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Previous research demonstrates that Slc6a15, a neutral amino acid transporter, is associated with depression susceptibility. However, no
study examined Slc6a15 in the ventral striatum [nucleus accumbens (NAc)] in depression. Given our previous characterization of Slc6a15
as a striatal dopamine receptor 2 (D2)-neuron-enriched gene, we examined the role of Slc6a15 in NAc D2-neurons in mediating suscep-
tibility to stress in male mice. First, we showed that Slc6a15 mRNA was reduced in NAc of mice susceptible to chronic social defeat stress
(CSDS), a paradigm that produces behavioral and molecular adaptations that resemble clinical depression. Consistent with our preclin-
ical data, we observed Slc6a15 mRNA reduction in NAc of individuals with major depressive disorder (MDD). The Slc6a15 reduction in
NAc occurred selectively in D2-neurons. Next, we used Cre-inducible viruses combined with D2-Cre mice to reduce or overexpress
Slc6a15 in NAc D2-neurons. Slc6a15 reduction in D2-neurons caused enhanced susceptibility to a subthreshold social defeat stress (SSDS)
as observed by reduced social interaction, while a reduction in social interaction following CSDS was not observed when Slc6a15 expres-
sion in D2-neurons was restored. Finally, since both D2-medium spiny neurons (MSNs) and D2-expressing choline acetyltransferase
(ChAT) interneurons express Slc6a15, we examined Slc6a15 protein in these interneurons after CSDS. Slc6a15 protein was unaltered in
ChAT interneurons. Consistent with this, reducing Slc5a15 selectively in NAc D2-MSNs, using A2A-Cre mice that express Cre selectively
in D2-MSNs, caused enhanced susceptibility to SSDS. Collectively, our data demonstrate that reduced Slc6a15 in NAc occurs in MDD
individuals and that Slc6a15 reduction in NAc D2-neurons underlies stress susceptibility.
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Introduction
Depression is a devastating illness whose complex etiology makes
it difficult to treat (Han et al., 2013). One reason for this is that we

lack a comprehensive understanding of the vulnerable neuron
subtypes and their molecular correlates in depression. Insight into
the molecular determinants of depression, in stress-susceptible neu-
ron populations, could provide potential molecules to target for
therapeutic treatment of depression. Members of the Slc6 neuronal
transporter family, known as the neurotransmitter-sodium-symporter
family, are implicated in major depression (Hahn and Blakely,
2007; Bröer, 2013; Rudnick et al., 2014). Recent data suggest that
Slc6a15, a neutral amino acid transporter, is a risk gene for major
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Significance Statement

Our study demonstrates a role for reduced Slc6a15, a neutral amino acid transporter, in nucleus accumbens (NAc) in depression
and stress susceptibility. The reduction of Slc6a15 occurs selectively in the NAc D2-neurons. Genetic reduction of Slc6a15 induces
susceptibility to a subthreshold stress, while genetic overexpression in D2-neurons prevents social avoidance after chronic social
defeat stress.
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depressive disorder (MDD; Kohli et al., 2011). Homozygote car-
riers of an A-allele of a single nucleotide polymorphism in a
regulatory region of Slc6a15 have a higher risk for depression and
depression symptoms compared with those homozygous for the
G-allele or heterozygotes (Kohli et al., 2011; Schuhmacher et al.,
2013). Homozygote risk allele carriers have decreased Slc6a15
mRNA, display altered hippocampal and anterior cingulate vol-
ume, and have changes in hippocampal metabolites (Kohli et al.,
2011; Li et al., 2013). However, a recent study (Santarelli et al.,
2016) showed that Slc6a15 knock-out mice display reduced
anxiety- and depressive-like behavior after stress and that Slc6a15
overexpression in hippocampus resulted in increased anxiety-
like behavior. Overall, these studies examining the relationship be-
tween Slc6a15 and depression have focused exclusively on the
hippocampus as the primary target of investigation. However,
Slc6a15 is expressed in a number of brain regions involved in emo-
tional behavior such as the cortex, striatum, amygdala, and ventral
tegmental area (Lobo et al., 2006; Hägglund et al., 2013).

The ventral striatum, or nucleus accumbens (NAc) is a candidate
for Slc6a15 investigation given that the NAc is strongly implicated in
the hallmark symptoms of MDD, such as reduced motivation and
anhedonia (Eichler and Antelman, 1979; Zacharko et al., 1987;
Willner et al., 1992; Berton et al., 2006; Krishnan et al., 2007; Vialou
et al., 2011; Russo and Nestler, 2013; Dias et al., 2014; Francis et
al., 2015). NAc neurons play a key role in mediating depression
symptomatology in preclinical and clinical conditions through
altered molecular and cellular adaptations (Berton et al., 2006;
Vialou et al., 2011; Russo and Nestler, 2013; Dias et al., 2014;
Francis et al., 2015). We previously found Slc6a15 mRNA to be
enriched selectively in striatal dopamine receptor 2 (D2)-
expressing neurons (Lobo et al., 2006). D2 is expressed in both
D2-medium spiny neurons (MSNs), one of the two main projec-
tion neuron subtypes in dorsal and ventral striatum, as well as in
choline acetyltransferase (ChAT) interneurons (Alcantara et al.,
2003). Both populations of D2-neurons play important roles in
depressive-like behavior (Warner-Schmidt et al., 2012; Lobo et
al., 2013; Dias et al., 2014; Francis et al., 2015; Virk et al., 2016).
Thus, we examine the role for Slc6a15 in NAc in depression and
selectively examine Slc6a15 in D2-neurons in mediating behav-
ioral states to chronic social defeat stress (CSDS). This paradigm
produces behavioral and molecular adaptations that resemble
clinical depression in a subset of mice (susceptible mice), while a
subgroup of mice (resilient mice) do not display depression-like
behavior (Krishnan et al., 2007). First, we examined Slc6a15
mRNA in NAc after CSDS and in postmortem NAc of individuals
with MDD. We then investigated Slc6a15 ribosome-associated
mRNA and protein in NAc D2-neurons following CSDS. To de-
termine the role of Slc6a15 in D2-neurons in stress susceptibility,
we selectively manipulated the expression of Slc6a15 in these neu-
rons by injecting Cre-inducible adeno-associated viruses (AAVs)
into the NAc of D2-Cre mice. Finally, we investigated Slc6a15 in
ChAT interneurons after CSDS and confirmed D2-MSN Slc6a15
selectivity in depression-like behavior. Together, our results show
that reduced Slc6a15 expression within the NAc mediates suscep-
tibility to depression and that this effect occurs selectively within
the D2-MSN population.

Materials and Methods
Animals. Male, D2-Cre hemizygote (line ER44; RRID: MMRRC_032108-
UCD), or A2A-Cre hemizygote (line KG139; RRID: MMRRC_031168-
UCD), or D2-GFP (line S118; RRID: MMRRC_036931-UCD) bacterial
artificial chromosome transgenic mice from GENSAT (Gong et al., 2003,
2007; Gerfen et al., 2013; www.gensat.org) on a C57BL/6J background were

used for CSDS or subthreshold social defeat stress (SSDS) defeat behavioral
experiments and for immunohistochemistry (IHC). Homozygous RiboTag
(RT) mice on a C57BL/6J background expressing a Cre-inducible
hemagglutinin (HA)-Ribosomal Protein L22 (Rpl22; RRID: JAX:
011029; Sanz et al., 2009) were crossed with D2-Cre or D1-Cre (line
FK150; MMRRC_036916-UCD; Gong et al., 2007; Gerfen et al., 2013)
mouse lines to generate D1-Cre-RT and D2-Cre-RT mice (Chandra
et al., 2015) and used for CSDS followed by cell type-specific
ribosome-associated mRNA isolation. Male C57BL/6J mice (RRID:
IMSR_JAX:000664) obtained from The Jackson Laboratory were used
for behavioral experiments and RT-PCR. Aggressive retired male CD1
mice obtained from Charles River were used for social defeat. All mice
were maintained on a 12 h light/dark cycle ad libitum food and water. All
studies were conducted in accordance with the guidelines set up by
the Institutional Animal Care and Use Committee at The University of
Maryland School of Medicine.

Chronic social defeat stress. D2-Cre, D2-GFP, D2-Cre-RT, D1-Cre-RT,
and C57BL/J mice underwent 10 d CSDS. This is a well established pro-
tocol that yields stress-susceptible (mice displaying depression-like be-
haviors) or resilient cohorts (Krishnan et al., 2007; Francis et al., 2015).
Experimental mice were exposed to an aggressive retired CD1 breeder for
10 min/d and then housed within the same cage as the CD1 on the
opposite side of a perforated divider to maintain sensory contact. This
was repeated for 10 d with a novel CD1 mouse on each day. On day 11,
mice were screened for social interaction (SI) behavior. Animals were
placed in an open field with a perforated box located in a designated
interaction zone for 2.5 min and assessed for time spent in the interaction
zone using TopScan video tracking software (CleverSys). This behavioral
control, designated as “no target,” was used to determine the baseline
interaction with the perforated box that will subsequently house a novel
social target. Following the “no target” condition, a novel CD1 was
placed in the perforated box and experimental mice were assessed for
time spent interacting with the novel social target, designated as “target,”
in the interaction zone during the 2.5 min time period. Mean inter-
action time was assessed in each experiment. For each experiment,
animals were deemed susceptible if interaction times were 2 SDs be-
low the mean of nondefeated control animals or resilient if they did
not fall into this category (Francis et al., 2015). Representative heat
density maps were exported from the start to the end of the session of
SI by setting a fixed parameter of NormV 80, Inti contrast 5, filter 10,
and Exposure factor 0.5.

Subthreshold social defeat stress. SSDS in D2-Cre and A2A-cre mice was
administered in a manner similar to previously described methods (Francis
et al., 2015). Briefly, mice were exposed to three sessions of novel CD-1
aggressors for 2 min per defeat, then mice were placed on the other side of
a perforated divider to allow for sensory contact for 15 min. After the
SSDS, mice were returned to their home cage. SI was performed, as
described above, the next day.

Viral placement validation. Following the behavioral experiments, mice
were perfused; brains were removed, sectioned, and processed through im-
munohistochemistry (see Immunohistochemistry methods); and exam-
ined for expression and for the accuracy of the spread of the viral
injections. Mice that did not display virus expression in NAc were re-
moved from the study.

Human postmortem tissue. Whole-tissue NAc resections were collected
by the Quebec Suicide Brain Bank at the Douglas Hospital Research
Center under an approval from the Douglas Hospital Research Center
Research Ethics Committee. The cohort was composed of 22 males and
11 females, ranging in age between 22 and 81 years. All of the subjects
screened out by any history of neurological disorders, head injury, or use
of psychotropic medications. Three to four mental health professionals
performed an extensive review of the clinical information and made
independent diagnoses followed by a consensus diagnosis of MDD using
the Diagnostic and Statistical Manual of Mental Disorders IV criteria.
The control group comprised 10 subjects with no history of dependence
on illicit drugs and no major psychiatric diagnoses (Fig. 1D). Under the
MDD cohort, 11 subjects had been receiving antidepressant medication,
and 12 subjects were not receiving any medication. The processing of the
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tissue has been described previously (Golden et al., 2013; Robison et al.,
2014). Briefly, hemispheres were immediately separated by a sagittal cut
into 1-cm-thick slices and placed in a mixture of dry ice and isopentane
(1:1, v/v). The frozen tissue was then stored at �80°C.

Adeno-associated viral vectors. Cre-dependent AAVs Slc6a15-tGFP,
EYFP, Slc6a15micro-RNA(miR)-mCitrine and Scramble sequence (SS)-
miR-mCitrine were used in this study. The Slc6a15-tGFP sequence, pur-
chased from Addgene, was PCR amplified (Phusion DNA Polymerase,
New England Biolabs) and cloned into the EF1a– double-inverted open
reading frame (DIO) vector. AAV-DIO-EYFP was used as a control in the
behavioral studies. Both vectors were packaged into AAV (serotype 2) at
the University of North Carolina Vector Core Facility. Slc6a15-miR was
generated from Slc6a15 shRNA by conversion from shRNA to miR as
described previously (Chandra et al., 2015). In brief, four Slc6a15 shRNA
expression vectors were purchased from Origene and tested in the

Neuro2a cells (catalog #CCL-131, ATCC; RRID: CVCL_0470). Neuro2a
cells were maintained at 37°C, 5% CO2 in DMEM with GlutaMAXI,
4500 mg/L glucose, and 110 mg/L sodium pyruvate (Invitrogen) sup-
plemented with 10% v/v FCS (Invitrogen). The most efficient shRNA
was chosen for miR engineering using the BLOCK-iT Pol II miR RNAi
Expression Vector Kit (catalog #K493600, Invitrogen). We designed two
single-stranded DNA oligonucleotides, one encoding the target pre-miR
top strand oligo and the other the bottom strand oligo compliment. Top
and bottom strand oligos were annealed to generate a double-stranded
oligonucleotide and cloned into the pcDNA-EmGFP-miR vector pro-
vided in the kit. Finally, Slc6a15-miR was PCR amplified and cloned into
a destination Cre-inducible vector, AAV-DIO-mCitrine-driven hSyn
promoter at NheI and StuI restriction sites. The SS was also converted
into an SSmiR as described above and used as a control virus. Virus
packaging for AAV-DIO-Slc6a15miR-mCitrine and AAV-DIO-SSmiR-

Figure 1. Slc6a15 is reduced in the stress-susceptible NAc and postmortem in NAc of individuals with major depressive disorder. A, Illustration of the CSDS experimental paradigm. Subject mice
underwent 10 d of physical interaction with a novel aggressive CD1 mouse for 10 min each day. This is followed by sensory contact, on the other side of a perforated divider, for 24 h after each physical
interaction. On day 11, mice are tested in a social interaction test with a novel mouse. B, Susceptible mice display decreased time (in seconds) in the social interaction zone, interacting with the novel
mouse, compared with control or resilient mice (n � 12 control mice; n � 11 susceptible mice; and n � 10 resilient mice). Heat map of the mouse video tracking control, susceptible, and resilient
mice (right), which demonstrates increased time in the social interaction zone for control and resilient mice. In contrast, susceptible mice spent less time in this zone. C, Slc6a15 mRNA is reduced in
NAc, 24 h after CSDS, of susceptible mice compared with resilient and nonstressed control mice (n � 12 control mice; n � 11 susceptible mice; and n � 10 resilient mice). D, Slc6a15 mRNA is
decreased postmortem in NAc of individuals with MDD who committed suicide who were either ON or OFF antidepressant treatment (n �10 control subjects; n �11 individuals with MDD who were
receiving medication; n � 12 individuals with MDD who were receiving medication). The table (top) indicates the number of subjects and the sex in each group. *p � 0.05. Error bars indicate SEM.
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Figure 2. Slc6a15 mRNA and protein are enriched in NAc D2-neurons but reduced in NAc D2-neurons of CSDS-susceptible mice. A, Slc6a15 mRNA is enriched in NAc D2-neurons compared with
D1-neurons and input (nonimmunoprecipitated mRNA) from each group (n � 8 input; n � 4 D1-Cre-RT mice; and n � 4 D2-Cre-RT mice). B, Representative D2-GFP NAc images after IHC with
anti-NeuN (blue), anti-GFP (green) and anti-Slc6a15 (red). Arrows demonstrated colocalization of Slc6a15 with D2-GFP(�) neurons. Scale bar, 50 �m. C, Quantification of Slc6a15 neurons
colocalized with D2-GFP(�) and D2-GFP(�). NAc neurons demonstrated that Slc6a15 colocalizes significantly more with D2-GFP(�) neurons (n � 3 per group). D, Heat map of the video tracking
in control, susceptible, and resilient D2-Cre-RT and D1-Cre-RT mice during SI with a novel social target. Quantification of time spent (in seconds) in the interaction zone with the novel social target
by controls, resilient mice, and susceptible mice. Susceptible mice display reduced time in the interaction zone (n �5 controls; n �5 susceptible D2-Cre-RT mice; and n �4 resilient D2-Cre-RT mice;
n � 5 controls; n � 6 susceptible D1-Cre-RT mice; and n � 3 resilient D1-Cre-RT mice). E, Cell-type-specific expression of Slc6a15 in NAc D2- and D1-neurons (Figure legend continues.)
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mCitrine (serotype 2) was performed as described previously (Chandra
et al., 2015).

Mouse stereotaxic surgery. D2-Cre or A2A-Cre mice were anesthetized
using 4% isoflurane in a small induction chamber. After the initial in-
duction, isoflurane was maintained at 1% for the remainder of the sur-
gery. Animals were placed in a stereotaxic instrument and their skull was
exposed. The 33 gauge Hamilton syringe needles were used to inject
0.6 �l of either AAV-DIO-tGFP or AAV-DIO-EYFP (D2-Cre mice) or
AAV-DIO-Slc6a15miR-mCitrine or AAV-DIO-SSmiR-mCitrine (D2-
Cre or A2A-Cre mice) bilaterally into the NAc (in relation to bregma:
anterior/posterior, �1.6 mm; medial/lateral, �1.5 mm; dorsal/ventral,
�4.4 mm; 10° angle) according to our previous studies (Chandra et al.,
2015; Francis et al., 2015). Mice were then returned to the vivarium for
2 weeks to allow for recovery and maximal virus expression.

Immunoprecipitation of polyribosomes and RNA isolation from MSN
subtypes. D2-Cre-RT and D1-Cre-RT NAc tissue was collected using a 14
gauge punch 24 h after the SI and NAc punches were pooled from two
mice with similar SI scores. Immunoprecipitation of polyribosome was
prepared from NAc of D1-Cre-RT and D2-Cre-RT mice according to our
previous study (Chandra et al., 2015). In brief, tissue was homogenized
by douncing in 800 �l of homogenization buffer, and clear supernatant
was added to a tube containing anti-HA antibody (catalog #MMS-101R,
Covance; RRID:AB_10063630) for constant rotation overnight at 4°C.
The following day, 400 �l of magnetic Dynabeads (100.03D, Invitrogen)
was added in each sample for constant rotation overnight at 4°C. The
next day, beads were washed three times in high-salt buffer. Finally, RNA
was extracted by adding TRK lysis buffer to the pellet provided in the
MicroElute Total RNA Kit (OMEGA bio-tek) according to manufacturer
instructions. RNA was quantified with a NanoDrop (Thermo Scientific).
For cDNA synthesis and qRT-PCR results see below.

RNA extraction and qRT-PCR. Mouse NAc tissue punches were col-
lected 24 h after the SI and stored at �80°C. RNA was extracted using
TRIzol (Invitrogen) and the MicroElute Total RNA Kit (Omega) with a
DNase step (Qiagen). For human postmortem NAc tissue, total RNA was
isolated by using TRIzol (Invitrogen) as described previously (Golden et
al., 2013). RNA quantity was measured on a Nanodrop. Three hundred
to four hundred nanograms of cDNA was then synthesized using a
reverse-transcriptase iScript cDNA Synthesis Kit (BIO-RAD). mRNA
expression changes were measured using quantitative PCR with Per-
feCTa SYBR Green FastMix (Quanta). Quantification of mRNA changes
was performed using the 2-��CT method, using glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as a housekeeping gene. The list of
primers used in this study is as follows: Slc6a15 forward, AGGCACT
GATACTGGGGAAAA; Slc6a15 reverse, TGGAGCCACTCCCATCA
ATC; GAPDH forward, AGGTCGGTGTGAACGGATTTG; and GAPDH
reverse, TGTAGACCATGTAGTTGAGGTCA.

Immunohistochemistry. All mice were perfused with 0.1 M PBS fol-
lowed by 4% paraformaldehyde (PFA). Brains were postfixed overnight
in 4% PFA followed by cryoprotection in 30% sucrose and then sectioned
on a cryostat (Leica) at 40 �m into 0.1 M PBS with azide. Sections were
blocked in 3% normal donkey serum with 0.3% Triton-X for 30 min at
room temperature followed by overnight incubation in primary antibod-
ies in block. D2-GFP mice were incubated in 1:8000 chicken anti-GFP
(catalog #1020, Aves Labs; RRID: AB_10000240), 1:250 rabbit anti-
Slc6a15 (catalog #SAB2102223, Sigma-Aldrich; RRID: AB_10606803),

and 1:1000 mouse anti-NeuN (catalog #MAB377, Millipore; RRID:
AB_2298772). Goat anti-ChAT (1:500; catalog #AB144P, Millipore Bio-
science Research Reagents; RRID: AB_2079751) was added for experi-
ments analyzing ChAT interneurons. The next day, sections were rinsed
three times in 0.1 M PBS followed by 1 h incubation at room temperature
in secondary antibodies in 0.1 M PBS. The secondary antibodies (Jackson
ImmunoResearch) used included the following: 1:1000 donkey anti-
chicken Alexa Fluor 488; 1:1000 donkey anti-rabbit-Cy3; 1:1000 donkey
anti-mouse Alexa Fluor 647; and 1:1000 donkey anti-goat-DyLight405.
Sections were rinsed three times in 0.1 M PBS, mounted onto slides,
and coverslipped. D2-Cre and/or A2A-Cre mice expressing AAV-DIO-
Slc6a15miR-mCitrine, AAV-DIO-SSmiR-mCitrine, and AAV-DIO-EYFP
were immunostained using procedures described above but with chicken
anti-GFP and 1:500 rabbit anti-Slc6a15 only followed by corresponding
secondary antibodies listed above. D2-Cre mice expressing AAV-DIO-
Slc6a15-tGFP were immunostained with similar procedures, but a rabbit
anti-turboGFP (catalog #EVN-AB513-C100, Axxora) was used followed
by an anti-rabbit Alexa Fluor 488. Sections were then rinsed in PBS for 1 h
(six times for 10 min each) and processed through a second immuno-
staining with rabbit anti-Slc6a15 and the corresponding secondary de-
scribed above.

Cell counting. Immunofluorescence was imaged on an Olympus Bx61
Confocal Microscope. Cell counting was performed with ImageJ soft-
ware (National Institutes of Health; RRID: SCR_003070). Images sam-
pling NAc from 1.42 to 1.1 mm in relation to bregma were taken from
two to three brain sections/animal. A total of 400 –500 cells were counted
per brain region per mouse using 250 � 250 �m images. Cells were
counted using ImageJ software in a manner similar those used in previ-
ous studies (Lobo et al., 2013). Approximately 400 –500 total NeuN cells
were counted per brain region per mouse, and then the number of D2-
GFP(�), D2-GFP(�):Slc6a15(�), D2-GFP(�), and D2-GFP(�):Slc6a15(�)
cells were counted in each region. For ChAT interneurons, the number of D2-
GFP(�):ChAT(�) and D2-GFP(�):ChAT(�):Slc6a15(�) neurons were
counted. Data were quantified by D2-GFP(�):Slc6a15(�) neurons � 100%/
totalD2-GFP(�)neurons,D2-GFP(�):Slc6a15(�)neurons�100%/totalD2-
GFP(�) neurons, or D2-GFP(�):ChAT(�):Slc6a15(�) neurons � 100%/
total D2-GFP(�):ChAT(�) neurons.

Experimental design and statistical analysis. All experiments conducted
in this study were designed to analyze between-subject effects. The effects
of social defeat (Fig. 1B–D; also see Fig. 5B) and the effects of cell type
(Fig. 2 A, D, E, G) among three groups of subjects were analyzed using
one-way ANOVA. Tukey’s multiple-comparison tests were conducted
post hoc when there was a statistical significance. The effects of social
defeat across two different virus conditions (Figs. 3 H, I, 4 E, F, 5 E, F )
were analyzed using two-way ANOVA. Tukey’s multiple-comparison
tests were conducted post hoc when there was a significant interaction
between the two factors. The effect of cell type (Fig. 2C) and the effect of
virus microinjection (Figs. 3E, 4C) between two groups of subjects was
determined using two-tailed Student’s t test. A more detailed experimen-
tal design and statistical analysis can be found in the Results section
describing specific figures. All statistical analyses were performed using
GraphPad Prism version 6.0 software (RRID: SCR_002798). Data are
presented as the mean � SEM; significance was set at p � 0.05.

Results
Slc6a15 is reduced in NAc after social defeat stress and in
major depressive disorder
We first examined whether CSDS (Fig. 1A) alters the expression
of Slc6a15 in NAc. We examined C57BL/6J mice that displayed
susceptible and resilient behavior in response to CSDS. Suscepti-
ble mice displayed significantly less time interacting with a novel
mouse compared with no-defeat control mice and resilient mice
as observed in an SI test. A one-way ANOVA produced a signif-
icant effect (F(2,30) � 22.18, p � 0.0001), justifying a pairwise
comparison using a Tukey’s post hoc test that displayed a signifi-
cance of p � 0.01 when comparing susceptible mice to control or
resilient mice n � 9 –12 per group (Fig. 1B). There was no differ-
ence in the time spent in the interaction zone or the distance

4

(Figure legend continued.) after CSDS demonstrates decreased Slc6a15 ribosome-associated
mRNA in NAc D2-neurons of susceptible mice compared with resilient and control mice. How-
ever, Slc6a15 levels remain unchanged in NAc D1-neurons (n � 5 controls; n � 5 susceptible
D2-Cre-RT mice; and n � 4 resilient D2-Cre-RT mice; n � 5 controls; n � 6 susceptible D1-
Cre-RT mice; and n �3 resilient D1-Cre-RT mice). F, Representative D2-GFP NAc images of CSDS
control, susceptible, and resilient mice after IHC with anti-NeuN (blue), anti-GFP (green), and
anti-Slc6a15 (red). Scale bar, 50 �m. G, Quantification of Slc6a15 colocalized neurons with
D2-GFP(�) and D2-GFP(�) NAc neurons demonstrates reduced Slc6a15 colocalization with
D2-GFP(�) neurons in susceptible mice compared with control and resilient mice. No change is
observed in D2-GFP(�) neurons among the three groups. (n � 3 controls; n � 4 susceptible;
and n � 4 resilient). *p � 0.05. Error bars indicate SEM.
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Figure 3. Genetic reduction of Slc6a15 in D2-neurons induces susceptibility to a subthreshold social defeat stress. A, Mouse Slc6a15 shRNA sequences and their targets on the Slc6a15
gene. B, qRT-PCR analysis of Slc6a15 demonstrates sufficient Slc6a15 shRNA knockdown in Neuro2a cells. C, Schematic of the double-floxed, inverted, open reading frame Cre-dependent
AAV vector expressing Slc6a15miR-mCitrine. D, Illustration of bilateral infusion of AAVs into NAc. E, D2-Cre mice receiving AAV-DIO-Slc6a15miR-mCitrine to NAc display reduced Slc6a15
mRNA in NAc (n � 4 per group). F, IHC in Slc6a15miR and SSmiR injected NAc in D2-Cre mice, mCitrine (green) and Slc6a15 (red), demonstrates reduced Slc6a15 in Slc6a15miR-mCitrine
expressing D2-neurons. Scale bar, 50�m. G, Illustration of the SSDS experimental paradigm. Subject mice underwent 1 day of 3 physical interactions with a novel aggressive CD1 for 2 min
each day. This is followed by sensory contact, on the other side of a perforated divider, for 15 min after each physical interaction. On day 2, mice are tested in a social interaction test with
a novel mouse. H, D2-Cre mice receiving AAV-DIO-Slc6a15miR-mCitrine to NAc display reduced time interacting with a novel mouse (Target) compared to mice receiving AAV-DIO-
SSmiR-mCitrine or non-stressed control mice after SSDS (n � 9 control SSmiR, n � 9 defeat SSmiR, n � 5 control Slc6a15miR, n � 9 defeat Slc6a15miR). Heat density map of video
tracking of SSDS Slc6a15miR injected or SSmiR injected D2-Cre mice (right panel). I, Time spent in the interaction zone without a novel mouse (No Target) is unchanged between all
groups. *p � 0.05, Error bars indicate SEM.
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moved when a novel mouse was not present during the SI test
among all three groups (data not shown). At 24 h after the SI test,
we collected NAc tissue for mRNA analysis. We observed a sig-
nificant decrease in Slc6a15 mRNA in NAc of susceptible mice
compared with no-defeat controls and resilient mice by perform-
ing a one-way ANOVA (F(2,30) � 10.45, p � 0.001). This signifi-
cant effect in the ANOVA justified a pairwise comparison using a
Tukey’s post hoc test that was significant (p � 0.05) when com-
paring susceptible mice to control and resilient mice (n � 9 –12/
group; Fig. 1C). Next, we examined Slc6a15 mRNA in postmortem
NAc of individuals with MDD who committed suicide or control
subjects (n � 10 –12/group; Fig. 1D). Slc6a15 mRNA was signif-
icantly reduced in NAc of both groups of individuals with MDD
who were not receiving antidepressant medication and were
receiving antidepressant medication compared with control
subjects. Significance was observed by one-way ANOVA
(F(2,30) � 4.83, p � 0.05), which justified a pairwise compari-
son with a Tukey’s post hoc test that displayed significance of
p � 0.05 when comparing the groups of individuals with MDD
who were not receiving antidepressant medication and were
receiving antidepressant medication compared with the con-
trol group (Fig. 1D).

Slc6a15 is enriched in NAc D2-neurons but reduced in
D2-neurons after stress
Since our previous study (Lobo et al., 2006) demonstrated that
Slc6a15 is increased in D2-neurons in the striatum, we examined
Slc6a15 in these neurons in the NAc after stress. We first tested
whether Slc6a15 levels are enhanced in D2-neurons selectively in
NAc. We measured Slc6a15 mRNA expression in NAc D2- and
D1-neurons using the RT methodology (Sanz et al., 2009; Chan-
dra et al., 2015). To examine cell type-specific mRNA expression
of Slc6a15, we crossed RiboTag (RT) mice that have a Cre-
inducible HA-tagged Rpl22 with either D2- or D1-Cre mouse
lines (Chandra et al., 2015). We isolated ribosome-associated
mRNA through immunoprecipitation of either D2- or D1-
neuron polyribosomes that are labeled with the HA protein. We
previously demonstrated enrichment of D2- or D1-neuron-
enriched genes in each neuron population in NAc using the D2-
Cre-RT or D1-Cre-RT mice, respectively (Chandra et al., 2015).
Using qRT-PCR, we found that Slc6a15 ribosome-associated mRNA is
increased in NAc D2-neurons of D2-Cre-RT mice, whereas no
difference in Slc6a15 mRNA is detected in NAc D1-neurons of
D1-Cre-RT mice compared with input mRNA (nonimmunopre-
cipitated mRNA) from both groups. Significance was detected by

Figure 4. Overexpression of Slc6a15 in D2-neurons prevents social avoidance after chronic social defeat stress. A, Schematic of the double-floxed, inverted, open reading frame Cre-dependent
AAV vector expressing Slc6a15-tGFP. B, Illustration of bilateral infusion of virus into NAc. C, D2-Cre mice expressing AAV-DIO-Slc6a15-tGFP in NAc display increased the Slc6a15 mRNA compared with
AAV-DIO-EYFP controls (n � 5 EYFP; n � 4 Slc6a15-tGFP). D, Immunohistochemistry with tGFP or GFP (green) and Slc6a15 (red) in NAc of D2-Cre mice demonstrates high colocalization of Slc6a15
(red) with Slc6a15-tGFP (green). Scale bar, 50 �m. E, D2-Cre mice with Slc6a15-tGFP in D2-neurons that underwent CSDS display a time spent in the interaction zone (in seconds), with a social target
present, that is comparable to nonstressed control conditions, while D2-Cre mice expressing EYFP in D2-neurons display reduced time in the interaction zone (n � 11 control EYFP mice; n � 11
defeat EYFP mice; n � 6 control Slc6a15-tGFP mice; and n � 8 defeat Slc6a15-tGFP mice). Heat-density maps of video tracking in D2-Cre CSDS Slc6a15-tGFP and EYFP mice during SI (right). F, Time
spent in the interaction zone without a novel mouse (No Target) is unchanged among all groups. *p � 0.05. Error bars indicate SEM.
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a one-way ANOVA (F(2,13) � 6.60, p � 0.01). This justified a
pairwise comparison using a Tukey’s post hoc test, resulting in
significance of p � 0.05 when comparing D2-neurons to input or
D1-neurons (n � 4 – 8 per group, with two mice pooled per sam-
ple; Fig. 2A). Next, we used IHC to examine Slc6a15 protein in

D1- and D2-neurons of the NAc of D2-GFP mice (Fig. 2B). Sec-
tions were immunostained with anti-GFP, anti-NeuN, and anti-
Slc6a15, and Slc6a15-positive neurons were counted in the
D2-GFP(�) neurons or D2-GFP(�) neurons. We observed sig-
nificantly higher Slc6a15 colocalization with D2-GFP(�) neurons

Figure 5. Slc6a15 is unaltered in ChAT interneurons and Slc6a15 reduction selectively in D2-MSNs induces susceptibility to SSDS. A, IHC in D2-GFP NAc, after CSDS, shows anti-Slc6a15 (red) colocalization with
ChAT (blue) and D2-GFP (green) neurons in control, susceptible, and resilient mice. Scale bar, 10 �m. B, Slc6a15 colocalization is unaltered in ChAT interneurons in CSDS-susceptible or CSDS-resilient mice
compared with nonstressed controls (n�3 controls; n�4 CSDS-susceptible mice; and n�4 CSDS-resilient mice). C, Schematic of the double-floxed, inverted, open reading frame Cre-dependent AAV vector
expressing Slc6a15miR-mCitrine. Illustration of bilateral infusion of AAVs into NAc. D, IHC in Slc6a15miR- and SSmiR-injected NAc in A2A-Cre mice, mCitrine (green), and Slc6a15 (red) demonstrates reduced
Slc6a15 in Slc6a15miR-mCitrine expressing D2-neurons. Scale bar, 50 �m. E, A2A-Cre mice receiving AAV-DIO-Slc6a15-miR-mCitrine to NAc display reduced time in the interaction zone with the novel social
targetpresent(Target)afterSSDS,comparedwithSSmiRcontrols(n�6controlSSmiRmice; n�7defeatSSmiRmice; n�9controlSlc6a15miRmice;and n�8defeatSlc6a15miR).Heatdensitymapofvideo
tracking of Slc6a15-miR- and SSmiR-injected A2A-Cre mice in the presence of a novel social target (right). F, AAV-Slc6a15-miR expression in NAc D2-MSNs of A2A-Cre mice that underwent SSDS does not alter
the time spent in the interaction zone when the target is absent (No Target). *p � 0.05. Error bars indicate SEM.
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(38.84% colocalized) when compared with D2-GFP(�) neurons
(16.02% colocalized) in NAc when using a Student’s t test
(t(4) � 6.75, p � 0.05, n � 3 per group; Fig. 2B).

To characterize the differences in Slc6a15 mRNA expression
in D1- and D2-neurons as a function of stress, D1-Cre-RT and
D2-Cre-RT mice were exposed to 10 d of CSDS (Fig. 2D). We
observed a significant reduction of Slc6a15 ribosome-associated
mRNA in NAc D2-neurons of susceptible mice compared with
resilient and control mice, while no differences were observed in
NAc D1-neurons. Using a one-way ANOVA (F(2,11) � 4.87), we
observed a significance of p � 0.05 in D2-neurons, but no signif-
icance was detected in D1-neurons (F(2,11) � 1.05, p 	 0.05). We
performed a pairwise comparison using a Tukey’s post hoc test in
the D2-neuron data, which yielded a significance of p � 0.05
when comparing susceptible mice to control or resilient mice
(n � 3– 6 per group, two mice pooled per sample; Fig. 2E). Next,
we used IHC to examine Slc6a15 protein in the NAc of D2-GFP
mice that underwent CSDS. We observed a significant decrease in
Slc6a15 colocalization with D2-GFP(�) neurons in susceptible
mice compared with resilient and nonstressed control mice,
whereas no difference in Slc6a15 colocalization with D2-GFP(�)
neurons was observed. Significance was detected using a one-way
ANOVA (F(2,10) � 44.02, p � 0.0001) for the D2-GFP(�) neu-
rons. D2-GFP(�) neurons did not display a significant effect
using a one-way ANOVA (F(2,10) � 2.49, p 	 0.05). A pairwise
comparison using a Tukey’s post hoc resulted in a significance of
p � 0.05 in the D2(�) neurons when comparing susceptible mice
to control or resilient mice (n � 3– 4 per group; Fig. 2F,G).

Slc6a15 knockdown in D2-MSNs confers susceptibility to a
subthreshold social defeat stress
Since Slc6a15 mRNA and protein are reduced in D2-neurons of
susceptible mice, we next sought to determine whether genetic
reduction of Slc6a15 in D2-neurons confers stress susceptibility.
A Cre-inducible AAV that expressed a Slc6a15miR was generated
to selectively knock down Slc6a15 in D2-neurons using D2-Cre
mice. To generate the Slc6a15miR, four predicted Slc6a15 shRNA
sequences (A, B, C, and D) that target the mouse Slc6a15 were
obtained from OriGene (Fig. 3A). A 46% decrease of the Slc6a15
mRNA level was observed when using the shRNA-D sequence
compared with the SS control in Neuro2A cells (Fig. 3B). The
shRNA-D sequence and the SS sequence were converted into an
miR and cloned into an AAV DIO-ires-mCitrine vector (Fig. 3C).
AAV-DIO-Slc6a15miR-mCitrine and AAV-DIO-SSmiR were
injected bilaterally into the NAc of D2-Cre mice (Fig. 3D).
Slc6a15 mRNA was significantly reduced in NAc of mice receiv-
ing AAV-DIO-Slc6a15-miR-mCitrine compared with control vi-
rus using a Student’s t test (t(6) � 1.81, p � 0.05, n � 4 per group;
Fig. 3E). Additionally, using IHC, we demonstrated that Slc6a15miR-
mCitrine-expressing D2-neurons display less Slc6a15 colocalization,
whereas SSmiR-expressing D2-neurons display colocalization
with Slc6a15 (Fig. 3F). Two weeks after virus injection, mice
underwent a SSDS, which consisted of three consecutive 2 min
physical interaction sessions followed by 15 min sensory contact
on the other side of a perforated divider (Fig. 3G). The next day
mice underwent SI (Fig. 3G). D2-Cre AAV-DIO-Slc6a15miR-
mCitrine mice, which underwent SSDS, displayed significantly
reduced time interacting with a novel social target compared with
AAV-DIO-SSmiR-mCitrine SSDS mice and nonstressed control
mice. A two-way ANOVA demonstrated a significant main effect
of stress (F(1,28) � 30.39, p � 0.05) and a significant main effect of
virus (F(1,28) � 8.227, p � 0.05). A significant interaction effect
(F(1,28) � 4.36, p � 0.05) was observed. This justified a pairwise

comparison using a Tukey’s post hoc test, resulting in a signifi-
cance of p � 0.05, when comparing the Slc6a15-miR defeat group
to all other groups (n � 5–9; Fig. 3H). Using a two-way ANOVA,
we did not observe any significant main effect of stress (F(1,28) �
2.13, p 	 0.5) and virus (F(1,28) � 0.29, p 	 0.05) when the mice
were tested in SI during the absence of a social target (Fig. 3I).
Additionally, we examined the effects of Slc6a15 knockdown on
general locomotor activity in the open field during the SI test.
Our data demonstrated that there was no difference in locomotor
activity between AAV-DIO-SSmiR- and AAV-DIO-Slc6a15miR-
injected mice or the SSDS condition (control SSmiR, 7408.95 �
980.94 mm; control Slc6a15miR, 6962.15 � 804.36 mm; defeat
SSmiR, 5137.45 � 711.70; defeat Slc6a15miR, 7250.93 � 673.54).
Analysis was performed with a two-way ANOVA, which demon-
strated a lack of significant stress effect (F(1,28) � 1.36, p 	 0.05)
and virus effect (F(1,28) � 0.96, p 	 0.05).

Slc6a15 overexpression in D2-MSNs does not reduce social
interaction after chronic social defeat stress
To determine whether enhancing Slc6a15 levels during CSDS
would restore social interaction after CSDS, we generated a Cre-
inducible AAV to selectively express Slc6a15 in D2-neurons (Fig.
4A,B). We showed that virus-mediated expression of Slc6a15
(AAV-DIO-Slc6a15-tGFP) in NAc of D2-Cre mice leads to sig-
nificantly increased expression of Slc6a15 when compared with
those receiving the control vector (AAV-DIO-EYFP) using a Stu-
dent’s t test (t(7) � 106.81, p � 0.05, n � 4 –5 per group; Fig. 4C).
Additionally, we determined the efficiency of this virus with IHC,
where we show that Slc6a15-tGFP is expressed in the D2-neuron
membranes in NAc of D2-Cre mice and colocalizes with anti-
Slc6a15 (Fig. 4D). Slc6a15 overexpression in NAc D2-neurons of
mice undergoing CSDS did not produce a significant reduction
in the time spent interacting with a novel social target (Fig. 4E). In
contrast, D2-Cre mice receiving EYFP control virus to NAc D2-
neurons displayed reduced social interaction. Using a two-way
ANOVA, we observed a significant main effect of stress (F(1,31) �
13.05, p � 0.05) and a significant main effect of virus (F(1,32) �
0.02, p � 0.05). A significant interaction (stress � virus) effect
(F(1,31) � 5.32, p � 0.05) occurred that justified a pairwise com-
parison. Using a Tukey’s post hoc test, we observed significance of
p � 0.05, when comparing EYFP control mice to EYFP defeat
mice (n � 6 –11). We did not observe a significant difference
when comparing Slc6a15-tGFP defeat mice to all other groups
(Fig. 4E). During the time spent in the interaction zone when the
novel social target was absent, we did not observe a main effect of
stress (F(1,31) � 2.02, p 	 0.05) or a main effect of virus (F(1,31) �
1.66, p 	 0.05) using a two-way ANOVA (Fig. 4F). In addition,
no differences were detected in locomotion during SI between
AAV-DIO-EYFP- and AAV-DIO-Slc6a15-tGFP-injected mice or
the CSDS condition (control EYFP, 10071.17 � 635.05 mm; con-
trol Slc6a15-tGFP, 9163.63 � 774.82 mm; defeat EYFP,
8521.23 � 869.50; defeat Slc6a15-tGFP, 8057.10 � 774.20). Two-
way ANOVA showed no main effects of stress (F(1,31) � 2.7, p 	
0.05) or virus (F(1,31) � 0.71, p 	 0.05).

Reduced Slc6a15 in D2-MSNs but not ChAT interneurons
induces stress susceptibility
Slc6a15 in situ hybridization [Allen Brain Atlas (www.brain-map.
org)] shows Slc6a15 expression in medium- and large-sized
neurons in NAc, suggesting that it colocalizes to the large ChAT
interneurons along with D2-MSNs. Additionally, D2 is expressed
in the ChAT interneurons (Alcantara et al., 2003). Thus, we next
examined Slc6a15 protein in ChAT interneurons in NAc of D2-
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GFP mice that underwent CSDS. Using an anti-ChAT antibody,
we observed Slc6a15 protein in a high percentage of ChAT in-
terneurons of nonstressed controls (Fig. 5A,B). Further, Slc6a15
protein colocalization with ChAT interneurons was unaltered in
CSDS-susceptible and resilient mice compared with nonstressed
control mice by one-way ANOVA (F(2,8) � 2.85, p 	 0.05, n �
3– 4/group; Fig. 5B). These data suggest that reduced Slc6a15
occurs selectively in D2-MSNs of susceptible mice. Additionally,
this implies that the ability to alter behavioral responses to stress
by genetic perturbation of Slc6a15 is likely occurring through
D2-MSNs (Figs. 3, 4). To directly test this, we injected AAV-DIO-
Slc6a15miR-mCitrine or AAV-DIO-SSmiR-mCitrine control vi-
rus into the NAc of A2A-Cre mice (Fig. 5C,D), which express Cre
in D2-MSNs but not ChAT interneurons (Gerfen et al., 2013).
Genetic reduction of Slc6a15 in NAc D2-MSNs of A2A-Cre mice
significantly reduced time in the interaction zone with a novel
social target present. Analysis with a two-way ANOVA demon-
strated a main effect of virus (F(1,27) � 10.53, p � 0.01) and main
effect of stress (F(1,27) � 7.08, p � 0.05). A significant interaction
was not observed, however, we performed a planned pairwise
comparison using a Tukey’s post hoc test based on the observa-
tions in the D2-Cre knock-down experiments in Figure 3H. The
post hoc test resulted in a significance of p � 0.05 when comparing
the Slc6a15-miR defeat group to all other groups (Fig. 5E). The
interaction time with the novel target appeared to be reduced in
Slc6a15-miR mice compared with SSmiR mice in the nonstressed
group; however, the post hoc comparison was not significant.
Time spent in the interaction zone without the novel social target
was unaltered among all groups. A two-way ANOVA revealed a
main effect of stress (F(1,27) � 6.70, p � 0.05) but a lack of a main
effect of virus (F(1,27) � 1.62, p 	 0.05) or an interaction effect
(stress � virus; F(1,27) � 2.31, p 	 0.05; Fig. 5F). This main effect
of stress was not a consequence of locomotor activity since no
difference in locomotion was observed during SI in AAV-DIO-
SSmiR- and AAV-DIO-Slc6a15miR-injected mice or those in the
CSDS condition (control SSmiR, 7111.65 � 634.57 mm; control
Slc6a15miR, 7601.80 � 488.88 mm; defeat SSmiR, 7604.456 �
956.68; defeat Slc6a15miR, 6097.80 � 880.65). Using a two-way
ANOVA, we did not observe main effects of stress (F(1,27) � 0.42,
p 	 0.05) or virus (F(1,27) � 0.42, p 	 0.05).

Discussion
The present study examined the role for Slc6a15 in NAc D2-
neurons in stress susceptibility. We first demonstrated that
Slc6a15, which was previously shown to be a genetic risk factor
for MDD (Kohli et al., 2011; Schuhmacher et al., 2013), is re-
duced in NAc of mice susceptible to CSDS and in NAc of indi-
viduals with MDD who were receiving medication and were not
receiving medication who committed suicide. These findings are
consistent with a previous study (Kohli et al., 2011) demonstrat-
ing reduced Slc6a15 in the hippocampus of individuals with
MDD and in rodents after chronic stress. We further went on to
examine Slc6a15 in NAc D2-neurons in stress susceptibility. We
first verified that Slca615 was enriched in NAc D2-neurons com-
pared with D1-neurons, using the RiboTag methodology to iso-
late ribosome-associated mRNA from NAc D2- and D1-neurons.
The enrichment of Slc6a15 in NAc D2-neurons was consistent
with our previous study, using fluorescence-activated cell sorting
of D2- vs D1-neurons to demonstrate enriched Slc6a15 mRNA in
D2-neurons in striatum (both dorsal striatum and nucleus ac-
cumbens; Lobo et al., 2006). Interestingly, we observed Slc6a15
colocalization with only 38.84% of D2-neurons. This could re-
flect a subpopulation of D2-neurons or a threshold limit of

Slc6a15 detection. Despite a large number of studies examining
the D2-neuron and D1-neuron populations in dorsal and ventral
striatum, the information on subpopulations within these neu-
ron subtypes is poor. Future examination of this potential D2/
Slc6a15-neuron subpopulation would be informative for the
understanding of D2-neuron subtype function in the normal
brain as well as for a further understanding of D2-neuron func-
tion in stress susceptibility.

To determine whether the reduction of Slc6a15 in D2-neurons is
associated with susceptibility to stress, we engineered a Slc6a15-miR
to selectively knock down Slc6a15 levels in NAc D2-neurons. The
reduction of Slc6a15 in D2-neurons using D2-Cre mice caused a
reduction of the social interaction time with a novel social target
after SSDS, implicating that reduced Slc6a15 levels in D2-
neurons enhances vulnerability to SSDS. We further show that
this reduction of Slc6a15 in D2-neurons is specific to NAc D2-
MSNs and not ChAT interneurons, which also express D2 and
Slc6a15. Using A2A-Cre mice, which express Cre in D2-MSNs
but not ChAT interneurons, we also observed a stress-susceptible
outcome with miR-mediated Slc6a15 reduction. Our data are in
line with our previous study demonstrating a role for NAc D2-
neurons in inducing a susceptible outcome to SSDS (Francis et
al., 2015).

While we demonstrated a role for reduced Slc6a15 in NAc
D2-neurons in mediating susceptibility to stress, it is unclear how
reduced Slc6a15 levels in D2-neurons are causing the susceptible
outcomes. Slc6a15 is a neutral amino acid transporter that has
high affinity for proline, leucine, and methionine transport (Bröer et
al., 2006). Previous work examining Slc6a15 in hippocampus dem-
onstrates that a lack of Slc6a15 causes reduced Slc6a15 amino
acid transport (Drgonova et al., 2007; Santarelli et al., 2015). The
reduction of proline, a precursor of glutamate, potentially dys-
regulates glutamate levels in hippocampus (Kohli et al., 2011;
Santarelli et al., 2015, 2016). D2-MSNs are GABAergic projection
neurons and do not release glutamate. However, as glutamate is a
metabolic precursor for GABA (Bak et al., 2006), it is plausible
that a reduction of glutamate amino acid precursors, through a
reduction of Slc6a15, can ultimately alter GABA metabolism. D2-
MSNs are also highly enriched in the enkephalin neuropeptides
(Gerfen and Young, 1988; Lobo et al., 2006), with the two major
enkephalins being methionine-enkephalin and leucine-enkephalin
(Penny et al., 1986). Thus, it is also possible that reduced Slca615
can ultimately affect enkephalin levels by reducing methionine
and leucine transport. Another potential mechanism through
which reduced Slc6a15 in D2-MSNs might have downstream
molecular repercussions and might lead to stress susceptibility, is
DNA methylation. If Slc6a15 reduction disrupts methionine
transport in D2-MSNs, DNA methylation patterns in these neu-
rons could be altered, since methionine is a methyl donor that can
impact DNA methylation (Niculescu and Zeisel, 2002). Previous
studies have demonstrated altered DNA methyltransferase in
NAc in stress susceptibility (LaPlant et al., 2010; Hodes et al.,
2015). Further, methionine supplementation has been demon-
strated to have antidepressant potential (Rosenbaum et al., 1990).
Future studies examining the precise mechanisms by which reduced
Slc6a15 in D2-MSNs alters neurotransmitter content or methionine-
relatedprocesses are needed to fully understand the role of Slc6a15 in
stress susceptibility.

Consistent with the enhanced social avoidance following SSDS
with reduced Slc6a15 in NAc D2-neurons, restoring Slc6a15 expres-
sion to D2-neurons prevented reductions in social interaction fol-
lowing CSDS. Future studies should investigate upstream positive
regulators of Slc6a15 expression that exist in D2-neurons or other
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vulnerable brain regions or neuron populations with altered
Slc6a15 levels. However, although Slc6a15 overexpression in D2-
neurons prevented an overall reduction in social interaction fol-
lowing CSDS, not all of the mice with Slc6a15 overexpression
displayed a resilient outcome. It is plausible that the overexpres-
sion of Slc6a15 levels in D2-neurons does not entirely restore
Slc6a15 function. Future studies examining the mechanistic
action of Slc6a15 in D2-neurons and whether its function is com-
promised in stress susceptibility will provide improved informa-
tion for targeting Slc6a15 in D2-neurons for resilient outcomes to
stress.

Collectively, our studies show that the previously identified
depression risk gene, Slc6a15, is reduced at both the mRNA and
protein level in NAc D2-MSNs. Consistent with this, Slc6a15
mRNA is reduced in NAc of individuals with MDD, and genetic
reduction of Slc6a15 in D2-neurons mediates CSDS susceptibil-
ity. Overall, our studies implicate a role for reduced Slc6a15 levels
in the NAc D2-neuron population as an underlying factor of
stress susceptibility.
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Scobie K, Bagot R, LaBonté B, Ribeiro E, Liu X, Kennedy P, Vialou V,
Ferguson D, Peña C, Calipari ES, Koo JW, Mouzon E, Ghose S, Tam-
minga C, et al (2014) beta-catenin mediates stress resilience through
Dicer1/microRNA regulation. Nature 516:51–55. CrossRef Medline

Drgonova J, Liu QR, Hall FS, Krieger RM, Uhl GR (2007) Deletion of v7-3
(SLC6A15) transporter allows assessment of its roles in synaptosomal
proline uptake, leucine uptake and behaviors. Brain Res 1183:10 –20.
CrossRef Medline

Eichler AJ, Antelman SM (1979) Sensitization to amphetamine and stress
involve in nucleus accumbens and medial frontal cortex. Brain Res 176:
412– 416. CrossRef Medline

Francis TC, Chandra R, Friend DM, Finkel E, Dayrit G, Miranda J, Brooks JM,
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