1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Neuroscience. Author manuscript; available in PMC 2018 May 14.

-, HHS Public Access
«

Published in final edited form as:
Neuroscience. 2017 May 14; 350: 180-189. doi:10.1016/j.neuroscience.2017.03.014.

Sub-chronic variable stress induces sex-specific effects on
glutamatergic synapses in the nucleus accumbens

Anna Brancatol2, Dana Bregman?, H. Francisica Ahnl, Madeline L. Pfaul, Caroline
Menard?!, Carla Cannizzaro?, Scott J. Russol, and Georgia E. Hodes1:3

IFishberg Department of Neuroscience and Friedman Brain Insitute, Icahn School of Medicine at
Mt. Sinai, New York, NY 10029, USA

2Department of Sciences for Health Promotion and Mother and Child Care, University of Palermo,
Palermo, 90127, ltaly

3Department of Neuroscience, Virgina Polytechnic Institute and State University, Blacksburg, VA,
20460, USA

Abstract

Men and women manifest different symptoms of depression and under current diagnostic criteria,
depression is twice as prevalent in woman. However, little is known of the mechanisms
contributing to these important sex differences. Sub-chronic variable stress (SCVS), a rodent
model of depression, induces depression-like behaviors in female mice only, modelling clinical
evidence of higher susceptibility to mood disorders in women. Accumulating evidence indicates
that altered neuroplasticity of excitatory synapses in the nucleus accumbens (NAc) is a key
pathophysiological feature of susceptibility to social stress in males. Here we investigated the
effects of SCVS on pre- and post-synaptic protein levels and morphology of glutamatergic
synapses of medium spiny neurons in the NAc of female and male mice. Animals underwent six-
day exposure to alternating stressors including shock, tail suspension and restraint. Medium spiny
neurons from the NAc were filled with a Lucifer yellow dye and spine density and type were
examined using NeuronStudio. In a separate group of animals, immunofluorescence staining was
performed for vesicular glutamate transporter 1 (VGLUTL1) and vesicular glutamate transporter 2
(VGLUT?2), in order to label cortical and subcortical glutamatergic terminals. Immunostaining for
PSD95 was employed to evaluate post-synaptic density. Females demonstrated circuit specific pre-
synaptic alterations in VGLUT1 and VGLUT2 containing synapses that may contribute to stress
susceptibility in the absence of post-synaptic alterations in PSD 95 puncta, spine density or type.
These data indicate that susceptibility to stress in females is associated with changes in the
frequency of distinct glutamatergic inputs to the NAc.
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Introduction

Stress can precipitate or exacerbate depression in “at risk” individuals (Foland-Ross et al.,
2014). A variety of rodent stress models have been developed in order to study the
neurobiology of stress-induced depression (Menard et al., 2016). However, less attention has
been paid to sex differences in stress and depression susceptibility, despite the fact that
major depression is twice as common in females as in males (Kessler et al., 1994, Marcus et
al., 2005) Important behavioral and neurobiological sex differences exist in most rodent
stress models (Dalla et al., 2005, Dalla et al., 2008a, Trainor et al., 2011), which provides
valuable insight into depression pathophysiology in women.

The subchronic variable stress (SCVS) paradigm involves alternating exposure to different
stressors, including foot shock, tail suspension and restraint stress across a six-day period.
As a result, female mice display a stress susceptible phenotype in a behavioral battery
tailored to model core symptoms of depression (Hodes et al., 2015). In particular, female
mice show increased passive coping in the forced swim test, decreased hedonic reactivity in
the sucrose preference test, decreased self-grooming in the splash test and higher latency to
eat in novelty suppressed feeding, along with no alterations of anxiety-like exploratory
behaviors. Importantly, none of these behavioral deficits are observed in male mice
following SCVS (LaPlant et al., 2009, Hodes et al., 2015). As such, SCVS allows us to
examine which biological changes are correlated with enhanced female stress susceptibility.
For example, exposure to SCVS also increases serum corticosterone levels in female mice
only and reveals sex-specific alterations of the transcriptome profile in the nucleus
accumbens (NAc), a key region of brain reward circuitry (Hodes et al., 2015, Pfau et al.,
2016).

Recent evidence implicates the dysregulation of NAc glutamatergic transmission as a key
pathophysiological feature of stress and depression susceptibility (Russo and Nestler, 2013,
Thompson et al., 2015). Direct infusion of glutamate into the NAc dose-dependently
decreased swimming time in the forced swim test, whereas intra NAc or systemic injection
of NMDA receptor antagonists resulted in antidepressant effects (Rada et al., 2003, Autry et
al., 2011). Notably, in males, stress susceptibility is associated with functional and structural
neuroplasticity at excitatory synapses in the NAc (Christoffel et al., 2011b). Chronic mild
stress and chronic social stress altered AMPAR profile, decreasing GIuA2 and increasing
GIluAl protein expression in the NAc, thus increasing excitatory synaptic strength (Toth et
al., 2008, Vialou et al., 2010). Moreover, chronic mild stress and chronic social stress also
act post-synaptically to alter dendritic architecture via changes in spine density and dendritic
length in the NAc of males (Christoffel et al., 2011a, Bessa et al., 2013). In particular,
chronic social defeat stress resulted in an increase of stubby spines, which negatively
correlated with social interaction (Christoffel et al., 2011a), whereas chronic mild stress
increased dendritic branching and spine number (Bessa et al., 2013). Furthermore,
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epigenetic regulation of the synaptic remodeling gene, RAC1, which lead to increased spine
density in the NAc of male mice, increased social avoidance and sucrose preference deficits
in susceptible mice (Golden et al., 2013). Sex specific effects of stress on plasticity have
been reported for other brain regions, for example acute stress increased spine density in
male rats on pyramidal neurons in area CA1 of the hippocampus whereas the same stressor
decreased spine density in females (Shors et al., 2001). To date, it is unknown whether stress
alters synaptic plasticity mechanisms in the NAc of females.

In addition to the postsynaptic plasticity described above, changes in density of vesicular
glutamate transporters (VGLUTS), which mark glutamatergic presynaptic axon terminals
(Fremeau et al., 2001), can impact glutamatergic signaling in NAc (Stuber et al., 2010).
Among the three VGLUT isoforms, VGLUT1 and VGLUT?2 control glutamate vesicle
loading and pre-synaptic release of glutamate. Importantly, they are largely segregated in the
brain: VGLUT1 mRNA is primarily found in neurons of the cerebral cortex, hippocampus,
basolateral amygdala and cerebellar cortex (Bellocchio et al., 1998, Fremeau et al., 2001,
Fremeau et al., 2004). In contrast, VGLUT2 mRNA is mainly expressed in neurons of the
thalamus, brainstem and deep cerebellar nuclei (Fremeau et al., 2001, Varoqui et al., 2002,
Fremeau et al., 2004). In the NAc, which receives input from both VGLUT1-expressing and
VGLUT2-expressing neurons, the projections mainly segregate based on input (Hartig et al.,
2003). Indeed, because of their different pattern of expression, VGLUT isoforms can serve
as pre-synaptic markers to evaluate the neuroplasticity of distinct glutamate inputs to the
NAc. Interestingly, the rearrangement of synaptic strength, neuronal processes and axon
terminals induced by chronic stress in the NAc of male mice correlated with the susceptible
behavioral phenotype, while opposite changes or no differences were observed in resilient
animals with respect to unstressed controls (Vialou et al., 2010, Christoffel et al., 2011b,
Christoffel et al., 2015).

In the current study we characterized pre and post-synaptic plasticity of excitatory synapses
in the NAc in order to elucidate potential mechanisms of sex specific stress susceptibility. In
particular, we focused on the NAc shell subregion, which is considered a part of the
extended amygdala and is primarily involved in the control of motivation and reward.
Indeed, in the NAc shell a high degree of convergence of monosynaptic glutamatergic inputs
was reported onto individual medium spiny neurons (Mulder et al., 1998; O’Donnell and
Grace, 1993). Furthermore, stress and stress hormones exert shell-specific effects (Kalivas
and Duffy, 1995; Barrot et al., 1999; Campioni et al., 2009).

We evaluated the immunofluorescence for VGLUT1 and VGLUT?2, as pre-synaptic markers
of distinct glutamatergic inputs to the NAc. The VGLUT immunofluorescence represents
glutamate transporting vesicles predominately located in glutamatergic terminals (Fujiyama
et al., 2001). However, the expression of VGLUT2 has been reported in a subset of
dopaminergic terminals from the VTA (Stuber et al., 2010). Thus, the levels of co-
localization between VGLUT?2 and the catecholamine biosynthetic enzyme tyrosine
hydroxylase (TH) was also assessed to further characterize the neurochemical nature of NAc
VGLUT2-positive puncta(Mendez et al., 2008). To examine post-synaptic plasticity, we
filled medium spiny neurons (MSNs) with a Lucifer yellow fluorescent dye and used the
semi-automated program Neuron Studio to quantify spine density and examine spine
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morphology (Radley et al., 2008, Dumitriu et al., 2011). We further validated our post-
synaptic data by examining the frequency of post-synaptic density 95 (PSD95) puncta, a
protein enriched in the post-synaptic density.

Experimental Procedures

Animals

C57BL/6J female and male mice (Jackson Laboratory) were used at 8 weeks of age. Mice
were group housed and maintained on a 12 h light/dark cycle with ad libitum access to food
and water. Procedures were performed in accordance with the Institutional Animal Care and
Use Committee guidelines of the Icahn School of Medicine at Mount. Sinai.

Subchronic variable stress

SCVS was performed as described previously (LaPlant et al., 2009; Hodes et al., 2015).
Female and male mice (n =5 — 6 per group) underwent 1-hour of variable stress each day for
six days, consisting of foot shock, tail suspension and restraint. To prevent habituation,
stressors were administered in the following order (Fig 1a): 100 random mild foot shocks at
0.45 mA for 1 h (Med Associates, St. Albans, Vermont) (10 mice at the same time in the
chamber); tail suspension stress for 1 h; restraint stress - mice were placed inside a 50 ml
falcon tube for 1 h within the home cage. The three stressors were then repeated for the next
three days in the same order. After each stress, animals were returned to their home cage.

Perfusion and tissue processing

24h after the last stressor, mice were given a lethal dose of 15% chloral hydrate and
transcardially perfused with cold phosphate-buffered saline (PBS; pH 7.4) followed by
fixation with cold 4% paraformaldehyde (PFA) in PBS (immunofluorescence staining tissue
only). Animals used for spine analysis underwent perfusion with cold 1% PFA in PBS (pH
7.4) followed by fixations with a mixture of 4% PFA and 0.125% glutaraldehyde in PBS (pH
7.4) as previously described (Christoffel et al., 2011a). Brains were dissected and postfixed
overnight in the same fixative used for perfusion. For immunofluorescence, fixed brains
were cryoprotected by immersion in 15% sucrose in PBS for 24 hours, followed by
immersion in 30% sucrose in PBS until sank. Brains were flash-frozen and coronal sections
were prepared on a cryostat (Leica CM1850) at 35um thickness. Serial slices were collected
through the rostral-caudal dimension of the nucleus accumbens (every 6th slice) and stored
at 4°C in 0.01% sodium azide in PBS until immunofluorescence processing. For spine
analysis slices were cut and processed as previously described (Radley et al., 2006,
Goldwater et al., 2009, Christoffel et al., 2011a). Coronal sections were cut on a vibratome
at 250 um and MSNs in the NAc shell were loaded with intracellular injection of 5% Lucifer
yellow dye (Invitrogen) under direct current (1-6nA) for 10 minutes. Sections were slide
mounted in Vectashield (Vector Laboratories) and cover slipped before imaging.

Immunofluorescence staining

Sections (six per animal) were washed in PBS for 30 min and incubated in blocking solution
(3% normal donkey serum (NDS), 0.3% Triton X-100 in PBS) for 2 h at room temperature
under gentle shaking. Sections were then incubated in primary antibody solution overnight
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at 4°C under gentle shaking (3% NDS, 0.3% Tween-20 in PBS, with either guinea pig anti-
VGLUT1 (1:10,000); guinea pig anti-VGLUT2 (Millipore, #ab2251) 1:10,000; goat anti-
PSD95 1:1:1,000; rabbit anti-TH (Millipore, #ab152) 1:10,000). Sections were washed in
PBS for 1h, incubated in secondary antibody for 2 h under gentle shaking (donkey anti-
rabbit Cy2 1:200; donkey anti-goat Cy2 1:200; donkey anti-guinea pig Cy3 1:200 (Jackson
ImmunoResearch). After 1h washing in PBS, slices were briefly incubated with DAPI (1 pg/
ml). All sections were mounted onto superfrost plus slides, allowed to dry overnight,
dehydrated in alcohol and cleared in Citrisolv, then coverslipped using DPX mounting
medium (Electron Microscopy Sciences).

Imaging and analysis for immunofluorescence

VGLUT1-, VGLUT2-, PSD95- and TH-immunofluorescence were analyzed in the NAc
shell (Fig. 1b -from bregma 1.70 mm to 0.98 mm, according to Paxinos and Franklin, 2001).
For analysis of VGLUT puncta levels, images (one per section, n = 6 per animal) were
acquired on a confocal LSM 780 upright microscope (Zeiss) at 100x magnification (Plan-
Apochromat 100x/1.46 Qil DIC M27; zoom 1.0; pixel size 0.83 um) as 2 um z-stacks (21
slices, 0.1 um interval) and deconvolved using AutoQuant. Analysis of puncta was
performed in ImageJ, using the functions ‘max intensity” for stacks and ‘find maxima’ to
determine puncta number and ‘colocalization threshold’ for colocalization analysis of
VGLUT?2 and TH puncta.

Imaging and NeuronStudio

Dendritic segments (50-150 um from cell soma) were randomly selected from Lucifer
yellow filled MSNs in the NAc shell. All segments were selected by previously published
criteria (Christoffel et al., 2011a). Briefly, they were completely filled, at least 50 um from
soma and non-overlapping with other dendritic branches. All images were acquired on a
confocal LSM 710 (Carl Zeiss). Segments were imaged using the 100x lens with a zoom of
2.5. Pixel size in the x-y plane was 0.03 and in the m/z plane was 0.01 um. Image resolution
was 1024 x ~300 (the y dimension was adjusted to the particular dendritic segment to
expedite imaging), pixel dwell time was 1.58 um/s, and the line average was set to 4. An
average of 3 dendrites per neuron on 3 neurons per animal (7= 26 mice, n=4-8 mice per
sex/group) totaling an average of 3,851 dendritic spines per experimental group were
analyzed. For quantitative analysis of spine size, shape, and volume, NeuronStudio was used
as described previously (Rodriguez et al., 2008, Christoffel et al., 2011a)). NeuronStudio
classifies spines as thin, mushroom, or stubby based on the following values: (1) aspect
ratio, (2) head to neck ratio, and (3) head diameter. Spines with a neck can be classified as
either thin or mushroom, and those without a significant neck are classified as stubby. Spines
with a neck are labeled as thin or mushroom based on head diameter. These parameters have
been verified by comparison with trained human operators.

Statistical analysis

Data were analyzed by 2-way ANOVA, with sex and stress as factors. Bonferroni post test
was used for post hoc analysis. All statistical analyses were performed using Graph Pad
Prism 6.1 software (Graphpad). Statistical significance was set a p < 0.05. Grubbs outlier
test was performed on immunofluorescence images and samples that varied 2 SDs from the
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mean were removed and not considered for data analysis (one image out of six for CTR M,
and one image out of six in CTR F). Data are reported as mean + S.E.M.

Confocal imaging revealed dense immunolabeling of VGLUT1, PSD95 (Fig. 1c—d),
VGLUT2 and TH immunoreactive puncta in the NAc (Fig. 1e—f). Colocalization of TH and
VGLUT2 were observed at low levels in NAc afferents (data not shown). In particular, the
analysis of colocalized voxel revealed that they represented a small percentage of either TH-
positive voxels (CTR M: 1.37 £ 0.95 %; CTR F: 1.63 £ 1.58 %; SCVS M: 2.19 + 0.65 %;
SCVS F: 1.05 £ 0.89 %) and VGLUT2-positive voxels (CTR M: 0.52 + 0.58 %; CTR F:
3.14 £ 4,92 %; SCVS M: 1.09 + 0.38 %; SCVS F: 3.94 + 5.47 %) and 2-way ANOVA on
number of co-localized voxels indicated no significant effect of stress, sex or their
interaction. VGLUT1 puncta densely surrounded the NAc neurons (fig. 2a). The analysis of
VGLUT1 puncta per pm? showed a significant effect of the interaction between stress and
sex (F(1, 17) = 6.133, p = 0.0241) and Bonferroni post hoc indicated a significant decrease of
VGLUT1 puncta only in female mice that underwent subchronic variable stress (t = 3.086, p
= 0.0402), with respect to control females; no difference was found between male and
female controls or between stressed and unstressed males (fig. 2b).

NAc VGLUT2 expressing terminals are shown in fig. 3a. Two-way ANOVA performed on
the puncta density data showed a significant main effects of stress (F(y, 17) = 7.762; p =
0.0127) and sex (F(1, 17) = 11.46; p = 0.0035, fig. 3b). Stressed female mice had a 9.9%
change in VGLUT2 puncta from same sex control values vs. 3% increase in male mice
indicating stress effects were driven by female expression. PSD95 puncta density was not
different between unstressed and stressed groups (Fig. 4a—b), suggesting that SCV'S does not
induce postsynaptic changes in excitatory synapses in either sex. Additionally, we found no
difference in TH positive varicosities in the NAc among unstressed and stressed groups in
either sex (Fig. 4c—d).

In order to further examine the effects of SCVS on postsynaptic plasticity, we examined
spine density and morphology on dendritic segments from Lucifer yellow filled MSNs (Fig.
5a) and then performed semi-automated analysis of spine type using NeuronStudio
(Rodriguez et al., 2008). We found no effects of sex or stress (p values < 0.05) on spine
density and no interaction between these factors (p <0.05 Fig. 5b). We also found no effect
of sex or stress on individual spine type (p values < 0.05, Fig. 5¢c—€). Together, these data
suggest that SCVS specifically affects presynaptic inputs of glutamate synapses in female
mice.

Discussion

This study compared the effects of SCVS on glutamatergic plasticity in the NAc of female
and male mice. Our results suggest that SCVS induced synaptic alterations of NAc
glutamatergic neurotransmission only in female mice that are susceptible to the SCVS
paradigm. These data confirm that SCVS is a useful paradigm to study the greater
susceptibility to stress and stress-induced disorders of females with respect to males (Kessler
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etal., 1994, Marcus et al., 2005). Previous studies demonstrated that male animals are
resilient to SCVS, while females display a constellation of behavioral responses that mirror
core symptoms of depression, including passive coping, decreased motivation and low
preference for natural rewards (LaPlant et al., 2009; Hodes et al., 2015). Different protocols
of chronic unpredictable/mild stress have been successfully employed to study stress-
induced depression in male animals, but they require longer stress exposure in order to
observe pro-depressant-like behavioral effects (Ménard et al., 2015). As a result, SCVS
allows us to model sex differences in stress susceptibility observed in human woman, to
address important mechanistic questions. Here we discovered that SCVS bi-directionally
altered VGLUT1 and VGLUT?2 containing pre-synaptic elements of glutamatergic synapses
in the NAc of female mice. We further showed no detectable changes in post-synaptic
density, spine morphology or dopaminergic input to neurons. Because VGLUT1 and
VGLUT?2 are enriched within separate presynaptic cell types throughout the brain, our data
suggest that SCVS induces circuit specific reorganization in female mice.

VGLUT1 has a key role in glutamate release in the forebrain (Wojcik et al., 2004) and recent
clinical studies reported decreased levels of VGLUT1 in the entorhinal cortex of depressed
human subjects (Uezato et al., 2009). We found that levels of VGLUT1 were decreased only
in stressed females. It is possible that an extended period of stress (ie. 21 or 28 days), would
alter VGLUT expression in males as previous reports demonstrated that six weeks of chronic
mild stress, a protocol that induces depression-like behavior in male mice, decreased
VGLUT1 protein levels in the hippocampus and frontal cortex (Elizalde et al., 2010).
Moreover, heterozygous VGLUT1 knockout decreased sucrose preference and increased
immobility in the forced swim test (Garcia-Garcia et al., 2009, Elizalde et al., 2010). Other
stress models have also been tied to alterations in VGLUT1. A study that examined male
mice that were behaviorally susceptible to chronic social stress found a trend towards
decreased VGLUT1-positive puncta in the NAc (Christoffel et al., 2015). In addition,
optogenetic stimulation of glutamatergic input from prefrontal cortex, one of the VGLUT1-
containing glutamatergic inputs to the NAc, induced resilience to chronic social stress in
male mice (Covington et al., 2010, Bagot et al., 2015). The decrease of VGLUTL1 positive
terminals in the NAc of female mice susceptible to SCVS reported here could represent a
sex-specific neurobiological alteration arising from neuroplasticity of glutamatergic inputs
from the prefrontal cortex, amygdala or ventral hippocampus. Further studies are needed to
evaluate the circuit-specific source of SCVS-induced decreased VGLUT1-positive inputs in
female mice.

We also report that SCVS significantly increased VGLUT?2 levels in the NAc of female mice
and to a lesser degree male mice, however, we found no effect of SCVS in either sex on the
number of co-localized VGLUT2-TH puncta, which label a subset of midbrain
dopaminergic terminals whose axons express VGLUT2 and may co-release dopamine and
glutamate into the NAc (Tecuapetla et al., 2010; Stuber et al., 2010). Our finding parallels
previous reports showing no effect of chronic stress on dopaminergic transmission in the
NAc of both female and male rats (Dalla et al., 2008b). This suggests that SCVS is affecting
other glutamatergic inputs emanating from outside of the VTA. One possible candidate is the
intralaminar thalamus (ILT). Although statistical analysis did not highlight a significant
interaction between stress and gender, the significant effect of stress on VGLUT2 puncta
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was driven by the large increase in females and is consistent with our previous observations.
We have shown previously that, in males exposed to chronic social stress, VGLUT2 puncta
was increased in the NAc of susceptible but not resilient mice (Christoffel et al., 2015). We
further showed that optogenetic stimulation of VGLUT2 containing inputs to the NAC from
ILT increases depression-like behaviors in males. Thus, the increase in VGLUT2 expression
may contribute to circuit specific increases of ILT-NAc pre- synaptic glutamate release,
potentially strengthening these connections, coinciding with a weakening the VGLUT1
inputs from other brain regions.

Despite observing significant changes within presynaptic glutamate synaptic markers, we
found no effects of SCVS on PSD95, a core component of the post-synaptic density scaffold
(Nair et al., 2013). PSD95-positive immunofluorescence can be thought of as a surrogate
marker of post-synaptic compartments directly onto MSNs. We also found no effects of
stress or sex on spine density or spine morphology on MSNs, which supports the idea that
female susceptibility to SCVS is associated with changes in presynaptic innervation of the
NAc. However, based on the current study we cannot rule out that circuit or even cell type
specific changes in post-synaptic plasticity occlude these findings. It is possible that there
are changes in specific VGLUT?2 inputs associated with post-synaptic dendritic remodeling
that are not evident with currently available methods. Furthermore, changes in post-synaptic
density and morphology may occur on a specific NAc cell type (ie. D1 or D2 MSNSs).
Indeed, stress produces distinct functional synaptic plasticity on D1 versus D2 MSNs in
susceptible versus resilient mice (Francis et al., 2015, Francis and Lobo, 2016, Khibnik et
al., 2016). In addition, the stage of the estrous cycle was not tracked in the current study.
Previous research demonstrated that spine density on pyramidal cells in the hippocampus
was altered by circulating levels of estrogen and progesterone (Woolley and McEwen, 1993,
1994) and that stress effects on spine density in females could be altered by ovariectomy
(Shors et al., 2001, Leuner and Shors, 2013). Therefore it is possible that hormonal effects
occluded changes in spine density on MSNs, future research will be necessary to tease out
potential hormonal effects. Given the limitations of the current study, our data indicate that
SCVS induced a substantial rewiring of presynaptic glutamatergic inputs in susceptible
female mice. Thus, we can speculate that SCVS-induced behavioral susceptibility is
associated with decreased glutamate inputs from the prefrontal cortex, hippocampus and/or
basolateral amygdala to the NAc, and increased glutamatergic input from the thalamus. In
the NAc the integration among distinct excitatory inputs is crucial to shape goal-directed
behaviors and it is increasingly recognized that distinct glutamate inputs convey different
kinds of information related to the pro-depressant effects of chronic stress (Christoffel et al.,
2015). Future studies will be needed to determine the functional roles of individual
glutamatergic inputs to the NAc in mediating sex differences in stress susceptibility.

Conclusion

This is the first study to characterize the effects of SCVS on pre- and post-synaptic plasticity
of glutamatergic synapses in the NAc of male and female mice. These data demonstrate that
SCVS induces rearrangement of pre-synaptic VGLUT-1 and VGLUT-2 inputs, which likely

reflect changes in the strength of distinct glutamatergic inputs to the NAc. Further studies
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are needed to explore the complex framework of glutamatergic dysfunctions in the NAc in
females’ susceptibility to stress and depression.
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Highlights
6 days of variable stress sex specifically decreases VGLUTL in NAc.

Variable stress increases VGLUT2 in NAc 3-fold higher in females than
males.

Variable stress does not alter spine density or morphology in either sex.
Variable stress does not alter expression of PSD-95 or TH in either sex.

Stressed females undergo circuit specific activation of glutamatergic
synapses.
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Fig. 1. VGLUT expression and colocalization with synaptic labels
(a) Schematic of time line of study. (b) NAc coordinates. (c—d)VGLUT1 (red) and PSD95

(green) puncta in NAc of male and female control mice. (e-f) VGLUT2 puncta (red) and TH
puncta and fibers (green) in NAc of male and female control mice. 100x, scale bar 10 pm.
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Fig. 2. Effect of SCVS on VGLUT1 puncta in NAc of male and female mice
(a) Representative pictures of VGLUT1 puncta in the experimental groups. 100x, scale bar

10 um. Max intensity projections of a 2 um z-stack. (b) SCVS decreased VGLUTL1 puncta
density only in female animals. Values represent the mean of 5-6 slices. *indicates
significant interaction between stress and sex. All data represented as mean + SEM.
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Fig. 3. Effect of SCVS on VGLUT?2 puncta in Nac of male and female mice
(a) Representative images of VGLUT2 puncta in the experimental groups. 100x, scale bar

10 pm. Max intensity projections of a 2 pm z-stack. (b) SCVS increased VGLUT2 puncta
density in stressed mice, females had greater increases in puncta than males. Values
represent the mean of 5-6 slices. # indicates a main effect of sex, ” indicates a main effect of
stress. All data represented as mean + SEM.
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Fig. 4. Effect of SCVS on PSD95 puncta and TH puncta in NAc of male and female mice
(a) Representative images of PSD95 puncta in the experimental groups. 100x, scale bar 10

um. Max intensity projections of a 2 um z-stack (b) SCVS had no effect on PSD95 puncta
density in NAc.(c) Representative pictures of TH puncta in the experimental groups. 100x,
scale bar 10 um. Max intensity projections of a 2 um z-stack. (d) SCVS had no effect on TH
puncta in NAc. All data represented and mean = SEM.
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Fig. 5. Effect of SCVS on spine density and phenotype in NAc of male and female mice
(a) Representative images of Lucifer yellow filled medium spiny neurons (100 x) depicting

the different types of spine morphology. (b) SCVS did not alter spine density. (c). There
were no effects of SCVS on stubby spine density. (d). SCVS did not alter thin spines in
males or females. (e). SCVS did not alter mushroom spines in male or female. All data
represented as mean + SEM.
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