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Abstract

BACKGROUND—The nucleus accumbens is a critical mediator of depression-related outcomes
to social defeat stress. Previous studies demonstrate distinct neuroplasticity adaptations in the two
medium spiny neuron (MSN) subtypes, those enriched in dopamine receptor D1 versus dopamine
receptor D2, in reward and reinforcement leading to opposing roles for these MSNs in these
behaviors. However, the distinct roles of nucleus accumbens MSN subtypes, in depression, remain
poorly understood.

METHODS—Using whole-cell patch clamp electrophysiology, we examined excitatory input to
MSN subtypes and intrinsic excitability measures in D1-green fluorescent protein and D2-green
fluorescent protein bacterial artificial chromosome transgenic mice that underwent chronic social
defeat stress (CSDS). Optogenetic and pharmacogenetic approaches were used to bidirectionally
alter firing of D1-MSNs or D2-MSNs after CSDS or before a subthreshold social defeat stress in
D1-Cre or D2-Cre bacterial artificial chromosome transgenic mice.

RESULTS—We demonstrate that the frequency of excitatory synaptic input is decreased in D1-
MSNs and increased in D2-MSNs in mice displaying depression-like behaviors after CSDS.
Enhancing activity in D1-MSNs results in resilient behavioral outcomes, while inhibition of these
MSNSs induces depression-like outcomes after CSDS. Bidirectional modulation of D2-MSNs does
not alter behavioral responses to CSDS; however, repeated activation of D2-MSNs in stress naive
mice induces social avoidance following subthreshold social defeat stress.

CONCLUSIONS—Our studies uncover novel functions of MSN subtypes in depression-like
outcomes. Notably, bidirectional alteration of D1-MSN activity promotes opposite behavioral
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outcomes to chronic social stress. Therefore, targeting D1-MSN activity may provide novel
treatment strategies for depression or other affective disorders.
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Converging human and rodent studies demonstrate a critical role for the nucleus accumbens
(NAC) in depression symptomatology including reduced motivation and anhedonia (1-6).
The NAc integrates information from afferent inputs leading to motivation and reward
functions (7,8). Recent studies demonstrate these NAc afferent inputs become dysfunctional
after stressful stimuli resulting in altered cellular and molecular mechanisms in NAc that
mediate depression-like outcomes (1-4,9-14). Additionally, clinical studies demonstrate a
role for altered NAc activity in depression since high-frequency deep brain stimulation
(DBS) has antidepressant effects in individuals with treatment-resistant depression (15-19).
Despite the important role for NAc in mediating emotional behaviors in depression, the
function of the two main projection neuron subtypes, the medium spiny neurons (MSNS), in
affective behaviors are poorly understood.

The MSNs in NAc and dorsal striatum are differentially enriched in dopamine receptor D1
versus dopamine receptor D2, as well as other genes (20-22), and they send distinct
projections to downstream basal ganglia and reward structures (23-25). NAc D1-MSNs
project to the ventral pallidum, globus pallidum internal, ventral tegmental area (VTA), and
substantia nigra, while NAc D2-MSNs project to the ventral pallidum (24,25). These two
neuronal populations work together to promote normal behavioral output, while imbalance
of one MSN subtype can drive dysfunctional motivational states (26—29). This network
balance model is supported by positive and negative outcome tasks in humans and studies in
rodents, which demonstrate a role for activation of the D1-MSN pathway in positive reward
and activation of the D2-MSN pathway in aversion, while inhibition of these pathways
produces opposing outcomes (28,30-32), implicating imbalance of these MSN subtypes in
psychiatric and neurological disease. Indeed, rodent studies shed light on D1-MSN versus
D2-MSN function, demonstrating that both NAc and dorsal striatum MSN subtypes have
opposing roles in reward, action-value, reinforcement, motor function, and sensitized
responses to drugs of abuse (26,29,33-40). Additionally, a recent study demonstrated that
decreased excitatory synaptic strength of NAc D1-MSN synapses, but not D2-MSN
synapses, mediates anhedonia after restraint stress (5). Furthermore, using a highly validated
model of depression, chronic social defeat stress (CSDS) (1,2,41), we demonstrated opposite
molecular properties in MSN subtypes in mice that are susceptible (those displaying
depression-like behaviors) versus resilient (those that do not display depression-like
behaviors) to CSDS (14).

To provide new insight into the function of the NAc MSN subtypes in depression, we
examined excitatory synaptic input and intrinsic excitability in MSNs after CSDS. We then
used optogenetic or pharmacogenetic approaches to test, for the first time in vivo, how
repeated manipulation of activity in the MSN subtypes alters depression-like outcomes to
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social defeat stress. Our data demonstrate that excitatory input onto MSN subtypes, in mice
displaying susceptible phenotypes after CSDS, is bidirectionally altered in NAc MSNs.
Further, repeated bidirectional control of activity in D1-MSNs can oppositely alter
behavioral responses to CSDS, whereas repeated activation of D2-MSNs in stress naive
mice can induce a depression-like behavior to a subthreshold social defeat stress (SSDS).
Our findings provide new insight into the role of the two NAc MSN subtypes in depression-
like outcomes to social stress.

METHODS AND MATERIALS

Experimental Subjects

Male D1-GFP and D2-GFP hemizygote mice (42) (gensat.org) on a C57BL/6J background
were used for electrophysiological recordings. Male Drd1a-Cre (D1-Cre, Line FK150) or
Drd2a-Cre (D2-Cre, Line ER44) hemizygote bacterial artificial chromosome transgenic
mice (42,43) on a C57BL/6J background were used for optogenetic and pharmacogenetic
experiments. CD1 retired breeders (Charles River, Raleigh, North Carolina) were obtained at
~3 months old. Experimental mice were 8 weeks of age and CD1 retired breeders were =3
months of age at the start of the experiment. Mice were maintained on a 12-hour light/dark
cycle with 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.

Adeno-Associated Virus and Optic Fiber Stereotaxic Surgeries

Mice were anesthetized with 3% isoflurane and underwent stereotaxic surgery to inject
serotype 5 adeno-associated viruses (AAV) (UNC Viral Vector Core, Chapel Hill, North
Carolina) and implant optic fibers. For stimulation experiments, D1-Cre and D2-Cre mice
were stereotaxically injected bilaterally into the NAc (anterior/posterior: +1.6, lateral: +1.5,
dorsal/ventral: —4.4 from top of skull) with a double inverted open reading frame (D10)
AAV (36,40,44). For cell-type specific expression, D1-Cre and D2-Cre mice were injected
with DIO-AAVs containing ChR2(E123A)-enhanced yellow fluorescent protein (EYFP),
also known as ChETAA-EYFP, EYFP, or the inhibitory designer receptor exclusively
activated by a designer drug (DREADD) construct hM4(Gi)-mCherry (45). Virus was
infused at a rate of .1 pL per minute. The injection needle was left in place for 5 to 10
minutes following the infusion. For optogenetics, mice were implanted with 4 mm
chronically implantable fibers (.22 numerical aperture, 105 micrometer core) following
CSDS or before SSDS (40,44,46).

Slice Electrophysiological Recordings

Whole-cell patch clamp recordings occurred 2 to 4 weeks following social interaction (SI).
D1-GFP or D2-GFP mice were perfused with oxygenated (95% oxygen, 5% carbon dioxide)
ice-cold artificial cerebrospinal fluid (ACSF) containing (in mmol/L): 125 sodium chloride,
25 sodium bicarbonate, 10 glucose, 3.5 potassium chloride, 1.25 monosodium phosphate, .1
calcium chloride, 3 magnesium chloride, pH 7.45; osmolarity 285 to 295 mOsm. Brains
were rapidly extracted and 300 um coronal sections containing the NAc were cut with a
vibratome in ice-cold ACSF. Slices were incubated for 1 hour at 33°C before recording. For
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recording, ACSF calcium ion concentrations were altered (in mmol/L): 2 magnesium
chloride and 1 calcium chloride. All recordings were performed at 33°C in oxygenated
ACSF.

MSNs were visualized under differential interference contrast with a 40x water-immersion
objective (Olympus, Center Valley, Pennsylvania). Patched cells were verified to be D1-
MSNs or D2-MSNs by green fluorescent protein (GFP), EYFP, or mCherry fluorescence
using a QiClick camera (Q-Imaging, Surrey, Canada). Recordings were obtained using a
computer-controlled amplifier (MultiClamp 700B; Molecular Devices, Sunnyvale,
California). Signals were digitized at 20 kHz (Digidata 1322; Molecular Devices) and
acquired with Axo-Scope 9 (Molecular Devices). Patch pipettes were pulled with resistances
of 3 to 7 MQ. For intrinsic excitability recordings and validation recordings, patch pipettes
were filled with (in mmol/L): 115 potassium-gluconate, 10 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, 2 magnesium chloride, 20 potassium chloride, 2 magnesium
adenosine triphosphate, 2 adenosine-5-triphosphate disodium salt, .3 guanosine-5-
triphosphate, pH 7.4; 285 to 295 mOsm.

In current clamp, current was injected to hold cells at =75 mV. Cells with resting membrane
potentials > =70 mV were excluded. Rheobase was determined by injecting a ramp of
current and examining the current needed to elicit the first spike. The number of spikes
elicited from current injections was determined by injecting 500 millisecond square currents
from 50 to 400 pA. For voltage clamp recordings, a cesium-gluconate internal solution was
used (in mmol/L): 115 cesium-gluconate, 20 cesium chloride, 10 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, 2 magnesium chloride, 2 magnesium adenosine triphosphate,
2 adenosine-triphosphate sodium salt, .3 guanosine-5’-triphosphate, pH brought to 7.3 with
cesium hydroxide (290-295 mOsm). In voltage clamp recordings, miniature excitatory
postsynaptic current (mMEPSC) was observed at a =70 mV holding potential and performed
in the presence of 50 mmol/L picrotoxin and 1.5 pmol/L tetrodotoxin. Responses were
verified to be excitatory by wash in 20 umol/L of 6-cyano-7-nitroquinoxaline-2,3-dione and
100 pmol/L of 2-amino-5-phosphonopentanoic acid (data not shown). If series resistance
was altered by more than 20%, recordings were discarded.

D1-Cre and D2-Cre mice were injected with AAV-DIO-ChETAA-EYFP for opsin validation
or AAV-DIO-hM4(Gi)-mCherry for DREADDS validation. Cells were tested for a response
in current clamp with a short 5-millisecond 473 nm blue light pulse and stimulated at 50 Hz
for 5 minutes. For DREADDs validation, patched cells were exposed to a pulse ramp
protocol, similar to excitability recordings, before and 1 hour after 1 umol/L clozapine-\-
oxide (CNO) (LKT Laboratories, Inc., St. Paul, Minnesota) wash on.

CSDS and Social Interaction Test

D1-Cre, D2-Cre, D1-GFP, and D2-GFP mice underwent 10-day CSDS. This is a well-
established protocol that yields stress susceptible (mice displaying depression-like
behaviors) or resilient cohorts (1,2,41). Experimental mice were exposed to an aggressive
retired CD1 breeder for 10 minutes per day 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 days with a novel CD1 mouse on each day. On day 11, mice were screened
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in a Sl behavior. Animals were placed in an open field with a perforated box located in a
designated interaction zone for 2.5 minutes and assessed for time spent in the interaction
zone using TopScan video tracking software (CleverSys, Reston, Virginia). Subsequently, a
novel CD1 was placed in the perforated box and experimental mice were assessed for time
spent interacting with the novel social target in the interaction zone. Mean interaction time
was assessed in each experiment. For each experiment, animals were deemed susceptible if
interaction times were two standard deviations below the mean of nondefeated control
animals or resilient if they did not fall into this category. Mice that received CSDS and
optogenetic or pharmacogenetic manipulations underwent a second Sl.

Sucrose Preference Test

Sucrose preference was examined the 2 days following the second Sl test for CSDS mice or
the first Sl test for SSDS mice (see below) using a two-bottle choice preference paradigm.
Two days before sucrose, animals were habituated to two bottles filled with water. For
testing, bottles were filled with either 1% sucrose or water and placed evenly on two sides of
a cage top. Bottles were alternated to the opposite side following each daily measurement.
Preference was measured by examining the change in liquid weight of sucrose-containing
bottles compared with water bottles (sucrose day 1 — sucrose day 2)/[(sucrose day 1 —
sucrose day 2) + (water day 1 — water day 2)].

In Vivo Optogenetic Stimulation After CSDS

Following CSDS, D1-Cre and D2-Cre mice were implanted with chronic fibers (see above)
and stimulated with 473 nm blue light two times a day (morning and evening), 15 minutes
per session, for 5 days at 50 Hz, 5-second on/off cycles, 50% duty cycle, 3 to 5 mW from tip
of fiber using 473 nm diode-pumped solid-state lasers obtained from OEM Laser Systems
(Midvale, Utah). On day 26, mice were stimulated once in the morning before Sl in their
home cage, which was placed adjacent to the CD1 aggressor cage.

SSDS and Optogenetic Stimulation

On day 1, D2-Cre mice were injected with AAV-DIO-ChETAA-EYFP and implanted with 4
mm chronically implantable fibers. On days 4 to 17, mice were stimulated morning and
evening with 50 Hz, 473 nm blue light stimulation, 5-second on/off cycles, 50% duty cycle
(see above). On day 18, mice were exposed to three social defeat sessions: 5 minutes of
physical defeat followed by 15 minutes with no defeat. During the 15 minutes of no social
defeat, mice received blue light stimulation.

Pharmacogenetic Inhibition After CSDS

For repeated inhibition experiments, D1-Cre and D2-Cre mice were stereotaxically injected
bilaterally with AAV-DIO-hM4D (Gi)-mCherry and subsequently run through CSDS on
days 7 to 17. On days 19 to 22, animals were injected at 8:00 AM and 6:00 PM
intraperitoneally with 5 mg/kg of CNO (LKT Laboratories), the ligand designed to activate
the receptors (37,45,47,48), or .9% saline. On day 23, animals were injected at 8:00 AM
before SI.
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Immunohistochemistry

D1-Cre and D2-Cre mice were perfused with 4% paraformaldehyde in 1x phosphate
buffered saline, and brains were extracted and left in paraformaldehyde solution overnight.
Brains were cryoprotected in 30% sucrose and cryosectioned at 35 pm (Leica, Buffalo
Grove, Illinois). Immunofluorescence was performed according to previous studies (36,40).
Sections were blocked for 1 hour in 3% normal donkey serum with .3% Triton-X then
incubated in 1:5000 chicken anti-GFP primary antibody (Aves Labs, Tigard, Oregon) for
EYFP or 1:1000 rabbit anti-dsRed primary antibody (Clontech, Mountain View, California)
for mCherry overnight. Brain sections were rinsed with 1x phosphate buffered saline and
underwent 1 hour incubation in secondary antibody: 1:1000 donkey anti-chicken Alexa488
(Jackson ImmunoResearch, West Grove, Pennsylvania) or 1:500 Cy3 anti-rabbit (Jackson
ImmunoResearch). Immunofluorescence imaging was performed on an Olympus Bx61
confocal microscope.

Statistical Analyses

Analyses were performed using Graphpad Prism 5 software (La Jolla, California).
Behavioral data from one Sl session and electrophysiological data were analyzed by one-
way analysis of variance (ANOVA) analyses. Two-way repeated measure ANOVA analysis
was used to analyze behavioral changes for pretreatment and posttreatment (light or CNO;
i.e., two Sl sessions). Two-way ANOVA tests were used to analyze differences in sucrose
preference. Differences between the nondefeated group and other groups were determined
by Bonferroni post hoc tests.

RESULTS

Bidirectional Changes in Excitatory Input in MSN Subtypes from Susceptible Mice

Using whole-cell patch clamp recordings, we examined physiological properties in MSN
subtypes in D1-GFP or D2-GFP bacterial artificial chromosome transgenic mice (42) that
are susceptible (those displaying depression-like behaviors) or resilient (those that do not
display depression-like behaviors) to a 10-day CSDS (1,2). CSDS is a well-validated stress-
induced model of depression (1-4,12) in which experimental mice undergo 10-minute social
defeat episodes with a novel retired CD1 breeder each day for 10 days. On day 11, mice
were assayed in a Sl test and separated into susceptible and resilient cohorts based on their
Sl scores (2) (Figure S1 in Supplement 1). We examined excitatory synaptic input onto MSN
subtypes after CSDS. Susceptible mice display decreased time interacting with a novel
social target, while resilient mice interact with the social target similar to non-defeated
animals (Figure 1A). There was no difference in interaction time without the target present
between all groups (Figure 1A). D1-MSN mEPSC frequency was decreased in susceptible
conditions, while amplitude remained unchanged (Figure 1B). In contrast, the frequency of
mMEPSCs increased in D2-MSNs from susceptible mice, with no alterations in mEPSC
amplitude (Figure 1C).
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Intrinsic Excitability Is Altered in D1-MSNs from Susceptible Animals

To determine if the change in excitatory synaptic input corresponds to excitability changes in
MSN subtypes after CSDS, we measured the intrinsic excitability of these MSN subtypes.
Susceptible animals displayed significantly decreased time interacting with a novel target as
compared with no defeat and resilient animals (Figure 2A). In D1-MSNs from susceptible
mice, we observed an increase in current-induced neuronal firing at 200 to 300 pA, with a
decrease in rheobase (the current needed to elicit firing) (Figure 2B), while resilient mice
displayed no change in D1-MSN intrinsic excitability (Figure 2B). Intrinsic excitability and
current-induced neuronal firing were unaltered in D2-MSNs in susceptible and resilient mice
(Figure 2C).

Optogenetic Stimulation of D1-MSNs After CSDS Promotes Resilience

Since we observed altered excitatory synaptic input and/or intrinsic excitability in MSN
subtypes after CSDS, we next used an optogenetic strategy to enhance activity of D1-MSNs
or D2-MSNs in susceptible or resilient mice (34-36,38,39,47). We performed blue (473 nm)
light stimulation of the channelrhodopsin ChR2(H134) and ChETAa-expressing D1-MSNs,
D2-MSNs, or total NAc neurons (Figure 3; Figure S2 in Supplement 1). We previously
demonstrated selective expression of ChR2(H134)-EYFP in MSN subtypes of D1-Cre and
D2-Cre mice (36) and observed ChETAA-EYFP expression in NAc cell bodies and
appropriate terminals of D1-Cre and D2-Cre mice (Figure 3A). Blue light (473 nm)
stimulation reliably activated MSNs expressing ChETA (Figure 3B). Acute stimulation of
all NAc neurons or NAc MSN subtypes in susceptible mice during SI produced no
behavioral changes (Figure S2A in Supplement 1).

Recent studies demonstrate that repeated optogenetic stimulation paradigms alter emotional
behaviors and molecules implicated in such behaviors (14,36,49,50). Furthermore, repeated
high-frequency stimulation (HFS) of the NAc in DBS patients promotes antidepressant
effects in individuals with treatment-resistant depression (15,17,18). Therefore, we assessed
a range of stimulation frequencies of NAc neurons after CSDS in mice injected with
ChETAA or ChR2(H134) using a repeated stimulation paradigm (Figure 3C; Figure S2B in
Supplement 1). Five days of repeated high-frequency (=50 Hz) blue light pulses to D1-
MSNSs restored Sl time to no defeat control levels in mice susceptible to CSDS (Figures 3D;
Figure S2B in Supplement 1) and this stimulation did not alter interaction time when the
novel social target was not present. Repeated 50-Hz activation of D1-MSNs promoted
similar sucrose consumption in susceptible mice compared with EYFP no defeat control
animals. However, we also observed an increase in sucrose preference when activating D1-
MSNSs in no defeat control animals (Figure 3D), suggesting increases in sucrose preference
was a result of stimulation alone in defeated and nondefeated groups. Additionally, repeated
HFS (=50 Hz) of total NAc expressing AAV-hSyn-ChETAA-EYFP neurons enhanced the SI
time in susceptible mice, similar to the D1-MSN results (Figure S2B in Supplement 1). We
observed no change in Sl or sucrose preference following 50 Hz repeated stimulation in
MSN subtypes of susceptible D2-Cre and resilient D1-Cre and D2-Cre mice (Figure 3E;
Figure S3A in Supplement 1). There was no observed change in locomotor activity in D1-
Cre and D2-Cre mice with the 50 Hz stimulation paradigm (Figure S3B in Supplement 1).
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Furthermore, 50 Hz stimulation had no effects on expression of cell death markers and
NeuN in NAc (Figure S3C in Supplement 1).

Pulses (50 Hz) to ChETA_expressing MSNs does not elicit these higher frequency firing
rates in whole-cell patch clamp slice recordings but instead firing rates of ~13 to 14 Hz
(Figure 3B). For this reason, we assayed MSN neuronal firing in vivo using multi-unit
recordings. We observed ~30 Hz maximal firing rates in the overall responding neuronal
population with 50 Hz blue light pulses in representative multi-unit recordings (Figure S4A
in Supplement 1). Furthermore, 5 days of repeated 50 Hz blue light pulses to D1-MSNs
produced no difference between overall firing rates and the averaged multi-unit firing rates
of MSNs on day 1 versus day 5 (Figure S4B in Supplement 1), suggesting ChETAA-
mediated firing rates are not hindered by repeated optogenetic stimulation.

Stimulation of D2-MSNs in Stress Naive Mice Promotes Susceptibility to SSDS

Since we observed a change in excitatory input onto D2-MSNs in susceptible mice (Figure
1C) but were unable to alter behavioral outcomes to CSDS when activating these MSNs
(Figure 3E), we then tested whether repeated activation of D2-MSNs in stress naive mice
would confer vulnerability to a 1-day SSDS (2-4,12,13,51). D2-Cre mice received blue
light, 50-Hz priming pulses to ChETAa-expressing NAc D2-MSNs for 4 days before SSDS
(Figure 4). Mice then underwent three 5-minute social defeat episodes with 15-minute time
periods during which D2-MSN's received blue light pulses in their home cages. We found
that this priming stimulation paired with stimulation of D2-MSNs between SSDS sessions
could induce susceptibility in SI with no change in sucrose preference (Figure 4B). This
stimulation paradigm had no effect on time spent in the interaction zone without the novel
social target present or on locomotor behavior (Figure 4B; Figure S4B in Supplement 1).

Pharmacogenetic Inhibition of D1-MSNs Shifts Resilient Mice to a Susceptible Phenotype

To determine if inhibiting NAc neurons could alter depression-like outcomes to CSDS, we
first examined acute optogenetic inhibition of NAc during SI. C57BL/6J CSDS mice were
injected in the NAc with AAV-hsyn-eNpHR3.0. No effects were observed from acute
inhibition of the NAc in both susceptible and resilient animals (Figure S5 in Supplement 1).
Next, we took a pharmacogenetic approach to repeatedly silence MSN subtypes using the
hM4(Gi) inhibitory DREADD (37,39,47,48). D1-Cre or D2-Cre mice received stereotaxic
infusion of the DIO-AAV-hM4(Gi)-mCherry to NAc. We observed hM4(Gi)-mCherry
expression in NAc cell bodies and respective D1-MSN and D2-MSN terminals (Figure 5A)
and we reliably inhibited neuronal firing with the hM4(Gi) ligand, CNO (1 umol/L; Figure
5B). Following CSDS, CNO (5 mg/kg) or saline was administered (intraperitoneal
injections) (48) for 5 days to CSDS D1-Cre and D2-Cre mice (Figure 5C). Repeated
inhibition of D1-MSNs in resilient mice decreased Sl time and sucrose preference (Figure
5D). No effect was observed with CNO administration to resilient D2-Cre mice (Figure 5E)
or susceptible mice of both genotypes (Figure S5B,C in Supplement 1). CNO treatment did
not alter interaction zone times when the novel social target was not present (Figure 5D,E
and Figure S6A in Supplement 1), nor did it have effects on locomotion (Figure S5B in
Supplement 1). NeuN and cell death markers were unaltered after this 5-day inhibition
paradigm (Figure S6C in Supplement 1).
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DISCUSSION

Our study validates distinct roles for NAc MSN subtypes in mediating behavioral outcomes
to social defeat stress. We demonstrate that repeated optogenetic enhancement of D1-MSN
firing restores normal social interaction and sucrose preference, whereas pharmacogenetic-
mediated inhibition of these neurons produces social avoidance and anhedonia. Furthermore,
repeated stimulation of D2-MSNSs produces social avoidance following a SSDS paradigm
without changing sucrose preference. These results agree with findings demonstrating
repeated restraint stress selectively produces anhedonia through attenuation of the strength
of NAc D1-MSNs excitatory synapses (5). We observed a reduction in excitatory signaling
to D1-MSNs following CSDS, which further supports this point. In contrast, recent studies
demonstrate enhancement of excitatory signaling and spine growth in MSNs of susceptible
mice (4,52). Our findings suggest these observed plasticity changes are weighted toward D2-
MSNSs, since we identified enhanced excitatory input to these MSNs in susceptible mice.

It is unclear which excitatory afferents regulate the bidirectional change in excitatory
synaptic input onto MSN subtypes in susceptible conditions. The medial prefrontal cortex
(mPFC) is a likely candidate because previous studies demonstrate optogenetic manipulation
of mPFC or mPFC-NACc terminals promotes resilient responses after CSDS (10,11,53,54).
Other brain regions, including the ventral hippocampus (vVHipp), are potentially responsible
for these cell-type specific excitatory input adaptations through differences in dendritic
subcellular connectivity (55). Similar enhancement in reward and reinforcement outcomes of
driving vHipp input (8) and D1-MSNs (36) may suggest a role for vHipp afferent signaling
to D1-MSNSs in stress behaviors. Furthermore, chronic activation of vHipp, as well as mPFC,
results in distinct patterns of induction of the transcription factor AFosB in NAc MSN
subtypes, and AFosB mediates resiliency through D1-MSNSs, while AFosB is induced in D2-
MSNSs in susceptible mice (3,14). These findings are consistent with our results showing
repeatedly driving D1-MSN firing promotes positive, resilient outcomes following stress,
while driving D2-MSNs promotes susceptibility.

Surprisingly, acute activation of MSN subtypes or total NAc had no effect on behavioral
outcomes to CSDS. It is plausible that repeated stimulation or repeated inhibition, which
alters behavioral responses to CSDS or SSDS, results in long-term plasticity adaptations in
the NAc (3,4,14,52,56,57) that regulate stress outcomes. Analogously, patients with
treatment-resistant depression receiving HFS DBS display larger improvements in
depression symptoms after repeated stimulation as compared with acute stimulation
(15,17,18). These effects are similar to the resilient outcomes observed from repeated
optogenetic HFS to the total NAc or D1-MSNs. It is also unclear as to why HFS is effective,
whereas <50 Hz stimulation is not. The effectiveness of HFS DBS could be potentially
mediated by frequency band shifts in local field potential oscillations and mesolimbic
synchrony as a result of HFS (58).

The observed enhanced intrinsic excitability in susceptible D1-MSNs was surprising.
However, this alteration could reflect a homeostatic plasticity mechanism occurring in these
cell subtypes to compensate for attenuation in excitatory synaptic input. It is plausible that
neuromodulatory signaling, via increased phasic VTA dopamine neuron firing, release of
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dopamine, or brain-derived neurotrophic factors from VTA inputs, which has been
demonstrated in animals susceptible to CSDS (1,2,12,13,59), mediates this potential
homeostatic mechanism.

Our study demonstrates a dynamic role for MSN subtypes in depression-like outcomes to
social defeat stress. Intriguingly, enhancement of D1-MSN activity reverses the social
avoidance and anhedonia behaviors characteristic of susceptible mice after CSDS, while
enhancement of D2-MSN activity promotes susceptibility to SSDS. Collectively, our study
reveals opposing actions of these MSN subtypes in behavioral outcomes to social stress.
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Figure 1.
Excitatory input is altered in medium spiny neuron (MSN) subtypes after chronic social

defeat stress. (A) Susceptible mice, used to examine alterations in excitatory input, spend
significantly less time interacting with a novel mouse, while resilient mice used in these
measures interact the same as control (no defeat) animals (one-way analysis of variance
[ANOVA] £ 19 = 12.00, p< .01, n=6-8 per group). No differences were observed when a
social target was not present (one-way ANOVA £, 19 = .80, p>.05). (B-C) Excitatory
synaptic input measures in dopamine receptor D1-MSNSs and dopamine receptor D2-MSNs
in susceptible and resilient mice after chronic social defeat stress. (B) Susceptible mice
displayed decreased miniature excitatory postsynaptic current (mMEPSC) frequency in D1-
MSNs (one-way ANOVA £, 33 = 3.49, p< .05, n=9-13 cells per group) with no change in
mEPSC amplitude (one-way ANOVA £, 33 = .29, p>.05). (C) D2-MSNs from susceptible
animals displayed increased mEPSC frequency in D2-MSNs (one-way ANOVA £, 53 =
23.87, p<.0001, n=7-9 cells per group) but not in mMEPSC amplitude (one-way ANOVA
F, 23 = .23, p>.05). Groups were compared to No Defeat group: *p < .05, **p < .01, ***p
< .001. Error bars represent standard error measure (SEM). n.s., nonsignificant.
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Figure 2.
Intrinsic excitability is altered in dopamine receptor D1-medium spiny neurons (MSNs) after

chronic social defeat stress (CSDS). (A) Susceptible mice, used to examine intrinsic
excitability, spend significantly less time in the interaction zone, while resilient mice interact
the same as control animals (one-way analysis of variance [ANOVA] £, 51 = 16.50, p<.
0001, n=6-10 animals per group). No target conditions were similar across groups (one-
way ANOVA £, 51 = .54, p>.05). (B-C) Intrinsic excitability measures of D1-MSNs and
D2-MSNs from susceptible and resilient mice after CSDS. (B) Susceptible mice display
increased rheobase, the amount of current needed to elicit an action potential (one-way
ANOVA £, 30 =10.71, p<.001, n=8-13 cells per group) and current-evoked spikes in D1-
MSNs (two-way ANOVA with a main effect of CSDS phenotype £, 119 = 8.15, p<.001, n7=
5-8 cells per group). (C) In D2-MSNSs, no changes were observed in rheobase (one-way
ANOVA £, 57 =.08, p> .05, n=8-12 cells per group) or current-evoked spiking (two-way
ANOVA no effect of CSDS phenotype /115 = 1.23, p> .05, 7= 6-11 cells per group).
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Groups were compared to No Defeat group: *p < .05, **p< .01, ***p < .001. Error bars
represent SEM.
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Figure 3.

Rgpeated activation of dopamine receptor D1-medium spiny neurons (MSNSs) but not
dopamine receptor D2-MSNs following chronic social defeat stress (CSDS) promotes
resilience. (A) Sagittal brain images in D1-Cre and D2-Cre animals demonstrating ChETAA
expression in appropriate terminals of each MSN subtype. ChETAa expressing D1-MSNs
project to ventral pallidum (\VP), globus pallidus internal (GPi), ventral tegmental area
(VTA), and substantia nigra (SN) and D2-MSNs project to VP (scale bar 200 um). (B) 50-
Hz blue light stimulation of ChETA elicits 13 Hz to 14 Hz firing frequencies in a
representative MSN. (C) Experimental timeline of CSDS, repeated optogenetic activation,
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and behavioral assays in D1-Cre and D2-Cre mice. (D) Repeated 50-Hz blue light pulses to
the nucleus accumbens (NAc) of susceptible D1-Cre mice expressing ChETAA produces an
increase in time spent interacting with a novel CD1 target (two-way repeated measures
analysis of variance [ANOVA] significant interaction /3 59 = 6.26, p < .01, with a main
effect of stimulation /3 29 = 7.88, p< .01, 7= 4-8 animals per group) but does not alter
interaction time without the social target (two-way repeated measures ANOVA
nonsignificant (n.s.) interaction /3 59 = 1.52, p> .05). Repeated 50-Hz blue light pulses to
D1-MSNs also enhanced sucrose preference in susceptible and no defeat control animals
(two-way ANOVA main effect of stimulation £ 54 = 13.96, p=.001 and CSDS £ 54 =
18.81, p<.001). (E) Repeated 50-Hz blue light pulses to the NAc of susceptible D2-Cre
animals does not alter time spent interacting with the target or no target (two-way repeated
measures ANOVA nonsignificant interaction: target /3 19 = .21, p> .05; no target: /3 19 =
2.28, p>.05) and mice remained anhedonic as measured by sucrose preference (two-way
ANOVA nonsignificant interaction £ 19 = .00003, p> .05; 77= 4-8 per group). Groups were
compared with no defeat enhanced yellow fluorescent protein (EYFP) group using a
Bonferroni post hoc test: *p < .05, **p< .01, ***p < .001. Error bars represent SEM. AAV,
adeno-associated virus; S, social interaction.
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Figure 4.

Repeated activation of dopamine receptor D2-medium spiny neurons (MSNSs) in stress naive
mice induces susceptibility to subthreshold social defeat stress (SSDS). (A) Experimental
timeline of D2-Cre optogenetic stimulation and SSDS. (B) D2-Cre mice receiving repeated
priming 50-Hz blue light pulses to nucleus accumbens (NAc) before SSDS and during SSDS
displayed reduced social interaction (SI) (one-way analysis of variance [ANOVA] £, 28 =
3.75, p< .05, n=6-8 animals per group) with no alteration in no target interaction (one-way
ANOVA £, g = .26, p> .05). Sucrose preference was unaltered in these conditions (one-
way ANOVA £, 13 = .10, p>.05). Groups were compared with no defeat enhanced yellow
fluorescent protein (EYFP) group using a Bonferroni post hoc test: *p < .05. Error bars

represent SEM. AAV, adeno-associated virus.
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Repeated pharmacogenetic inhibition of dopamine receptor D1-medium spiny neurons
(MSNs) but not dopamine receptor D2-MSNs induces a prodepressive phenotype. (A)
Experimental timeline of chronic social defeat stress (CSDS) and repeated pharmacogenetic
inhibition of D1-Cre and D2-Cre mice. (B) Sagittal confocal images of hM4(Gi)-mCherry
expression D1-MSNs and D2-MSNs in the nucleus accumbens (NAc). hM4(Gi) expressing
D1-MSNs project to ventral pallidum (\VP), globus pallidus internal (GPi), ventral tegmental
area (VTA), and substantia nigra (SN) and D2-MSNs project to VP (scale bar 200 um). (C)
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Representative traces from a current clamp slice recording of an MSN expressing the
hM4(Gi) receptor. A decrease in spiking and input resistance was observed 1 hour following
clozapine-N-oxide (CNO) wash on. (D) In resilient D1-Cre mice, repeated CNO injections
reduced social interaction (SI) time (two-way repeated measures analysis of variance
[ANOVA] significant interaction /3 51 = 5.40, p < .01 with a main effect of treatment /3 51 =
6.354, p<.01; n=4-8 animals per group) and decreased sucrose preference (two-way
ANOVA significant interaction £ 1 = 11.19, p < .01 with a main effect of treatment £ 51 =
11.65, p < .01) without altering interaction zone times without the target present (two-way
repeated measures ANOVA nonsignificant interaction /3 21 = 1.13, p>.05). (E) No effects
were observed in time spent in the interaction zone with the target or no target (two-way
repeated measures ANOVA nonsignificant interaction: target /3 15 = .26, p>.05; no target
F315 = 1.28, p>.05) or in sucrose preference (two-way ANOVA nonsignificant interaction
F1 15 = .52, p>.05) in resilient D2-Cre mice. Groups were compared with no defeat saline
group using a Bonferroni post hoc test: *p < .05, ***p < .001. Error bars represent SEM.
AAV, adeno-associated virus.
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