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Abstract

Molecular and cellular adaptations in nucleus accumbens (NAc) medium spiny neurons (MSNs) 

underlie stress-induced depression-like behavior, but the molecular substrates mediating cellular 

plasticity and activity in MSN subtypes in stress susceptibility are poorly understood. We find the 

transcription factor early growth response 3 (EGR3) is increased in D1 receptor containing MSNs 

of mice susceptible to social defeat stress. Genetic reduction of Egr3 levels in D1-MSNs prevented 

depression-like outcomes in stress susceptible mice by preventing D1-MSN dendritic atrophy, 

reduced frequency of excitatory input and altered in vivo activity. Overall, we identify NAc 

neuronal-subtype molecular control of dendritic morphology and related functional adaptations, 

which underlie susceptibility to stress.

INTRODUCTION

Depression affects a significant proportion of the world’s population and is currently the 

leading cause of disability, warranting significant study into the brain mechanisms, which 

underlie its cause.1 The nucleus accumbens (NAc) is a critical integration center for 

emotionally salient information and is a hub for the maintenance of depression-related 

symptomology.2–4 Severe, chronic stress, a primary risk factor for depression, causes long-

term cellular, molecular, and physiological adaptations to NAc projection neurons, medium 

spiny neurons (MSNs), in dopamine 1 (D1) and dopamine 2 (D2) receptor expressing 

subtypes.5–8 While maintaining many of the same afferents, NAc MSNs project 

differentially to downstream mesolimbic brain regions. D1-MSNs project to both the ventral 
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tegmental/substantia nigra and ventral pallidum, and D2-MSNs only project to the ventral 

pallidum.9,10 These differences in anatomy, molecular expression, and MSN physiology, 

which drive differential, often opposing behavioral outcomes in stress, merit significant 

study into the role of MSN subtypes in depression behaviors.

Electrophysiological recordings demonstrate distinct synaptic and intrinsic alterations in 

MSN subtypes following stress.5,6 However, the molecular and cellular mechanisms 

underlying these adaptations remain elusive. Previous studies have revealed molecular 

substrates underlying enhanced spine formation and increased frequency of excitatory 

synaptic transmission following chronic social defeat stress, yet this has not been examined 

in a cell-type specific manner.11,12 Similar to these studies, we observed an increase in 

frequency of excitatory transmission on NAc D2-MSNs.5 However, we observed a decrease 

in D1-MSNs,5 a NAc subtype implicated in the expression of anhedonia, a core behavioral 

symptom of depression.6 Additionally, D1-MSN excitability is significantly enhanced by 

stress.5 These outcomes indicate stress-driven structural and molecular adaptations are likely 

specific to MSN subtypes and may dramatically differ between these subtypes.

In this study, we assessed a set of transcription factors, early growth response (EGR) 

molecules. EGR molecules are downstream of major signaling cascades promoting plasticity 

in MSNs.13–17 EGR transcription factors, and EGR3 in particular, mediates neurobiological 

adaptations of stress and novelty, reward, and social behaviors.18–23 Additionally, EGR 

molecules are critically involved in stabilization of neuronal plasticity, neuron outgrowth and 

cytoskeletal regulation.16,21,23–25 Chronic stress mediates widespread adaptations to 

synaptic density and dendritic arbor.26 Stress-induced impairment in structural and synaptic 

alterations as well as their molecular underpinnings have been extensively studied in limbic 

excitatory brain regions,26–28 but there is minimal information into these mechanisms in 

GABAergic neurons, including MSN subtypes. Therefore, understanding the nature of these 

adaptations in the NAc and the causal underlying molecular mechanisms is necessary to 

parse out stress-induced differences between MSNs. Thus, the EGR proteins are prime 

candidate molecules to examine the molecular regulation of cellular plasticity in chronic, 

social stress.

Here we show an EGR family member, EGR3, is necessary to drive susceptibility to stress 

by controlling stress-driven dendritic morphological adaptations in NAc D1-MSNs. 

Furthermore, we link stress-induced, EGR3-mediated dendritic changes to functional 

changes in excitatory synaptic transmission, intrinsic excitability, and in vivo cellular 

activity.

MATERIALS AND METHODS

Experimental subjects

D1-Cre (Line FK150)29 were used for behavioral experiments and electrophysiological 

recordings. RiboTag (RT) mice (Rpl22tm1.1Psam/J)30 were bred with D1-Cre mice to 

generate D1-CreXRiboTag (D1-Cre-RT) or D2-Cre mice (Line ER44) to generate D2-

CreXRiboTag (D2-Cre-RT) mice used for cell-type-specific gene expression. All mice were 

bred on a C57Bl6/J background. C57Bl6/J were used for chromatin immunoprecipitation. 
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CD-1 retired breeders (Charles River, >4 months) were utilized as aggressors. All subjects 

were male. For all experiments, mice were randomly assigned to experimental groups by 

cage before surgery and/or treatment. Further, the order of the animals was randomized 

before behavioral tests. Studies were conducted in accordance with guidelines set up by the 

IACUC at UMSOM.

Chronic and subthreshold social defeat stress and sucrose preference

Chronic social defeat stress was performed as previously.5,31,32 Mice were placed in a large 

hamster cage containing a novel, aggressive CD-1 retired breeder for 10 min per day. Mice 

underwent sensory interaction (24 h) across a perforated divider following defeat until the 

next defeat session. On day 11, social interaction behavior was assessed using video tracking 

(CleverSys, Reston, VA, USA). Experimental mice were placed in an open field (2.5 min) 

and assessed for time within an interaction zone around a perforated box. A novel CD-1 was 

placed in the box and time spent in the interaction zone was measured over 2.5 min. 

Subthreshold social defeat stress was administered as previously described.5 Mice were 

exposed to three distinct CD-1 aggressors for 2 min per defeat session over 1 day with 15 

min of sensory contact from the same CD-1 between sessions.

Two-bottle choice sucrose preference was performed following defeat.5 Mice were 

habituated for 2 days to two 50 ml bottles filled with water. On the third day, one water 

bottle was replaced with 0.5% sucrose solution. Water bottles were weighed daily to 

determine consumption and switched to eliminate side preference. Preference was calculated 

as percentage of sucrose consumed relative to total liquid consumed.

Stereotactic viral surgery

Mice were anesthetized with isoflurane. The NAc (from Bregma, anterior/posterior:+1.6, 

medial/lateral:+/− 1.5, dorsal/ventral: − 4.4) of D1-Cre mice was bilaterally injected with a 

cre-inducible, double inverted open (DIO)-reading frame adeno-associated virus (AAV) 

AAV2.5-Ef1a-DIO-Egr3-EYFP (UNC viral vector core)22 or AAV2.5-Ef1a-DIO-EYFP and 

AAV2.5-hsyn-DIO-Egr3-miR-mCitrine or AAV2.5-hsyn-DIO-SS-miR-mCitrine.22 For 

calcium imaging experiments, mice were co-injected with AAV2.9-flex-GCaMP6f (UPenn 

Vector Core) and AAV2.2-DIO-Egr3-miR-LacZ or AAV2.2-DIO-SS-miR-LacZ.

Electrophysiological recordings

No later than 2 weeks after social interaction, isoflurane-anesthetized mice were perfused 

with oxygenated (95% oxygen, 5% carbon dioxide) iced sucrose artificial cerebrospinal fluid 

(ACSF) containing (in mM l−1): 194 sucrose, 30 NaCl, 26 NaHCO3, 10 Glucose, 4.5 KCl, 3 

MgCl2, 1.2 NaH2PO4, osmolarity 330mOsm. NAc coronal slices (300 μm) were prepared in 

iced sucrose ACSF. Slices were placed in 33 °C for a 1 h incubation period before recording 

in incubation ACSF containing (in mM l−1): 125 NaCl, 25 NaHCO3, 10 Glucose, 3.5 KCl, 3 

MgCl2, 1.25 NaH2PO4, 0.1 CaCl2. Whole-cell recordings were performed in 33 °C normal 

ACSF (altered magnesium and calcium: 1 mM MgCl2, 1 mM CaCl2) under DIC visual 

guidance of a 40 × water-immersion objective (Olympus, Center Valley, PA, USA). 

Potassium gluconate based internal solution (in mM: 126 K Gluconate, 10 HEPES, 4 KCl, 2 

ATP-Mg, 2 Na2ATP, 0.3 GTP, 0.2 EGTA, osmolarity 290–300mOsm) filled patch pipettes 
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(3–6 MΩ) for all recordings. Signals were amplified (Multiclamp 700B; Molecular Devices, 

Sunnyvale, CA, USA), acquired (Axoscope 9; Molecular Devices), and digitized at 20 kHz 

(Digidata 1322; Molecular Devices).

Intrinsic excitability measures were acquired, while dynamically clamping at −75 mV. A 

pulse-ramp protocol generated by Master9 (AMPI, Jerusalem, Israel) was used to obtain 

rheobase current. Current (50–300 pA, 500 ms) was injected to determine current-firing 

frequency relationships across groups. Voltage clamp recordings (−70 mV) to analyze 

mEPSCs were performed in the presence of 100 μM PTX and 1.5 μM TTX. Series resistance 

was monitored online. Capacitance was determined by examining charge in capacitive 

transients with a +5 mV, 500 ms voltage deflection.

Immunostaining

Mice were perfused with 4% paraformaldehyde, brains were cryoprotected with 30% 

sucrose, and cryostat (Leica, Buffalo Grove, IL, USA) sectioned at 35 μm. Slices were 

washed 3 times for 10 min with 1 × phosphate buffered solution (PBS) and blocked in 3% 

normal donkey serum and 0.3% Triton X (20%) in 1 × PBS. Slices were incubated in rabbit 

GFP (1:1000; Aves Lab, Tigard, OR, USA; #GFP-1020) and chicken β-Gal (1:250; 

Promega, #Z3781) primary antibody overnight. Slices were washed 3 times for 15 min and 

incubated in anti-rabbit Alexa 488 (1:1000; Jackson Immuno, West Grove, PA, USA; 

#111-545-144) and anti-chicken Cy3 (1:500; Jackson Immuno; #703-165-155) for 2 h 

followed by PBS washes and mounting with Vectashield DAPI-containing mounting media. 

Sections were imaged on a B × 61 confocal microscope (Olympus).

MSN reconstruction and dendrite and spine analysis

Cells were filled with neurobiotin during whole-cell recording and cells were recovered 

from 5–14 animals per condition. Following recording, brain slices were immediately placed 

in 4% PFA overnight. The following day, slices were processed by washing 6 times for 15 

min per wash in 1 × PBS followed by 5 h of blocking in 10% normal donkey serum and 

0.05% Triton X (20%) at room temperature. Slices were incubated in 1:1000 streptavidin-

Cy3 (Jackson Immuno; #016-160-084) in blocking solution overnight. Slices were washed 6 

times for 10 min and mounted. To analyze dendritic arbor, images were acquired using a Z-

stack at 2 μm using a 20 × objective at 1.5 × digital zoom. Z-stacks were analyzed using the 

ImageJ (NIH, Bethesda, MD, USA) plugin simple neurite tracer.33 ImageJ sholl analysis 

classified concentric ring intersections at 10 μm diameter increments. For spines, 0.2 μm 

slice Z-stacks were acquired with a 40× objective at 3× digital zoom. Images were 

deconvolved (ImageJ, NIH) and NeuronStudio (MSSM, CNIC) was used to analyze spine 

density and classify spines on 2–3 secondary dendrites averaged per animal. For dendrite 

and spine analysis, the experimenter was blind to the groups.

Adeno-associated virus construction

Plasmids encoding AAV2.2-DIO-Egr3-miR-IRES-LacZ and AAV2.2-DIO-SS-miR-IRES-

LacZ were constructed from AAV2.2-DIO-Egr3-miR-IRES-mCitrine and AAV2.2-DIO-SS-

miR-IRES-mCitrine, respectively, as described previously.22 LacZ was inserted into the 

vector by replacing the mCitrine. pUC19 vector carrying LacZ sequence (Invitrogen, 
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Carlsbad, CA, USA) were PCR amplified using Phusion (#M0531S) using primer lacZ 

forward: (NcoI)5′-CCATGGATGACCATGATTACGCCAA-3′ and lacZ reverse: (BsrGI)5′-

TGTACACTATGCGGCATCAGAGCAG-3′, followed by digestion with NcoI and BsrGI 

restriction enzymes. Purified PCR products were ligated to the destination vector at 

restriction sites. AAV2.2-DIO-Egr3-miR-LacZ and AAV2.2-DIO-SS-miR-LacZ viruses 

were packaged as described previously using HEK 293 cells: Sigma-Aldrich, St. Louis, MO, 

USA, #85120602.22,34 Titers for the AAVs were determined by qRT-PCR as described 

previously.34

In vivo Calcium Imaging

In vivo calcium imaging was performed on D1-Cre mice using the Doric miniscope system 

(Doric, Quebec, QC, Canada). 2mm of brain tissue was aspirated with a constant drip of 

oxygenated sucrose ACSF before mice were injected with AAV2.9-flex-GCaMP6f within 

the NAc. A GRIN lens was stereotaxically implanted 100 μm above the injection site. Mice 

were habituated to the miniscope in their home cage for 5d prior to the first imaging session 

and 6wks after surgery. Following image registration using the Doric Imaging software and 

ImageJ background subtraction, a modified constrained nonnegative matrix factorization 

(CNMF) method and Matlab (MathWorks) script35 was utilized for deconvolution and 

extraction of ΔF/F signals. Peak signals were found in ClampFit following extraction 

utilizing a 2 standard deviation threshold parameter to select events. Signals with half-widths 

exceeding 3 s were excluded from analysis. Using custom Matlab scripts and TopScan 

(CleverSys) software, behavioral videos were aligned to calcium images and average 

frequency and magnitude of ΔF/F peaks were analyzed. For time-locking to interaction 

events, the segment the segment of time during which mice enter the interaction zone and 

interact with the novel CD-1 until mice the time point when they leave the interactions zone 

and stop interacting with the novel CD-1 was extracted. For all cells, calcium activity was 

averaged across interaction events to find the final waveform presented.

Cell-type-specific RT RNA Extraction and quantitative (q)RT-PCR

Polyribosome immunoprecipitation was prepared as previously with little modification.22,30 

NAc tissue was collected and pooled from two D1-Cre-RT or D2-Cre-RT mice per sample 

24 h after social interaction. Tissue was dounce homogenized in 500 μl buffer containing: 50 

mM Tris, 100 mM KCl, 12 mN MgCl2 and 1% NP-40 supplemented with 1 DTT, 100 μg 

ml−1 cyclohexamide, 1 mg ml−1 heparin, RNAase, and protein inhibitors (Promega), pH 7.4. 

Samples were centrifuged to collect supernatant, which was added to the anti-HA antibody 

(Covance, Princeton, NJ, USA: #MMS-101 R) and incubated overnight at 4 °C with agitator 

rotation. The following day, 400 μl of protein G magnetic beads (Life Technologies, 

Carlsbad, CA, USA #100.09D) were added to the lysate and incubated overnight with 

constant rotation. Magnetic beads were washed in a magnetic rack in high-salt buffer 

containing (in mM): 50 Tris, 300 KCl, 12 MgCl2, 1 DTT, 1% NP-40, and 100 μg ml−1 

cyclohexamide, pH 7.4. RNA was quantified with a NanoDrop (Thermo Scientific, 

Waltham, MA, USA). For qRT-PCR, RNA was extracted using Trizol (Invitrogen) and the 

MicroElute Total RNA Kit (Omega, Norcross, GA, USA) with a DNase step (Qiagen, 

Germantown, MD, USA). 400 ng of cDNA was synthesized with iScript cDNA synthesis kit 

(Bio-Rad, Hercules, CA, USA). cDNA expression changes were measured using qRT-PCR 
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with Perfecta SYBR Green FastMix (Quanta, Beverly, MA, USA) using the −ΔΔCT method 

described previously5,22,36 compared to GAPDH. qPCR primer sequences can be found in 

Supplementary Table 1.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed as previously.22 A total of 14 gauge 

NAc punches were collected 24 h after social interaction. Tissue was cross-linked with 1% 

formaldehyde, and quenched in 2 M glycine prior to freezing at −80 °C. NAc tissue was 

dounce homogenized in lysis buffer 1c (in mM): 50 HEPES-KOH, 140 NaCl, 1 EDTA, pH 

7.5, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, and protease inhibitors. This step was 

followed by constant rotation at 4 °C for 10 min and centrifugation at 1350 g for 5 min. 

Pellets were resuspended in lysis buffer 2 (in mM) 10 Tris, 200 NaCl, 1 EDTA, 0.5 EGTA, 

and protease inhibitors, and incubated at room temperature for 10 min. Following 

centrifugation, pellets were resuspended in lysis buffer 3 (in mM): 10 Tris-HCl, 100 NaCl, 1 

EDTA, 0.5 EGTA, pH 8.0, 0.1% Nadeoxycholate, 0.5% N-lauroylsarcosine, and protease 

inhibitors. Chromatin was sheared to 500–700 bp (Diagenode Bioruptor Pico) by 8 cycles of 

30 s ON and 30 s OFF. One out of ten volume of 10% Triton X-100 added to each sample to 

solubilize the membrane and supernatant was collected by centrifugation for 10 min at 20 

000 g at 4 °C. A total of 50 μl sample was collected for input. Samples were mixed with 

beads conjugated to anti-Egr3 rabbit antibody (Santa Cruz, Dallas, TX, USA, #sc-191) or 

anti-rabbit IgG (Invitrogen; #11202D) for 16 h at 4 °C with constant rotation. Samples were 

washed with low-salt buffer, high-salt buffer, LiCl wash buffer, 1xTE +50 mM NaCl one 

time each and feluted in elution buffer by placing in a thermomixter at 65 °C at 1000 r.p.m 

for 30 min. Samples were centrifuged for 16 000 g for 1 min to collect the supernatant. 

Samples and inputs underwent reverse cross-linking at 65 °C overnight, followed by DNA 

purification (Qiagen PCR purification kit). Samples were normalized to input controls and 

compared with IgG samples for qPCR analysis. The primer sequences for ChIP samples can 

be found in Supplementary Table 1.

Statistical analysis

Graphpad Prism 5.0 software was used for statistical analysis. All statistics can be found in 

Supplementary Table 2. Interaction effects are reported, unless noted. For ANOVA tests, 

Bonferroni post hoc tests were used. In figure legends: *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001. All graphs represent mean ± s.e. Sample sizes were determined from 

previous studies using chronic or subthreshold defeat.5 Grubbs outlier test was performed on 

the data with obvious outliers and no more than one animal or sample was removed per 

group. Individual values are plotted in all graphs to report variation and variance is similar 

between groups that are statistically compared.

RESULTS

D1-MSN Egr3 expression mediates susceptibility to defeat

Expression of Egr1-4 was examined using NAc cell-type-specific analysis in mice 

susceptible or resilient to defeat. We utilized D1-Cre-RT and D2-Cre-RT mice allowing for 

translational profiling of ribosome-associated mRNAs specifically from D1-MSN or D2-
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MSN subtypes (Figure 1a).22,30 Mice underwent 10 days of defeat, resulting in susceptible 

and resilient cohorts (Supplementary Figure S1a) and NAc tissue punches were collected 24 

h after social interaction behavior. D1-MSN Egr3 and Egr1 expression was increased in 

susceptible mice and resilient mice, respectively, compared to non-defeated mice (Figure 1b, 

Supplementary Figure S1b). D2-MSNs from susceptible animals display reduced expression 

of Egr4, but no change in Egr3 was observed (Figure 1b, Supplementary Figure S1b). D1-

MSN, but not D2-MSN Egr3 expression negatively correlated with social interaction time 

(Supplementary Figure S1c). No correlation was observed between Egr1 and interaction 

time (Supplementary Figure S1d). Therefore, we focused on D1-MSN EGR3 for the 

remainder of the study. To examine the effects of D1-MSN Egr3 overexpression (Egr3-OE) 

on susceptibility, a DIO-AAV22 was injected into the NAc of D1-Cre mice (Figure 1c; 

Supplementary Figure S1e). Egr3-OE D1-Cre mice were subjected to a 1 day subthreshold 

defeat, which does not normally result in depression-like behavior.5 However, D1-MSN 

Egr3-OE reduced interaction time with a novel target mouse compared to defeat EYFP and 

non-defeated controls (Figure 1d), without affecting locomotor behaviors (Supplementary 

Figure S1f), suggesting D1-MSN Egr3 overexpression promotes stress susceptibility. Next, 

we used a DIO-AAV Egr3-microRNA (Egr3-miR)22 to knockdown NAc D1-MSN Egr3 
expression, by injecting into the NAc of D1-Cre mice (Figure 1c, Supplementary Figure 

S1g). D1-MSN expression of Egr3-miR, but not a scrambled sequence microRNA (SS-

miR), was sufficient to block social avoidance (Figure 1e) and prevent reduced sucrose 

preference (Figure 1f) without affecting locomotion (Supplementary Figure S1h). Therefore, 

NAc D1-MSN Egr3 expression is necessary to modify depression-like behavioral outcomes 

to social defeat stress.

Stress and Egr3 regulates excitatory transmission on D1-MSN but not spine density

Following stress, excitatory transmission on NAc D1-MSNs is reduced.5 Egr3-miR in D1-

MSNs was sufficient to prevent the miniature excitatory postsynaptic current (mEPSC) 

frequency reduction caused by defeat in SS-miR defeat (Figure 2a). Surprisingly, while 

stress did not alter the total density of spines in D1-MSNs, Egr3 knockdown and stress 

together, enhanced total spine density (Figure 2b), thin, and stubby spine density (Figure 

2c). These results suggested an alternative mechanism changes mEPSC frequency, perhaps 

through alterations in the total synapse number.

Egr3 knockdown blocks stress-induced dendritic atrophy

We found a reduction in D1-MSN rheobase current positively correlated with social 

interaction time and enhanced spiking to injected current in SS-miR-stressed mice (Figure 

3a, Supplementary Figure 2a)5,8 and was blocked by D1-MSN Egr3 knockdown (Figure 3a). 

Increased input resistance, after stress, was also blocked by D1-MSN Egr3-miR knockdown 

(Figure 3b). Alterations in input resistance and excitability in SS-miR defeat, mice were 

likely controlled in part by a reduced inward rectification, a function of inward rectifying 

potassium channels, in defeated mice (Supplementary Figure 2b). Interestingly, capacitance 

was reduced by defeat and blocked by Egr3 knockdown (Figure 3c). These alterations 

suggest EGR3-mediated dendritic structural change can facilitate the reduction in excitatory 

transmission by a loss in total number of synapses.
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To determine whether EGR3 mediates dendritic structural changes in response to stress, we 

examined dendritic morphology of D1-MSNs following stress from neurobiotin-filled cells 

during whole-cell recordings. Sholl analysis uncovered a reduction in concentric ring 

intersections in D1-Cre SS-miR-defeated mice, while Egr3-miR enhanced overall 

intersections (Figure 3d). We observed a reduction in NAc D1-MSN total dendritic length 

from defeat SS-miR mice, which was blocked by Egr3-miR (Figure 3e). Furthermore, the 

number of dendritic branch points was increased by Egr3 knockdown relative to all groups 

(Figure 3f). No changes were observed in soma diameter (Supplementary Figure 2c).

EGR3 transcriptionally regulates dendritic structural molecules in susceptible mice

To explore molecules controlled by EGR3, we used ChIP with an EGR3 antibody to 

examine Egr3 binding to gene promoters involved in regulation of dendritic morphology and 

plasticity. ChIP mice displayed significantly reduced time in the interaction zone after social 

defeat stress (Figure 4a). EGR3 displayed increased binding to the promoter of RhoA, a 

gene involved in negative regulation of dendritic structure37 and to Actn1, an actin-

associated gene (Figure 4b). Furthermore, EGR3 binding to the Shank2 promoter, a gene 

involved in regulating dendritic morphology and cognitive behavior,38 was decreased.

Stress alters D1-MSN activity in vivo

To determine the effects of chronic stress-induced physiological and morphological changes 

on D1-MSN activity in vivo, we next sought to examine GCaMP-mediated calcium activity 

in D1-MSNs in SS-miR and Egr3-miR conditions during social interaction. To test this, 

AAV-DIO-Egr3-miR-LacZ or AAV-DIO-SS-miR-LacZ was co-injected with AAV-DIO-

GCaMP6f in the NAc of D1-Cre mice to reduce NAc Egr3 expression or as a control, 

respectively (Supplementary Figures 3a, b). A chronically implantable gradient-index 

(GRIN) lens39–41 was inserted in the NAc (Figure 5a) to observe calcium transients in vivo 
(Figure 5b Supplementary Movies 1 and 2). No differences were observed in frequency of 

calcium transients when mice were outside of the interaction zone (Supplementary Figure 

3c) or when frequency was examined across the entire session (Supplementary Figure 3d). 

The results agree with observations that MSNs are largely quiescent under resting 

conditions.42 In agreement with this finding, average calcium signals were increased during 

social interaction (Supplementary Figure 3e). Defeated SS-miR mice displayed reduced 

interaction time in the target condition only, while all Egr3-miR-injected mice displayed 

normal social interaction (Figure 5c, Supplementary Figure 3f, h). The frequency of calcium 

transients in D1-MSNs of SS-miR mice was significantly reduced compared to Egr3-miR 

mice following social defeat stress in the target condition only (Figure 5d, Supplementary 

Figures 3g, i). When frequency was examined from all individual cells, only SS-miR mouse 

cells showed a significant decrease in frequency after defeat, while cells from Egr3-miR 

mice displayed no change (Supplementary Figures 3j–k). Taken together, these results 

indicate EGR3 is necessary for defeat-induced reduction in in vivo activity.

We next examined the calcium transient magnitude in D1-MSNs during social interaction 

time-locked to the start or end of an interaction event. Overall, the average ΔF/F calcium 

signal was enhanced in Egr3-miR mice, suggesting a baseline increase in the magnitude of 

neural activity (Supplementary Figure 4a). Individual calcium signals were normalized to 
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the 1 s period prior to or after a social interaction bout and individual cells were averaged 

across multiple interaction events. Prior to defeat, no difference was observed in the average 

amplitude of calcium transients (Figure 5e, Supplementary Table 3). Following defeat, only 

SS-miR mice displayed increased calcium activity beginning 1.1 s following the start of 

social interaction bouts, which peaked at 1.3 s (Figure 5e, Supplementary Figure 4b, 

Supplementary Table 3). SS-miR mice displayed a significant increase in calcium transient 

amplitude 4.1 s prior to termination of social interaction bouts following defeat only 

(Supplementary Figure 4c, Supplementary Table 4), likely corresponding to the beginning of 

the interaction bout, as the average interaction time for SS-miR mice during individual bouts 

following defeat was 6 s (Supplementary Figure 4d).

DISCUSSION

To our knowledge, our studies demonstrate for the first time that the transcription factor 

EGR3 plays a major role in stress susceptibility by inducing dendritic atrophy in NAc D1-

MSNs. Widespread changes in excitatory activity, dendritic arbor and loss of spines 

throughout the brain following stress and depression have been documented in excitatory 

brain regions.27 Loss of arbor complexity in these regions also reduces excitatory 

transmission via a total loss in synapses, consistent with our NAc findings. However, spine 

changes were not observed in defeated mice,11,12 suggesting these changes may be specific 

to D2-MSNs. Further, activation of excitatory regions such as the prefrontal cortical circuit 

to the NAc restores normal social interaction and sucrose preference.43 Indeed, deep brain 

stimulation of the NAc and targeted prefrontal-cortical stimulation in humans is 

antidepressant,44,45 suggesting stimulation may compensate for the loss or cause 

morphological changes to alleviate depression.

Our calcium imaging data, revealing a decrease in D1-MSN activity in susceptible animals 

is consistent with reduced synaptic input that drives stress-induced anhedonia5,6 and 

enhanced activity in D1-MSNs in pro-reward and reinforcement outcomes.5,6,36,46–48 The 

reduction in synaptic input in susceptible mice is unlikely due to an alteration in the density 

of synapses, but rather a consequence of a loss in the total number of synapses, which is 

driven by dendritic loss following stress. Interestingly, the enhanced intrinsic excitability we 

observed in D1-MSNs of defeated mice does not result in enhanced frequency of D1-MSN 

in vivo activity during social interaction. Rather, intrinsic excitability appears to play a role 

in enhancing the strength of the calcium signal in D1-MSNs following initiation of social 

interaction behavior in mice susceptible to social defeat stress. It is well established that 

neurons actively balances input and output.49 Thus, the intrinsic excitability change may 

reflect an EGR3-mediated homeostatic mechanism to maintain equal strength of activity in 

the face of reduced excitatory transmission due to a reduction in the total number of 

synapses occurring through stress-induced dendritic atrophy.49,50 Our calcium imaging data 

suggest the enhancement in excitability provides a stronger, more salient signal on D1-

MSNs despite overall reduced excitatory input frequency. Therefore, following defeat, when 

salient stimuli activate D1-MSNs, the probability of activating cells may be increased, 

despite reduced basal activity.
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Overall, we provide a new understanding of the molecular mechanisms occurring in NAc 

D1-MSNs that lead to altered cellular and physiological adaptations, and ultimately drive 

stress susceptible behavior. Many of these changes are consistent with changes found in 

other brain regions. Identifying these mechanisms has potential benefit for development of 

therapeutic treatment for stress-related behaviors such as depression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
D1-MSN Egr3 expression controls susceptibility to social defeat stress. (a) Schematic of the 

RiboTag method for NAc MSN-specific isolation of ribosome-associated RNA. HA-tags are 

expressed on ribosomes in a Cre-dependent manner in MSN subtypes (red). RNA is 

extracted and isolated from D1-MSNs or D2-MSNs by immunoprecipation by utilizing anti-

HA-tagged magnetic beads. (b) Egr3 is upregulated in D1-MSNs of susceptible mice 

(P<0.05, n = 5–10 samples per group). Egr3 remains unchanged in D2-MSNs across all 

phenotypes (P>0.05, n = 5–10 samples per group). (c) Representative Egr3-OE-EYFP or 

Egr3-miR-mCitrine NAc D1-MSN expression. (d) Heatmaps displaying mouse movement 

within the open field during the presence of a novel target mouse are featured for defeated 

mice. Warm colors indicate more time is spent in an area and cool colors indicate less time. 

NAc D1-MSN Egr3-OE reduces time mice spent in the interaction zone after subthreshold 
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defeat (Target P<0.01; No target, P>0.05; n = 6–12 mice per group). (e) D1-MSNs Egr3-

miR blocks defeat-induced social aversion (Target P<0.001; No Target P>0.05; n = 12–22 

mice per group). (f) Egr3-miR in D1-MSNs blocks the stress-induced reduction in sucrose 

preference (P<0.05; n = 6–12 mice per group). Exact statistics can be found in 

Supplementary Table 1.

Francis et al. Page 14

Mol Psychiatry. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
D1-MSN-specific knockdown of Egr3 prevents stress-induced changes in mEPSC 

frequency. (a) A cumulative probability plot shows a significant rightward shift in the 

distribution of inter-event intervals for mEPSCs in susceptible mice (No defeat SS-miR vs 

Defeat SS-miR, P<0.0001). mEPSC frequency significantly decreased by defeat was 

blocked by Egr3-miR (virus, P<0.01, defeat, P<0.05, N(n) = 3–4(10–20)) and mEPSC 

amplitude remained unchanged by defeat or Egr3-miR (P>0.05, Mice(cells), N(n) = 3–4(10–

20)). (b) Representative dendrites are shown. Total density of spines was increased in D1-

MSN Egr3-miR-defeated mice (P<0.0001; 5–14 mice per group). (c) Thin spine density 

(P<0.01; 5–14 mice per group) and stubby spine density (P<0.01; 5–14 mice per group) 

were increased by Egr3-miR and defeat. Mushroom spine density remained unchanged 

(P>0.05; 5–14 mice per group). Exact statistics can be found in Supplementary Table 1.
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Figure 3. 
D1-MSN-specific knockdown of Egr3 prevents stress-induced excitability enhancements 

and morphological changes. (a) Decreased rheobase by defeat was blocked by Egr3-miR 

(P<0.05; N(n) = 3–6(10–21) per group) and enhanced spiking using was also blocked by 

Egr3 knockdown. (b) Defeat-induced input resistance changes were blocked by Egr3 
knockdown (P<0.01; N(n) = 3–6(11–28) per group). (c) Defeat decreased capacitance was 

blocked by Egr3 knockdown (P<0.05; N(n) = 3–6(11–28) per group (d) Representative 

skeleton diagrams are shown. The number of concentric ring intersections is decreased 

following defeat (P<0.001). (e) The total dendritic length is reduced by defeat and restored 

by D1-MSN Egr3 knockdown (P<0.01; 6–8 mice per group). (f) Branch points are increased 

by D1-MSN Egr3-miR and defeat (P<0.05; 6–8 mice per group). Exact statistics can be 

found in Supplementary Table 1.
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Figure 4. 
EGR3 binding to cytoskeletal-related promoters is altered by defeat. (a) Mice used for ChIP 

analysis showed significantly reduced time in the interaction zone following defeat (P<0.05, 

n = 6–10 pooled mice). (b) EGR3 displayed increase binding to the promoters of RhoA 
(P<0.05) and Actn1 (P<0.05) and decreased binding to the promoter of Shank2 (P<0.05). 

Exact statistics can be found in Supplementary Table 1.
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Figure 5. 
Social defeat stress reduces the frequency of NAc D1-MSN calcium transients, an effect 

blocked by Egr3 knockdown. (a) Confocal image representing GRIN lens tract and 

GCaMP6f expression in the NAc of D1-Cre mice. (b) Max intensity images displaying 

representative examples of active NAc cells and ΔF/F traces in SS-miR and Egr3-miR mice. 

(c) Mice expressing SS-miR, but not Egr3-miR, displayed a significant reduction in 

interaction time after defeat relative to pre-defeat SI (Target: P<0.05; No target: P>0.05; n = 

3–4 mice per group). (d) Egr3-miR blocked the reduction in frequency of calcium transients 

(F1,5 = 6.048, P<0.05; n = 3–4 mice per group). (e) Average normalized ΔF/F amplitude 

showing calcium activity 2 s prior to the start of a social interaction bout. SS-miR mice 

display increased average calcium transient amplitude following an interaction bout after 

defeat, but not before defeat. Calcium transient magnitude is increased above baseline 

following the start of social interaction after defeat in SS-miR mice only. For individual time 

statistics see Supplementary Tables 2 and 3. Exact statistics can be found in Supplementary 

Table 1.
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