA) or Cre recombinase infused directly into the NAc 
(Fig. 4a,b). Viral-mediated overexpression of HSV-GFP-Cre in the 
NAc of floxed Rac1 (Rac1flox/flox) mice30 induced local knockdown 
of Rac1 expression (Supplementary Fig. 8a) and induced suscep-
tibility to social avoidance behavior (Fig. 4c,d and Supplementary 
Fig. 9a,b) and anhedonia after a microdefeat, as measured by 
reduced sucrose preference (Fig. 4e). Similarly, HSV-mediated over-
expression of RacDN recapitulated this pro-susceptibility phenotype 
(Fig. 4f,g and Supplementary Fig. 9c,d). Conversely, HSV-mediated 
overexpression of RacCA to increase Rac1 expression after chronic 
social defeat rescued the susceptible phenotype and restored social 
behavior to those observed in HSV-GFP–infected susceptible mice. 
Unstressed control mice were housed identically to defeated mice  

but were never subjected to defeat before social interaction testing 
(Fig. 4h,i and Supplementary Fig. 9e,f).

Rac1 controls stress-induced formation of excitatory spines
Chronic social defeat stress induces the formation of immature stubby 
dendritic spines on MSNs in the NAc13,14. These dendritic altera-
tions are associated with a smaller postsynaptic density and a greatly 
increased frequency of excitatory drive that seems to be necessary 
and sufficient for the expression of depression-related phenotypes in 
mice13,14. To understand the mechanism leading to the induction of 
immature stubby dendritic spines on NAc MSNs, we first examined 
cofilin, a crucial downstream Rac1 target that is important for actin 
severing and has been shown to regulate immature spine structure31. 
We examined NAc MSN dendritic segments 48 h after chronic social 
defeat stress through a combinatorial approach using automated three-
dimensional dendritic spine reconstruction from HSV-GFP–infected 
neurons overlaid with cofilin immunohistochemistry (Fig. 5a,b and 
Supplementary Fig. 10a). Chronic social defeat stress resulted in a 
selective increase in cofilin-positive immature stubby spines, but not 
with thin or mushroom spines or with total spine density (Fig. 5c). 
Within the tissue set used for immunohistochemical analysis, we also 
found a replication of previously published data13, where chronic 
social defeat stress resulted in an increase in total stubby spine den-
sity on MSN dendrites (Supplementary Fig. 10b).

Next we examined whether overexpression of RacCA after chronic 
stress would be sufficient to prune away stubby spines (Fig. 5d).  
We injected HSV vectors after 10 d of chronic social defeat stress and 
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Figure 4 Rac1 expression in the NAc  
modulates stress-related behavior in mice.  
(a) Representative schematic of the mouse  
NAc region and HSV expression. Left, GFP-
labeled neurons in green show the spread of 
viral infection, which is limited to the NAc 
region. Scale bar, 50 µm. NAcs, NAc shell; 
NAcc, NAc core; aca, anterior commissure. 
Right, GFP-infected neurons express GFP in the 
distal dendrites of MSNs. Scale bar, 5 µm.  
(b) Schematic of chronic social defeat stress 
and subthreshold microdefeat protocols 
detailing the timing for viral infection and 
behavioral testing. CSDS, chronic social defeat 
stress. (c–e) Social avoidance behavior (c,d) 
and sucrose preference (e) in Rac1flox/flox mice 
subjected to subthreshold microdefeat after 
deletion of Rac1 by HSV-Cre or HSV-GFP in 
the NAc. (f,g) Social avoidance behavior in 
C57BL/6J mice subjected to subthreshold 
microdefeat after expression of a dominant 
negative Rac1 mutant (HSV-RacDN) or HSV-
GFP in the NAc. (h,i) Social avoidance behavior 
of previously susceptible C57BL/6J mice 
injected with constitutively active Rac1 mutant 
(HSV-RacCA) or HSV-GFP in the NAc. All data 
are presented as the mean ± s.e.m. *P < 0.05, 
**P < 0.01, ***P < 0.001 by two-way ANOVA 
(c,f,h) or Student’s t test (d,e,g,i).
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found that overexpression of RacCA reduced the density of stubby 
spines in susceptible mice (Fig. 5e). There was a nonsignificant trend 
toward a decrease in the number of thin spines after overexpression of 
RacCA (Fig. 5f), suggesting that RacCA may selectively target imma-
ture spine structures. We found no effect of 
social defeat or Rac1 overexpression on the 
number of mushroom spines (Fig. 5g) or total  
dendritic spine density (Fig. 5h). Notably, 
social avoidance behavior was negatively cor-
related with stubby spine density (Fig. 5i) but 
not with thin spine density (Fig. 5j). To deter-
mine whether Rac1 is sufficient for immature 
dendritic spine formation on medium spiny 
neurons in the NAc, we performed dendritic 

spine morphology analysis in conditional Rac1flox/flox mice after sub-
threshold microdefeat stress (Fig. 6a). Deletion of NAc Rac1 by local-
ized viral-mediated transfer of HSV-GFP-Cre increased both thin 
and stubby spine density in both nonmicrodefeated control mice and 
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microdefeated mice (Fig. 6b,c) but had no effect on mushroom spine 
density (Fig. 6d). We observed an additive effect on stubby spine 
density, where acute subthreshold microdefeat almost doubled stubby 
spine density in Rac1flox/flox mice injected with HSV-GFP-Cre (Fig. 
6b). Overall, we observed an increase in total spine density (Fig. 6e). 
Both stubby and thin spine density correlated with social interaction 
ratio (Fig. 6f,g). Although future studies will need to examine these 
morphological changes in human postmortem tissue from subjects 
with MDD, new methodologies and techniques will need to be devel-
oped for this purpose.

DISCUSSION
Our data suggest that chronic stress or depression reduces the expres-
sion of RAC1 in the NAc of rodents and humans through an epige-
netic mechanism. The expression of Rac1 is normalized by chronic 
imipramine treatment in mice after chronic social defeat and is posi-
tively correlated with treatment response, suggesting that this adapta-
tion may account for some of the effects of antidepressant treatment. 
However, in the majority of subjects with MDD on antidepressants 
at the time of death, RAC1 expression and chromatin modifications 
along the RAC1 promoter and upstream regions were not restored 
to those seen in control subjects, suggesting a need for more direct 
RAC1-targeting strategies to achieve therapeutic effects in this patient 
population. Functionally in mice, selective genetic deletion of Rac1 
and viral-mediated gene transfer of Rac1 mutants or epigenetic modu-
lation through class 1 HDAC inhibition revealed that Rac1 signaling in 
the NAc is both necessary and sufficient for social avoidance and anhe-
donia behavioral responses and synaptic structural plasticity. Together 
these data suggest that small–Rho GTPase signaling pathways, and 
RAC1 specifically, are viable candidates for future development as 
antidepressant therapeutic agents when targeted to the NAc.

Indeed, small Rho GTPases have been implicated in the neu-
ropathogenesis of several psychiatric disorders, including fragile  
X mental retardation32, Rett syndrome33, schizophrenia34 and sub-
stance abuse28,35. Under nonpathological conditions, RAC1 has an 
important role in neuronal development36, axon guidance37 and 
learning and memory processes38. With regard to dendritic spines, 
as a general rule, increased synaptogenesis and functional synaptic 
plasticity are tightly correlated with the size and shape of a dendritic 
spine; as spines shift along a continuum from immature (stubby and 
thin) to mature (mushroom), they also shift toward greater synaptic 
strength and stability39,40. Within neuronal populations, there is a 
wealth of evidence supporting a role for RAC1 in dendritic spine 
morphogenesis and maintenance34,41–43 through modulation of  
cofilin spatiotemporal dynamics44,45.

This signaling cascade is positioned to regulate the delicate inter-
face between extracellular stimuli and dynamic reorganization of 
the actin cytoskeleton to accommodate neuronal transduction. The 
transcriptional downregulation of this system consequently has an 
important role in setting the threshold for subsequent experience-
dependent plasticity within the NAc. Our data suggest that stress-
induced decreases in RAC1 expression result in concurrent increases 
in immature stubby spine formation and cofilin localization within 
these spines. Recent findings have confirmed that decreased p21-
activated kinase 3 (PAK3) activity, an immediate downstream effecter 
of RAC1, leads to both an increase in the growth of new, immature 
spines and an impairment of plasticity-mediated spine stabiliza-
tion that interferes with the formation of persistent stable spines46.  
A feature of chronic stress exposure is a shift toward synaptic  
instability8,47, and future treatments could be designed to increase the 

synaptic stability of neurons within affected brain circuits. This ‘plas-
ticity consolidation’ treatment strategy10 may act through a number 
of Rho GTPase–dependent mechanisms, and future studies will need 
to determine the optimal drug target.

Although there are clearly many acute biochemical events acting 
directly in the synapse that may mediate synaptic plasticity within 
the NAc, the data here point to a more sustained mechanism through 
epigenetic-mediated downregulation of RAC1, as a result of stressful 
experience, to cause social avoidance and anhedonia and synaptic 
restructuring events in the NAc. Although histone deactelyase inhibi-
tors17 and histone demethylases48 have shown antidepressant efficacy, 
they more globally affect gene expression across the entire genome. 
Our data imply that the antidepressant efficacy of such epigenetic 
regulators is in part through their actions on RAC1. However, recent 
advances in gene-specific targeting of chromatin modifications using 
zinc finger artificial transcription factors49 allow epigenetic therapeu-
tics to act on specific genes to reverse long-term chromatin disrup-
tions. These may be used to clarify whether epigenetic modification 
at specific genes, such as Rac1, are necessary and sufficient to promote 
social avoidance and anhedonia. However, until these tools are more 
widely available for testing in humans, a more feasible therapeutic 
strategy may be to screen compounds that target either RAC1 activity 
or, more generally, excitatory synapse consolidation50.

We provide evidence that chronic stress induces long-term 
transcriptional downregulation of RAC1 through an epigenetic 
mechanism, robustly regulating NAc MSN synaptic structural and 
behavioral plasticity. Reversal of this endophenotype may present a 
new therapeutic venue for exploration and guide future therapeutics 
to target adaptive intracellular plasticity mechanisms.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Animals. Male C57BL/6J mice (20–30 g; The Jackson Laboratory) were 
obtained at 7–8 weeks of age and allowed 1 week of acclimation to the hous-
ing facilities before the start of experiments. Male Rac1flox/flox were obtained 
from Y. Zeng at the University of Cincinnati, Cincinnati, Ohio, USA and back-
crossed onto a C57BL/6J background. Rac1flox/flox mice (20–30 g) were bred 
at the Mount Sinai School of Medicine and used at 7–8 weeks of age. Male 
CD-1 mice (35–45 g; Charles River Laboratories) used as aggressors were 
sexually experienced retired breeders at least 4 months of age. Aside from 
use in chronic social defeat experiments, all mice were single housed and 
maintained on a 12-h light, 12-h dark cycle with ad libitum access to food 
and water. Behavioral assessments and tissue collection were performed 1 h 
into the dark phase. Mouse procedures were performed in accordance with 
the Institutional Animal Care and Use Committee guidelines of the Mount 
Sinai School of Medicine.

Chronic social defeat stress. Chronic social defeat stress was performed as 
previously described16,22,24. CD-1 mice were screened for aggressive charac-
teristics before the start of social defeat experiments on the basis of previously 
described criteria24 and housed within the social defeat cage (26.7 cm width × 
48.3 cm depth × 15.2 cm height; Allentown Inc) 24 h before the start of defeats 
on one side of a clear, perforated Plexiglass divider (0.6 cm × 45.7 cm × 15.2 cm; 
Nationwide Plastics). Briefly, experimental C57BL/6J mice were subjected to a 
new CD-1 aggressor mouse for 10 min once per day over 10 consecutive days. 
After the 10 min of agonistic interaction, the experimental mice were removed 
to the opposite side of the social defeat cage and allowed sensory contact during 
the next 24 h period. Control mice were housed two mice per cage on opposite 
sides of the perforated divider and rotated daily in a manner similar to the 
defeat group but never exposed to aggressive CD-1 mice. Twenty-four hours 
after the final social defeat stress, the experimental C57BL/6J mice were singly 
housed. In a variation on this protocol, for tissue collected at more immediate 
time points (4 and 24 h) after social defeat, we exposed mice to nine consecutive 
defeats, performed behavioral testing for social avoidance and then performed 
the final tenth defeat before mice were euthanized and their brains removed at 
the necessary time point.

Microdefeat stress. To measure increased susceptibility to stress, we adapted 
a subthreshold variation on the chronic social defeat protocol, as previously 
described13,24. Using this protocol, experimental C57BL/6J mice were sub-
jected to a new CD-1 aggressor for three consecutive 5-min defeat bouts, each 
separated by 15 min. Twenty-four hours later, the mice were assessed for social 
avoidance behavior. Under control conditions (when a naive C57BL/6J mouse 
is subjected to subthreshold microdefeat in the absence of other manipulations), 
this protocol does not result in social avoidance behavior but is sensitive to pro-
susceptibility factors.

Social avoidance testing (social interaction test). Social interaction test-
ing was performed as previously described22,24. All social interaction testing  
was performed under red-light conditions. Mice were placed in a new interac-
tion open-field arena custom crafted from opaque Plexiglas (42 cm × 42 cm × 
42 cm; Nationwide Plastics) with a small animal cage placed at one end. Their 
movements were then automatically monitored and recorded (Ethovision 3.0, 
Noldus Information Technology) for 2.5 min in the absence (target absent phase) 
of a new CD-1 mouse. This phase was used to determine baseline exploratory 
behavior. We then immediately measured 2.5 min of exploratory behavior in 
the presence of a caged CD-1 mouse (target present phase), again recording 
total distance traveled and duration of time spent in the interaction and corner 
zones. Social interaction behavior was then calculated as total time spent in 
each zone or as a ratio of the time spent in the interaction with target present 
divided by the time spent in the interaction zone with the target absent. All mice 
with a ratio above 1.0 were classified as resilient, and all mice below 1.0 were 
classified as susceptible.

Sucrose preference testing. To determine whether mice acquired anhedonic 
responses to any experimental manipulations, we performed a standard sucrose 
preference assay. Immediately after the final chronic social defeat stress session 

or the final microdefeat bout, mice had their standard water bottle removed 
and replaced with two 50-ml conical tubes with sipper tops filled with water. 
After a 24-h habituation period, water from one 50-ml conical tube was 
replaced with 1% sucrose. All tubes were weighed, and mice were allowed  
24 h to drink. Tubes were then reweighed, and their locations in the wire 
tops were switched before a second 24-h period of drinking. At the end of the 
second day of sucrose testing, sucrose preference was calculated as the total 
amount of sucrose consumption divided by the total amount of fluid consumed 
over the 2 d of sucrose availability.

Imipramine treatment. After social interaction testing, mice were sorted into 
either susceptible or resilient phenotypes on the basis of their interaction scores 
as described above. Control mice were housed identically to defeated mice for 
the duration of the experiment but were never exposed to social defeat sessions. 
Resilient mice were excluded from imipramine experiments, and susceptible 
and control mice were randomly divided into treatment groups. For each group 
(control or susceptible), mice received either daily i.p. injections of imipramine 
(20 mg per kg body weight) for 35 d or vehicle. All mice were killed 24 h after 
the last imipramine or vehicle injection, and NAc dissections were obtained by 
punch dissection as described previously25. Briefly, bilateral 14-guage NAc tissue 
punches were taken from 1-mm-thick coronal brain slices immediately after 
decapitation. Tissue punches were immediately placed on dry ice before being 
stored at −80 °C until being processed for quantitative PCR.

Transcriptional profiling. NAc samples were collected and processed as 
described previously25. Briefly, bilateral 14-gauge NAc, medial PFC or dorsal 
striatum punches were collected on ice after rapid decapitation and then imme-
diately placed on dry ice and stored at −80 °C until use. We then isolated RNA 
using TRIzol (Invitrogen) homogenization and chloroform layer separation. The 
clear RNA layer was then processed (RNAeasy MicroKit, Qiagen) and analyzed 
with NanoDrop (Thermo Scientific). Five-hundred nanograms of RNA was then 
reverse transcribed to cDNA (qScript Kit, VWR). For quantitative PCR, cDNA 
was diluted to 500 µl, and 3 µl was used for each reaction. The reaction mixture 
consisted of Perfecta SYBR Green (VWR) (5 µl), forward and reverse primers 
(0.5 µl each), water (1 µl) and the cDNA template. Samples were then heated to 
95 °C for 2 min followed by 40 cycles of 95 °C for 15 s, 60 °C for 33 s and 72 °C 
for 33 s. Analysis was done using the ∆∆C(t) method51. Samples were normal-
ized to GAPDH. Primer pairs are shown in Supplementary Table 1 (Integrated 
DNA Technologies).

Western blotting. Bilateral NAc punches, taken as described above, were 
sonicated in a detergent-based lysis buffer (50 mM Tris-HCl, pH 7.5, 2 mM 
MgCl2, 150 mM NaCl, 1% Triton X-100, protease inhibitor cocktail (Roche), 
1 µM sodium vanadate, 30 mM sodium pyrophosphate and 30 mM sodium 
fluoride) containing phosphatase and protease inhibitors (Sigma). Samples 
were then centrifuged for 30 min at 14,000 r.p.m. at 4 °C, and the superna-
tant was collected and quantified with the Microplate BCA Protein Assay 
Kit (Thermo Scientific). Equal amounts of protein sample were separated by  
SDS-PAGE (Bio-Rad 4–20% polyacrylamide gels) and transferred to nitrocel-
lulose membranes (Bio-Rad). The membranes were blocked in 5% milk and 
incubated overnight with primary antibodies in 5% BSA or milk. The primary 
antibodies used were to the following proteins: Rac1 (1:500, Cytoskeleton, Inc., 
ARC03), Pak1 (1:1,000, Cell Signaling Technologies, 2602) and Limk (1:1,000, 
Cell Signaling Technology, 3842). Antibody binding was detected using the 
Odyssey Fluorescence Detection System (LiCOR) with proprietary LiCOR 
secondary antibodies (1:50,000). All samples were normalized to GAPDH 
(1:50,000, Cell Signaling Technology, 2118). All quantification was performed 
with Odyssey Image Studio Software (Odyssey).

Mouse ChIP. Site-directed qChIP was performed for pan-acH3 and H3K27me3 
as described previously26. Briefly, brains were rapidly removed, and bilateral  
14-gauge NAc punches were taken from two adjacent 1-mm coronal slices con-
taining the NAc. Punches were then immediately crosslinked in 1% formalde-
hyde for 15 min at room temperature and quenched by the addition of glycine 
at a final concentration of 0.125 M. Punches were then washed five times in 
cold PBS containing proteinase inhibitors (1 mM PMSF, 1 µg/ml apoprotin 
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and 1 µg/ml pepstatin A) and frozen on dry ice. For each sample, the total NAc 
punches from two mice were combined, balanced by social interaction ratio 
behavior ( that is, balanced so that all paired samples had similar social interac-
tion ratios), resulting in eight NAc punches per sample.

Chromatin was solubilized and extracted by SDS detergent lysis buffer, which 
was followed by a series of sonications. First, samples were sonicated twice for 
7 s with a desktop sonicator (40% power; Ultrasonic Processor, Cole Parmer) 
at low power in 500 µl SDS lysis buffer (1% SDS, 50 mM Tris-HCl, pH 8.1 and  
10 mM EDTA) and then diluted with 1,100 µl ChIP dilution buffer (1.10% Triton 
X-100, 167 mM NaCl, 16.7 mM Tris-HCl, pH 8.1, 1.2 mM EDTA and 0.01% SDS) 
and sonicated (setting 4; Sonic Dismembranator 550, Fisher Scientific) at high 
power five times for 15 s per sonication. Four-hundred microliters of sheared 
chromatin was used for each immunoprecipitation brought to a final volume of 
600 µl with ChIP dilution buffer. Five percent of each sample was put aside to be 
used as input for data normalization. This chromatin-shearing protocol reliably 
produces fragments 350–700 bp in length28. ChIP was then performed with  
7 µg of each antibody to acetyl H3 and H3K27me3 (EMD Millipore, 06-599 and  
07-449, respectively) per sample conjugated to magnetic Dynabeads (M-280 
sheep antibody to rabbit IgG; Invitrogen). IgG control antibody–conjugated beads 
were also used and did not show enrichment (EMD Millipore, PP64B). Beaded 
antibodies were incubated with the immunoprecipitated chromatin overnight  
(~16 h) at 4 °C and then washed eight times in ChIP RIPA buffer 
(0.7% Na-deoxycholate, 500 mM LiCl, 50 mM 4-(2-hydroxyethyl)-1- 
piperazineethanesulfonic acid (HEPES)-KOH, pH 7.6, 1% NP-40 and 1mM 
EDTA). Beads were removed by heating to 65 °C, shaken at 1,000 r.p.m. for 
30 min on a Thermomixer and spun down before the supernatant was collected. 
Chromatin in the supernatant and input samples was then reverse crosslinked 
by heating to 65 °C overnight. DNA was then purified for RT-PCR analysis with 
a QIAquick PCR Purification Kit (Qiagen). Levels of specific histone modifi-
cations at each gene promoter of interest were determined by measuring the 
amount of acetylated or methylated histone–associated DNA by quantitative 
real-time PCR, as detailed above. For the purposes of mapping out the chromatin 
landscape within, and upstream of, the Rac1 promoter, we used the primers listed 
in Supplementary Table 3 (Integrated DNA Technologies).

Human postmortem tissue. For the Texas cohort, whole-tissue NAc resections 
were collected and provided by the Dallas Brain Collection, where tissue is col-
lected from the Dallas Medical Examiner’s Office and the University of Texas 
Southwestern’s Tissue Transplant Program under review of The University of 
Texas Southwestern Institutional Review Board52. For the Montreal cohort, 
whole-tissue NAc resections were collected by the Quebec Suicide Brain Bank at 
the Douglas Hospital Research Center under an approval of the Douglas Hospital 
Research Center’s Research Ethics Committee. Briefly, after obtaining next-of-kin 
permission, brain tissue was collected from cases at the local medical examiners 
offices. Subjects with known history of neurological disorders or head injury 
were excluded, and blood toxicology screened out any subject using illicit drugs 
or psychotropic medications. Clinical records and collateral information from 
telephone interviews with a primary caregiver were obtained for each case. Three 
to four mental health professionals carried out an extensive review of the clinical 
information and made independent diagnoses followed by a consensus diagnosis 
using the Diagnostic and Statistical Manual of Mental Disorders (DSM) IV cri-
teria. Demographic characteristics associated with the tissue samples are listed 
in Supplementary Tables 4 and 5. The two groups were matched as closely as 
possible for race, gender, age, pH, postmortem interval (PMI) and RNA integrity 
number (RIN). Acceptable RIN values were within the range 6.1–9.5.

In each case, cerebral hemispheres were cut coronally into 1-cm to 2-cm 
blocks. The NAc was dissected from the appropriate coronal section (Fig. 3a) 
and immediately placed in a mixture of dry ice and isopentane (1:1 (vol:vol)). 
The frozen tissue was then pulverized on dry ice and stored at −80 °C.

pH and RIN determination was performed as previously described52. Briefly, 
tissue weighing approximately 150 mg was punched from the cerebellum,  
homogenized in 5 ml of ddH2O (pH adjusted to 7.00) and centrifuged for  
3 min at 8,000g and 4 °C. The pH of the supernatant was measured in duplicate 
(Thermo-Electron Corporation). RIN determination was performed by isolat-
ing total RNA using TRIzol (Invitrogen) followed by analysis with an Agilent 
2100 Bioanalyzer.

Human ChIP. Site-directed qChIP was performed as previously described29 
using a micrococcal nuclease–based assay, allowing for high-resolution mapping 
of the human gene promoter and upstream regions. Briefly, 50 mg of human 
NAc tissue was lightly homogenized with 550 µl douncing buffer (10 mM Tris-
HCl, pH 8.0, 4 mM MgCl2 and 1 mM CaCl2) in a 1-ml loose-fit glass homog-
enizer. The homogenate was then digested with micrococcal nuclease enzyme 
(2 units/ml) for 10 min in a 37 °C water bath. We have found that this reaction 
yields the optimal DNA basepair fragment size of ~150–160 bp (Supplementary 
Fig. 7). The digestion reaction was terminated by the addition of 10 mM EDTA, 
pH 8.0. The digested chromatin was then further incubated in SDS lysis buffer 
(1% SDS, 50 mM Tris-HCl, pH 8.1 and 10 mM EDTA) for 60 min on wet ice 
and lightly vortexed every 10 min. The lysed chromatin was then centrifuged 
at 3,000g for 20 min at 4 °C, and the supernatant was collected. Four-hundred 
microliters of the digested chromatin supernatant was then used for each ChIP 
brought to a final volume of 500 µl with incubation buffer (500 mM NaCl,  
200 mM Tris-HCl, pH 8.0 and 50 mM EDTA, pH 8.0).

ChIP was then performed with 7 µg of each antibody to acetyl H3 and 
H3K27me3 (EMD Millipore, 06-599 and 07-449, respectively) per sample 
conjugated to magnetic Dynabeads (M-280 sheep antibody to rabbit IgG; 
Invitrogen). IgG control antibody–conjugated beads were also used and did 
not show enrichment (EMD Millipore, PP64B). Beaded antibodies were 
incubated with the immunoprecipitated chromatin overnight (~16 h) at 4 °C 
and then washed eight times in ChIP RIPA buffer (0.7% Na-deoxycholate,  
500 mM LiCl, 50 mM HEPES-KOH, pH 7.6, 1% NP-40 and 1 mM EDTA). Beads 
were removed by heating to 65 °C and shaken at 1,000 r.p.m. for 30 min on a 
Thermomixer and then spun down to remove the supernatant. Chromatin in 
the supernatant and input samples was reverse crosslinked by heating to 65 °C 
overnight. DNA was then purified for RT-PCR analysis with a QIAquick PCR 
Purification Kit (Qiagen). Levels of specific histone modifications at each gene 
promoter of interest were determined by measuring the amount of acetylated or 
methylated histone–associated DNA by quantitative real-time PCR, as detailed 
above. For the purposes of mapping out the chromatin landscape within, and 
upstream of, the RAC1 promoter, the primers listed in Supplementary Table 6 
were used (Integrated DNA Technologies).

Imaging and NeuronStudio. For spine analysis, dendritic segments 50–150 µm 
away from the soma were randomly chosen from HSV-infected cells that express 
XFP in a 4% paraformaldehyde (PFA)-fixed 200-µm coronal slice cover slipped 
in VectaShield setting medium. Images were acquired on a confocal LSM 710 
(Carl Zeiss) for morphological analysis as described previously53. Neurons were 
selected from the NAc shell. To qualify for spine analysis, dendritic segments 
had to satisfy the following requirements: (i) the segment had to be completely  
filled (all endings were excluded), (ii) the segment must have been at least  
50 µm from the soma and (iii) the segment could not be overlapping with  
other dendritic branches. Dendritic segments were imaged using a ×100 lens 
(numerical aperture 1.4; Carl Zeiss) and a zoom of 2.5. Pixel size was 0.03 µm in 
the x-y plane and 0.01 µm in the z plane. Images were taken with a resolution of  
1024 × ~300–350 (the y dimension was adjusted to the particular dendritic 
segment to expedite imaging), the pixel dwell time was 1.58 µm/s and the line 
average was set to 4. An average of two dendrites per neuron on five neurons per 
mouse totaling ~2,500 dendritic spines per experimental group were analyzed. 
For quantitative analysis of spine size and shape, NeuronStudio was used with 
the rayburst algorithm described previously54. NeuronStudio classifies spines 
as thin, mushroom or stubby on the basis of the following values: (i) aspect 
ratio, (ii) head-to-neck ratio and (iii) head diameter. Spines with a neck can be 
classified as either thin or mushroom, and those without a neck are classified 
as stubby. Spines with a neck are labeled as thin or mushroom on the basis of 
head diameter. These parameters have been verified by comparison with trained 
human operators fully blinded across groups.

Immunohistochemistry. For cofilin immunohistochemisty, mice were perfused 
with 4% PFA as indicated in the above section. Forty-micrometer coronal slices 
were washed in PBST (0.4% Triton X-100 in PBS) and transferred to blocking solu-
tion (0.2% PBST in 5% normal donkey serum) for 2 h before overnight incubation 
(0.2% PBST in 5% normal donkey serum) in primary antibody solution (Cofilin; 
1:2,000, Abcam, 42824). Slices were then washed in 1× PBS and incubated for  
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2 h with secondary antibody for fluorescence detection. Slices were cover slipped 
with DPX mounting media. For floxed Rac1 knockout validation, a monoclonal 
antibody to Rac1 (Millipore, 1:500, 05-389) was used with the same procedure.

Immunohistochemistry quantitative analysis. We acquired z-stack images of 
NAc dendritic segments and colocalized cofilin puncta on a LSM-710 (Carl 
Zeiss) confocal microscope using parameters identical to those used during the 
spine count experiments. This allowed us to determine dendritic spine morphol-
ogy within the 40-µm tissue sections on each dendritic segment. To correct the 
photon point-spread function and improve resolution, we independently decon-
volved the GFP and cofilin channels (Autodeblurr, AutoQuant) and remerged 
them into a single z stack. With the previously created NeuronStudio dendritic 
spine maps, we identified colocalized cofilin puncta manually on merged RGB 
images (ImageJ Software) and used orthogonal verification to ensure the puncta 
were located within discrete spine heads. All immunohistological images were 
taken with identical acquisition parameters using Zen software.

Stereotaxic surgery and viral gene transfer. We performed all surgeries under 
aseptic conditions using anesthetic as described previously13,55. Briefly, mice 
were anesthetized with a mixture of ketamine (100 mg per kg body weight) and 
xylazine (10 mg per kg body weight) and positioned in a small-animal stereotaxic 
instrument (David Kopf Instruments), and the skull surface was exposed. Thirty-
three–gauge syringe needles (Hamilton Co.) were used to bilaterally infuse 0.5 µl 
of virus (1.5 × 108 infectious units/ml) expressing control GFP, Cre, RacDN or 
RacCA to activate or inhibit Rac1 signaling into the NAc (bregma coordinates: 
anteroposterior, +1.5 mm; mediolateral, +1.6 mm; dorsoventral, −4.4 mm) at 
a rate of 0.1 ml/min. All behavioral analyses were conducted between days 3–4 
after infusion during maximal HSV expression.

Osmotic minipump surgery and infusion. Mice were anesthetized as 
detailed above. Mice were surgically implanted with two subcutaneous Alzet  
minipumps (model 1002, Durect) and bilateral guide cannulae (Plastics One) 
targeting the NAc. One day before surgery, two cannulae (28-gauge stainless 
steel) were filled with MS-275 (100 µm; provided by the Broad Institute) or 
5% hydroxypropyl β-cyclodextrin vehicle (Trappsol, CTD), and each pedestal 
within the assembly was separately affixed by vinyl tubing to a minipump, each 
loaded with drug or vehicle. The minipumps were activated on the evening 
before surgery (by incubating them at 40 °C) to initiate a continuous delivery 
at 0.25 µl/h over 10 d. Briefly, the surgical procedure began with an incision 
over the skull, and the skin was spread apart under the scapulae to create 
an area for positioning the minipumps on the back. Bilateral cannulae were 
delivered into the NAc according to the bregma coordinates: anteroposte-
rior, +1.5; mediolateral, +1.0; dorsoventral, −4.5. Cannulae were permanently 
fixed to the skull with Loctite skull adhesive (Henkel). Cannulae, tubing and  
minipumps were all secured under the skin using Vetbond tissue adhesive 
(3M) and two staples.
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