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Abstract

Depression alters the structure and function of brain reward circuitry. Preclinical evidence suggests
that medium spiny neurons (MSNSs) in the nucleus accumbens (NAc) undergo structural plasticity,
however the molecular mechanism and behavioral significance is poorly understood. Here we
report that atrophy of D1, but not D2 receptor containing MSNs is strongly associated with social
avoidance in mice subject to social defeat stress. D1-MSN atrophy is caused by cell-type specific
upregulation of the GTPase RhoA and its effector Rho-kinase. Pharmacologic and genetic
reduction of activated RhoA prevents depressive outcomes to stress by preventing loss of D1-MSN
dendritic arbor. Pharmacologic and genetic promotion of activated RhoA enhances depressive
outcomes by reducing D1-MSN dendritic arbor and is sufficient to promote depressive-like
behaviors in the absence of stress. Chronic treatment with Rho-kinase inhibitor Y-27632 after
chronic social defeat stress reverses depression-like behaviors by restoring D1-MSN dendritic
complexity. Taken together, our data indicate functional roles for RhoA and Rho-kinase in
mediating depression-like behaviors via dendritic remodeling of NAc D1-MSNs and may prove a
useful target for new depression therapeutics.

Introduction

Over 300 million people suffer from depression, exacting a global annual economic cost of
$1 trillion. Up to 40% of patient outcomes are not improved after classical antidepressants,
which rely on elevating brain monoamine concentrations, take weeks to achieve efficacy,
and their initial administration can increase anxietyl=3. There is desperate need for new
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antidepressants, but rational treatment development requires a detailed understanding of the
neural mechanisms that cause depression. Human imaging and postmortem tissue studies
have identified abnormalities in many brain regions of depressed individuals, including the
nucleus accumbens (NAc) 47, a key locus in brain reward circuitry. A mounting body of
preclinical and clinical evidence implicates maladaptive NAc signaling in the symptomology
of depression®-31, however the molecular underpinnings of altered NAc function in
depression are poorly understood.

The primary projection neurons of the NAc are medium spiny neurons, which are divided
into two subtypes based on the expression of dopamine D1 or D2 receptors (D1-MSNs and
D2-MSNs, respectively) 32, There is little anatomic overlap between MSN subtypes or their
projection targets33. NAc D1-MSNs send projections to the ventral tegmental area (VTA),
the substantia nigra (SN), and the ventral pallidum (VP), while D2-MSNs project
exclusively to the VP33:34_ Under normal conditions, the activity of D1- and D2-MSNs
generate balanced behavioral output3®:36, However, biased activity of one subtype over
another is hypothesized to lead to neuropsychiatric disease3”. Work using chronic stress
models of depression has revealed opposing adaptations in MSN subtypes, where excitatory
input is weakened onto D1-MSNs and strengthened onto D2-MSNs of anhedonic micel0:27,
Neuronal morphology is an important determinant of synaptic strength, and chronic stress
induces structural plasticity in many neuronal structures38-41 including the NAc23:25:42-45,
Structural adaptations in MSN subtypes may underlie the differential changes in their
activity and thus warrant further investigation.

Loss of dendritic complexity is associated with neuropsychiatric disease?®, and neuronal
atrophy is linked to depression in both rodent models and human patients#3:4748, Recent
work from our laboratory indicates D1-MSNs from stressed mice have reduced dendritic
complexity?3, however the molecular mechanism behind dendritic remodeling of MSN
subtypes is unknown. Further, it is unclear how dendritic arborization of specific neuron
subtypes contributes to depression-like behavior. Organization of the actin cytoskeleton and
neuronal morphology are modulated by small Rho family GTPases. Notably, the GTPase
RhoA and its effector Rho-kinase (ROCK) play a central role in dendritic
destabilization?®-54. Thus, we hypothesized that RhoA would be upregulated in stressed
mice and thereby contribute to the loss of dendritic arbor. Here we use neuron subtype
specific translational profiling and viral-mediated molecular manipulations to show RhoA
alters dendritic morphology of MSNs after chronic stress. Further, we show activated RhoA
is sufficient to drive depression-like behavior in the absence of stress, and that RhoA/Rho-
kinase can be targeted to rescue depressive outcomes after stress.

Materials and Methods

Experimental Subjects

All experiments were performed in accordance with the Institutional Animal Care and Use
Committee guidelines at the University of Maryland School of Medicine (UMSOM). Mice
were given food and water ad /ibitum and housed in UMSOM animal facilities on a 12:12 h
light:dark cycle. Male hemizygous D1-Cre (Line FK150) and A2A-Cre (Line KG139) were
used for morphology experiments. Homozygous RiboTag®® mice expressing Cre-inducible
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HA-Rpl22 were crossed to D1-Cre or A2A-Cre mouse lines to generate male D1-
CreXRiboTag or A2A-CreXRiboTag mice and used for subtype-specific gene expression.
Male and female D1-Cre mice were used for RhoA virus experiments. All mice were bred
on C57BL6/J background. Male CD-1 retired breeders (Charles River, >4 months) were
used as aggressors for CSDS. Male C57BL6/J mice were used for intracranial
pharmacology, systemic pharmacology, and ROCK activity measurements. Mice were 8-10
weeks of age during experiments, and randomly assigned to groups unless noted.

Stereotaxic surgery

Mice were anesthetized with isoflurane (4% induction, 1.5% maintenance) and affixed in a
stereotaxic frame (Kopf Instruments). For intracranial pharmacology, the scalp was removed
and holes were drilled to implant an infusion cannula (Plastics One, Roanoke, VA)
bilaterally over the NAc (from Bregma, AP: +1.6 mm, ML: + 1.5 mm: DV: -4.0 mm)®%. A
dental cement skull-cap was secured with a jeweler’s screw. For virus infusions, an incision
was made in the scalp, and holes were drilled to target the NAc (AP+1.6mm, ML: = 1.5 mm,
DV: —-4.4 mm,10°)23. Cre-inducible, double inverted open (DIO) reading frame adeno-
associated viruses (AAV) were infused with Neuro Syringes (Hamilton), and the scalp
closed with Vet Bond (3M).

Social defeat stress

Social defeat stress was performed as previously1523.27 according to well-documented
procedures.®’ Briefly, mice were placed in hamster cages with perforated plexiglass dividers
containing a novel, aggressive CD1-resident. For chronic social defeat stress (CSDS), mice
were physically defeated by a new resident for 10 min, then housed opposite the resident for
24 hr sensory interaction for 10 consecutive days. For subthreshold social defeat stress
(SSDS), mice were defeated for 3 min by 3 different residents on a single day, each session
separated by 15 min of sensory interaction. 24 hr after the last defeat, social avoidance was
assessed with videotracking software (CleverSys, Reston, VA, USA). Experimental mice
were placed in an open field containing a perforated box. Time spent around the box
(“interaction zone™) was compared between two trials (2.5 min each) during which the box
was empty or contained a novel CD-1. Social interaction ratios were calculated by dividing
time spent in the interaction zone with and without the novel mouse present.

Immunostatining

Mice were transcardially perfused with 0.1M PBS and 4% paraformaldehyde. Brains were
removed, post-fixed for 24 hr, and 100 um sections were collected in PBS with a vibratome
(Leica, Germany). Slices were washed 3 x 5 min with PBS and blocked in 3% normal
donkey serum (NDS) and 0.3% Triton X-100 in PBS for 30 min. Slices were incubated in
chicken anti-GFP (1:500; Aves Lab, Tigard, OR, USA; #GFP-1020) at 4°C overnight. Slices
were washed 3 x 5 min, then 7 x 60 min, then incubated in Anti-Chicken Alexa 488 (1:500;
Jackson Immuno, West Grove, PA, USA; #111-545-144) at 4°C overnight. Slices were
washed with PBS as above, then mounted with Vectashield mounting media, and imaged on
a laser-scanning confocal microscope (Olympus FV/500)%8. For virus validation, 40um
sections were blocked as above, then incubated in chicken anti-GFP (1:4000) and rabbit
anti-RhoA (1:500; New East Biosciences, King of Prussia, PA, USA; #21009) overnight at
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room temperature. Slices were washed 3 x 10 min in PBS, then incubated for 2 hr in anti-
chicken-Cy3 (1:1000, Jackson Immuno; #703-165-155) and anti-rabbit-Cy5 (1:1,000;
Jackson Immuno; #711-175-152). Slices were washed in PBS, mounted with Vectashield
containing DAPI, and imaged on a confocal microscope.

MSN reconstruction and dendrite analysis

D1-Cre or A2A- Cre mice were injected with AAV5-Efla-DIO-eYFP (UNC Vector Core,
Chapel Hill, NC, USA, diluted to 1.5x1011 VVP/mL). Sections containing NAc were sampled
from bregma AP:1.5-1.0 mm and Z-stack images were acquired at 0.6 pm increments using
a 40x objective. MSNs were 3D reconstructed using Imaris 8.3 software (Bitplane, Oxford
Instruments) as described previously®®. Surfaces were masked to generate a 2D image of a
single MSN for sholl analysis. Concentric ring intersections were determined using the
ImageJ sholl analysis plugin®8 at 10 pm increments from soma.

RNA isolation

Polyribosomes were immunoprecipitated from NAc of D1-Cre-RiboTag and A2A-Cre-
RiboTag mice as described previously®°. Briefly, four 14-gauge NAC tissue punches per
mouse (4 mice pooled/sample) were collected 24 hr after social interaction. Tissue punches
were homogenized by douncing in 1 mL homogenization buffer, and the supernatant was
incubated with 5 pl anti-HA antibody (Covance, Princeton, NJ, USA: #MMS-101 R) at 4°C
overnight with constant rotation. Samples were then incubated with 400 uL of protein G
magnetic beads (Life Technologies, Carlsbad, CA, USA #100.09D) overnight at 4°C with
constant rotation. Beads were washed in a magnetic rack with high-salt buffer. RNA was
extracted with a DNase step (Qiagen, Germantown, MD, USA) using the MicroElute Total
RNA Kit (Omega, Norcross, GA, USA) by adding TRK lysis buffer, and following the
manufacturer’s instructions. RNA was quantified with a NanoDrop (Thermo Scientific), and
300-400 ng of cDNA was synthesized with iScript cDNA synthesis kit (Bio-Rad, Hercules,
CA, USA). cDNA expression changes were measured using qRT-PCR with Perfecta SYBR
Green FastMix (Quanta, Beverly, MA, USA) using the —AACT method described
previously®® compared to GAPDH. Primer sequences can be found in Supplementary Table
1.

ROCK Activity

Two 14-gauge NAc tissue punches were collected in 0.1M PBS containing protease
inhibitors (Roche, Mannheim, Germany). Punches were homogenized on ice in 30 uL of
lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1% Triton-X100) supplemented
with protease (Sigma P8340) and phosphatase inhibitors (Sigma P5726 and P0044) using an
ultrasonic processor (Cole Parmer, Vernon Hills, IL, USA). Samples were centrifuged
(4°C,13000 RPM, 10 min), and protein concentrations were normalized with
homogenization buffer. ROCK activity was determined using an ELISA (EMD Millipore,
Burlington, MA, USA, #CSA001) according to the manufacturer’s instructions.
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Activated RhoA

Activated RhoA was determined with a RhoA activation G-LISA (Cytoskeleton # BK124,
Denver, CO, USA) using materials provided in the kit. Three 14-gauge NAc tissue punches
were homogenized with a Pellet Pestle (Thermo Fisher) in 100 pl lysis buffer. Homogenates
were centrifuged (4°C, 13000 RPM, 1 min), and supernatants snap-frozen at —80°C for later
processing. Lysates were thawed on ice, and protein concentrations were equalized with ice
cold lysis buffer before following manufacturer’s instructions.

Intracranial Pharmacology

Cell-permeable C3-transferase (#CT04) and Rho Activator Il (#CNO3) were obtained from
Cytoskeleton, suspended in sterile water (100 ug/mL), and diluted to 10 ug/mL in 0.9%
saline. Drugs were delivered 500 nL/side over 10 min, 4 hours prior to the stress episode.

Cell-type specific RhoA manipulation

Plasmids encoding AAV2.2-Efla-DIO-RhoAT19N-eYFP and AAV2.2-Efla-DIO-RhoA-
eYFP were constructed from pcDNA3-RhoAT19N and pcDNA3RhoA plasmids®! (Addgene
#12967, #12965), PCR amplified, and ligated into an Efl1a-DIO-eYFP vector. Vector
sequences were confirmed by digestion and sequencing, and packaged as described
previously®®. At 5-6 weeks of age, D1-Cre mice underwent stereotaxic surgery for intra-
NAc infusion of RhoA vectors, given 3 weeks for recovery and expression, and housed in
groups of 4-5 before behavioral testing or stress.

Behavioral Testing

Mice were subject to a battery of 5 behavioral tests over 5 days. For Splash, mice were
habituated to an empty cylinder, then their dorsal coat surface sprayed 3 times with 10%
sucrose. Time spent grooming was recorded over 5 min and scored by a blinded
experimenter®2. For elevated plus maze, mice were placed in the center of the maze and their
activity in open and closed arms was recorded over 5 min with video tracking software. For
open field, mice were placed in the center of the open field, and time spent in the center and
total distance moved were recorded over 15 min with video tracking software. For sucrose
preference, mice were housed individually after open field and given two 50 mL conical
tubes with sipper tops containing water or 1% sucrose?’. Tube position was rotated daily to
account for side preference, and preference for sucrose over water was determined over 2
consecutive days by weighing the tubes and comparing water vs sucrose consumption. For
forced-swim, mice were placed in a cylinder of room temperature water, and time immobile
was recorded over 6 min and scored by a blinded experimenter.

Systemic Rho-kinase inhibition

After CSDS, mice were assigned a treatment group (vehicle or Y-27632) based on individual
social interaction ratio such that each group contained a similar distribution of social
interaction ratios. Mice were pair-housed across a perforated divider with a similar scoring
mouse for the duration of treatment (Day 12—18), and individually housed prior to the
second social interaction test (end of day 18). Y-27632 (5 mg/kg) (Tocris, Ellisville, MO,
USA) or vehicle (saline) were administered s.c. (4 mL/kg) once daily for 7d.
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Mice with off-target injection sites were excluded from analysis. Data are presented as mean
+sem with individual data points overlaid. All statistical tests were performed in Graph Pad
Prism 6.0. A detailed table of all statistical analysis is in Supplementary Table 2. Sample
sizes were determined with GraphPad Statmate 2.0, using standard deviations from previous
experiments and significance level (a)=0.05.

Stress causes dendritic atrophy and RhoA GTPase upregulation selectively in NAc D1-

MSNs

Previous work indicates stress-susceptible mice have reduced D1-MSN dendritic
complexity. To determine if dendritic atrophy is exclusive to D1-MSNs, we used a low-titer
Cre-dependent AAV-eYFP in D1- and A2A-Cre mice (the latter display expression of Cre in
D2-MSNs but not cholinergic interneurons unlike the D2-Cre line®3) to sparsely label D1 or
D2 MSNSs in mice subjected to chronic social defeat stress (CSDS; Figure 1a, b, behavior in
Supplementary Figure 1a, ¢). In agreement with our previous study?3, we found D1-MSNs
from CSDS mice had reduced dendritic complexity (Sholl intersections, £<0.0001; number
of branch points £=0.0003, Figure 1c—¢), and total dendritic length (~£=0.0006; Figure 1e),
but unaltered soma volume (Supplementary Figure 1a). D2-MSN complexity, dendritic
length, and soma volume were unaltered in stressed mice (~>0.05, Figure 1f-h,
Supplementary Figure 1c). Neither D1- nor D2-MSNs from the dorsal striatum had reduced
dendritic complexity, suggesting stress-induced atrophy is specific D1-MSNs in the NAc
(Supplementary Figure 2). To strengthen the link between dendritic complexity of NAc
MSNs and depression-like behavior, we compared the area under the sholl profile and social
interaction behavior for individual mice. We found a linear relationship between sholl profile
and social interaction for D1- (P= 0.0168; Figure 1c) but not D2-MSNs (P= 0.2858, Figure
1f). To examine possible molecular mechanisms of D1-MSN selective atrophy, we used
neuron subtype-specific translational profiling to screen for altered small GTPase expression
(Figure 1i). We found RhoA and its downstream effector, Rho-kinase (ROCK) were
upregulated exclusively in D1 MSNs of CSDS mice, while other GTPases were unchanged
(Rhoa D1: P=0.0008, Rock2D1: P=0.0031, Figure 1j, behavior in Supplementary Figure 1b,
d, other GTPases Supplementary Figure 3). Rho Guanine Nucleotide Exchange Factor 1 was
also upregulated exclusively in D1-MSNs of stressed mice (Arhgefl D1: P= 0.0067, Figure
1j), and Rhotekin, an inhibitor of GTPase activity, was downregulated in D1-MSNs (Rtkn
D1: P=0.0150, Figure 1j). ROCK activity was also increased in total NAc of CSDS mice (/<
0.0001, Figure 1k, behavior in Supplemental Figure 1e). RhoA upregulation was specific to
NAc MSNs, since analysis of whole dorsal striatum tissue revealed RhoA was unchanged
and ROCK?2 was downregulated in CSDS mice (Supplementary Figure 1f).

NAc RhoA controls susceptibility to social defeat stress

RhoA plays a key role in dendritic destabilization, and its upregulation in NAc D1-MSNs
likely contributes to the dendritic atrophy associated with social avoidance. Thus, we next
asked if inhibiting NAc RhoA could prevent depression-like behavior after stress. We

implanted mice with cannulas targeting the NAc and inhibited RhoA during CSDS with a
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cell-permeable C3-transferase (C3T, Figure 2a). Mice treated with C3T had higher social
interaction ratios than those treated with vehicle (P=0.0170; Figure 2b—c) that were not due
to locomotor effects (~>0.05, Figure 2¢). RhoA inhibition did not alter social interaction of
control mice (~>0.05, Figure 2c), and reduced GTP-bound, activated RhoA in CSDS mice
(P=0.0010, Figure 2d). Since RhoA inhibition prevented the social avoidance outcome to
stress, we next asked if increasing activated RhoA would promote susceptibility to a
subthreshold stress. Mice were given intra-NAc Rho activating compound CN03 and
subjected to a 1-day subthreshold social defeat stress (SSDS, Figure 2e). SSDS does not
normally result in depression-like behavior, however mice treated with CNO3 had reduced
social interaction ratios as compared with vehicle (P=0.0082, Figure 2f-g), that were not due
to locomotor effects (~>0.05, Figure 2g). CNO3 treatment increased GTP-bound, activated
RhoA (Control, P=0.0364; SSDS, P=0.0101, Figure 2h), however only stressed mice
showed reduced social interaction behavior.

RhoA acts in D1-MSNs to reduce dendritic complexity and social interaction after stress

Since modulating RhoA in the NAc influenced susceptibility to social defeat stress, we next
asked if RhoA specifically in D1-MSNs was sufficient to generate depressive outcomes to
stress. We developed Cre-inducible adeno-associated viruses (AAVS) to over-express RhoA
(WT-RhoA), or a dominant negative (RhoAT19N; DN-RhoA) mutant®? (Figure 3a). We
validated our constructs using immunofluorescence (example in Figure 3b) and by
measuring GTP bound, activated RhoA in NAc tissue lysates from mice expressing the
vectors. Expression of the dominant negative mutant decreased activated, GTP-bound RhoA
by 39%, whereas overexpression of wildtype RhoA increased activated RhoA by 213%
compared to eYFP (eYFP vs DN-RhoA: P=0.0016; eYFP vs WT-RhoA P=0.0105; Figure
3c). We next expressed DN-RhoA in D1-MSNs to block activated RhoA during CSDS
(Figure 3d). CSDS mice expressing DN-RhoA had higher social interaction ratios compared
to eYFP CSDS mice, suggesting DN-RhoA prevented the induction of stress susceptibility
(P=10.0042 Figure 3e), and to a similar extent as pharmacological RhoA inhibition in the
NAc. When we examined the morphology of D1-MSNs expressing DN-RhoA, we found
greater dendritic complexity (Sholl intersections, £< 0.0001, Figure 3f, h) that correlated
with social interaction behavior (P=0.0238, Figure 3g). DN-RhoA D1-MSNs on average had
greater total dendritic length and number of branch points, although this did not reach
statistical significance (Length, P=0.1445, Branch points A=0.1783, Figure 3i). To determine
if increasing activated RhoA specifically in D1-MSNs could enhance susceptibility to
subthreshold stress, we expressed WT-RhoA prior to SSDS (Figure 3j). WT-RhoA decreased
social interaction ratio compared to eYFP (P=0.0021, Figure 3K) in a similar manner to total
NAc RhoA activation. When we examined the morphology of D1-MSNs, WT-RhoA caused
a marked decrease in dendritic complexity (Sholl intersections, £A=0.0021, Figure 3l, n) that
correlated with social interaction (Figure 3m) and reduced total dendritic length (£=0.0116,
Figure 30). Soma volumes were not different between any MSNs (Supplementary Figure 4).
Given that pharmacologic activation of RhoA enhanced susceptibility to subthreshold stress,
we also expressed WT-RhoA in D2-MSNs prior to SSDS (Supplementary Figure 5). Driving
RhoA activity in D2-MSNs did not decrease social interaction compared to eYFP (~>0.05,
Supplementary Figure 5), suggesting that the pro-susceptibility effects of RhoA are specific
to D1-MSNs.
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RhoA in D1-MSNs alters dendritic complexity and enhances depression-like behavior in
stress naive mice

Since activated RhoA in D1-MSNs drove depressive outcomes after stress, we next asked if
RhoA could influence dendritic complexity and depression-like behaviors in the absence of
stress. We injected male and female D1-Cre mice with our RhoA constructs and assessed
baseline depression- and anxiety-like behavior (Figure 4a). WT-RhoA reduced dendritic
complexity in stress-naive mice (£ < 0.0001, Figure 4b—c), decreased total dendritic length
(eYFP vs. WT-RhoA, P=0.0003; DN-RhoA vs. WT-RhoA, P=0.0261) and decreased
number of branch points (eYFP vs. WT-RhoA, P=0.0475; DN-RhoA vs. WT-RhoA,
P=0.0103) without altering soma volume (~>0.05, Figure 4d). WT-RhoA in D1-MSNs was
sufficient to increase depression-like behavior without stress: female mice spent less time
grooming in the splash test (P=0.0084), male mice had decreased sucrose preference
(P=0.0254), and both sexes spent more time immobile in the forced swim test (Male,
P=0.0294; Female, P=0.0035, Figure 4¢). D1-MSN RhoA manipulation had no effect on
anxiety-like behavior in the elevated plus maze or open field, nor did it alter locomotion in
either sex (P>0.05, Figure 4f).

Inhibition of downstream effector Rho-kinase reverses depressive outcomes to stress and
dendritic atrophy

We next sought to reverse depressive outcomes to stress by targeting the primary effector of
RhoA, Rho-kinase (ROCK). Mice underwent CSDS, were tested for social interaction
behavior, and were then treated systemically with the ROCK inhibitor Y27632 (5 mg/kg s.c.,
Y27, Figure 5a). Seven days of Y27 treatment increased social interaction time in CSDS
mice (~£=0.0182, Figure 5b—c) without altering behavior of control mice. Y27-treated CSDS
mice had decreased active ROCK compared to vehicle-treated (P= 0.0204, Figure 5d) and
more closely resembled control mice. Acute Y27 treatment did not alter social interaction
behavior of CSDS mice (Supplementary Figure 6), suggesting chronic treatment is necessary
for its antidepressant actions. To determine if ROCK inhibition improved social interaction
behavior by altering dendritic complexity, we labeled D1-MSNs using eYFP as before
(Figure 5e). Mice treated with Y27 after CSDS had increased D1-MSN dendritic complexity
(P<0.0001, Figure 5f—g) that correlated with social interaction behavior (P=0.0183 Figure
5h), increased dendritic length (£=0.0041) and number of branch points (£=0.0076), but no
change in soma volume (~>0.05, Figure 5i). To ensure the antidepressant effect of Y27
treatment was not restricted to social interaction, we also tested immobility time in the
forced swim test. Y27 treated mice spent less time immaobile as compared to vehicle treated
mice. (P=0.0265, Figure 5j).

Discussion

This work establishes that chronic stress selectively induces dendritic atrophy of D1-MSNs
in the NAc via increased RhoA pathway activation. First, RhoA is increased in D1-MSNs
after chronic stress and enhancing RhoA recapitulates both the behavioral and
morphological changes found in stressed mice. Second, blocking RhoA activation in D1-
MSNs attenuates dendritic atrophy and social avoidance after chronic stress. Third, activated
RhoA in D1-MSNs contributes to depression-like behavior in the absence of stress by
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altering D1-MSN morphology. Finally, inhibition of downstream target Rho-kinase reverses
depressive outcomes to stress by restoring dendritic arbor of D1-MSNs.

Volume and dendritic complexity are reduced in the brains of depressed patients and animal
models.#3:46-48 Here we established that in the NAc, dendritic atrophy is specific to D1-
MSNs and driven by RhoA. Loss of D1-MSN arbor is consistent with the loss of synaptic
drive onto D1-MSNs after stress, which is thought to generate anhedonia.1%:27 Spine density
on D1-MSNs is unchanged in stressed mice23, which is consistent with the effects of
psychosocial stress on hippocampal CA3 neurons which exhibit atrophy without altered
spine density.84 However, it is still unclear if spine changes precede the loss of dendritic
arbor in either cell population. In hippocampal neurons, spine loss can occur within hours
after stress 85, Further, spine loss induced by the stress hormone corticotropin releasing
factor (CRF) is driven by RhoA®S. It is thus plausible that in the NAc, as inputs are
decreased onto D1-MSNs, RhoA first causes spine loss on vulnerable dendrites prior to their
atrophy. To understand the precise mechanisms of dendritic remodeling in stress, future
experiments should determine which excitatory inputs are reduced onto D1-MSNs, and what
makes specific dendritic segments vulnerable to atrophy. Nevertheless, it is clear reduced
arborization of D1-MSNs via activated RhoA plays a significant role in depression and
stress-related behaviors.

NAc MSNSs undergo structural plasticity after stress, but D1- and D2-MSNs exhibit
opposing electrophysiologic adaptations?’. The cell-type specificity of stress-induced
plasticity, together with D1-MSN specific atrophy indicates there are unique molecular
mechanisms governing adaptions in D1- and D2-MSNss in stress-related behaviors. Here, we
showed D1-MSN atrophy is caused by neuron subtype specific upregulation of the RhoA
pathway. This D1-specific upregulation can likely be attributed to differences in upstream
molecular regulators of RhoA expression. One such regulator is the transcription factor
Egr3,23 which can regulate RhoA expression, and is increased in D1-, but not D2-MSNs of
stressed mice.23 Since D2-MSNs did not undergo dendritic atrophy, but have enhanced
excitatory input after chronic stress 27, it is tempting to speculate spine density is increased
on D2-MSNs. In agreement with this, IxB kinase and Racl increase spine density on MSNs
to regulate depressive outcomes to stress2>44 Since spine density is unchanged on D1-
MSNs23, we believe the spine changes described in these studies?>#4 are occurring mainly
in D2-MSNs. Future experiments should confirm that changes to dendritic spines in the NAc
can be attributed to D2-MSNSs, and identify the molecular mechanisms responsible for this
cell-type specific adaptation.

Rho-kinase inhibitors can inhibit habitual responding for cocaine,®” prevent behavioral
despair caused by restraint stress68, and are used to treat other disease states in humans®9.70
Here, we identified new antidepressant actions of the Rho-kinase inhibitor Y-27632.
Remarkably, treatment with Y-27632 restored dendritic complexity of D1-MSNs and
improved both social interaction and forced swim behaviors. Classical antidepressants can
take several weeks to achieve efficacy, whereas our treatment was effective after 7 days.
Although not rapidly acting like ketamine, Rho-kinase inhibitors do not likely have its abuse
liability. Rho-kinase inhibitors may also be useful compounds for treating other disease
states characterized by loss of dendritic arbor.

Mol Psychiatry. Author manuscript; available in PMC 2019 February 17.
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In summary, we provide strong evidence that chronic stress induces upregulation of RhoA to
drive loss of D1-MSN dendritic complexity. RhoA-dependent atrophy promotes depressive
behaviors that can be pharmacologically reversed, suggesting RhoA and ROCK inhibitors
may prove useful as novel antidepressant compounds.
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Figure 1. Stress reduces dendritic complexity of NAc D1 MSNs
(a) Experimental timeline. D1 or A2A-Cre mice were injected with AAV-eYFP to label D1-

or D2-MSNs prior to chronic social defeat stress (CSDS). (b) Representative image of
sparsely labeled MSNs in the NAc, a single MSN after 3D reconstruction, and concentric
rings for sholl analysis. (c) Sholl analysis of D1-MSNs from control and CSDS mice
(P<0.0001; n= 11 cells/group from 12 mice), and area under sholl profile vs social
interaction ratio for individual mice. (d) Representative D1-MSNs, (e) total dendritic length,
and number of branch points from CSDS and control mice (Length, A<0.01, Branch Points,
F£<0.001). (f) Sholl analysis of D2-MSNs and area under sholl profile vs social interaction.
(9) Representative D2-MSNs, (h) total dendritic length and number of branch points from
CSDS and control mice (11 cells/group from 11 mice). (i). Experimental timeline and
schematic of RiboTag method for isolation of ribosome-associated MRNA from MSN
subtypes. Cre-dependent HA-tags (red) are expressed on ribosomes in MSN subtypes. RNA
was purified following ribosome immunoprecipitation with anti-HA coated magnetic beads.
(I) Rhoa pathway genes are altered in D1-MSNs of CSDS mice (D1: Rhoa P=0.0008, Rock2
P=0.0031, Arghefl P=0.0067, Rtkn P=0.0150, 4-6 samples/group, 4 mice pooled/sample).
(K) Rho-kinase (ROCK) activity as a percent of control in total NAc lysates from control and
CSDS mice (P<0.0001, n=6-15/group).
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Figure 2. RhoA in the NAc controls depressive outcomes to stress
(a) Experimental timeline and schematic of cannula placement in the NAc. Mice were

treated with intra-NAc vehicle or 10 ug/mL Rho Inhibitor C3T (500 nL/side) 4 hr prior to
day 5 and 10 of CSDS. (b) Heat maps showing mouse movement within the social
interaction arena during the presence of a novel mouse. Warm colors indicate more time is
spent in an area and cool colors indicate less time. (c) Effect of NAc Rho inhibition on social
avoidance (P=0.0170, 7=4-8/group) and locomotion (P>0.05), and (d) activated RhoA after
CSDS (P=0.0010) (e) Experimental timeline and schematic of cannula placement. Mice
were treated with intra-NAc vehicle or 10 ug/mL Rho activating compound CNO3 4 hours
prior to SSDS. (f) Heat maps showing mouse movement within social interaction arena
during the presence of a novel mouse. (g) Effect of Rho activation on social interaction
(P=0.0082, r=6/group) and locomotion (P>0.05), and (h) activated RhoA (Control P=
0.0364, SSDS P=0.0101)
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Figure 3. RhoA in D1-MSNs alters dendritic complexity and depressive outcomes to stress
(a) Schematics of the double-floxed, inverted, open reading frame Cre-dependent AAV

vectors for overexpression of dominant negative (RhoA-T19N; DN) or wildtype (WT)
RhoA. (b) Virus injection site in the NAc showing native eYFP fluorescence (green) and
DAPI (blue), and immunolabeling for eYFP (green) and RhoA (red). (c) Activated RhoA as
percent of eYFP (vs DN, £=0.0016, vs WT P=0.0112, n~=5/group) (d). Experimental
timeline for RhoA inhibition during CSDS. Male D1-Cre mice were bilaterally injected with
DN-RhoA or eYFP vectors prior to CSDS. (e) Heat maps showing mouse movement in the
social interaction arena with novel mouse present. Effect of DN-RhoA on social avoidance
in CSDS (P=0.0042, n/=9-10/group) and control mice. (f) Sholl analysis of D1-MSNs
(P<0.05, n=11 cells/group from 11 total mice), (g) area under sholl profile vs social
interaction ratio in individual mice (slope, P=0.0238), (h) representative D1-MSNs and (i)
total dendritic length (P=0.1445) and number of branch points (£=0.1783) from CSDS mice
expressing eYFP and DN-RhoA. (j) Experimental timeline for RhoA Activation during
SSDS. Male D1-cre mice were injected with WT-RhoA or eYFP vectors. (k) Heatmaps and
social interaction behavior in SSDS mice expressing eYFP or WT-RhoA (P=0.0021, n=11/
group) (1) Sholl analysis (P<0.05, /=12 cells/group from 13 total mice), (m) area under sholl
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profile vs social interaction for individual mice (slope, A< 0.0001) (n) representative D1-
MSNSs and (o) total dendritic length (P=0.0116) and number of branch points (£=0.1514)
from SSDS mice expressing eYFP and WT-RhoA
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Figure 4. RhoA in D1-MSNs alters dendritic complexity and enhances depressive behaviors in
stress-naive mice

(a) Experimental timeline. Male and female mice D1-Cre mice were injected bilaterally with
DN-RhoA, WT-RhoA, or eYFP vectors prior to 5 days of behavioral testing. (b)
Representative D1-MSNs (c) sholl analysis (£< 0.0001, 10-12 cells/group from 17 mice),
(d) total dendritic length (P=0.0005), number of branch points (P=0.0102), and soma
volume (P>0.05) from stress-naive mice expressing DN-RhoA, WT-RhoA, or eYFP. (e) WT-
RhoA decreases time spent grooming in the splash test (females; £=0.0084) sucrose
preference (males, P=0.0254), and increases time spent floating in the forced swim test
(Male, P=0.0294; Female, P=0.0035, /=12 mice/sex/group) (f). D1-MSN RhoA
manipulations do not impact anxiety-like behavior in the elevated plus maze or open field,
nor do they alter locomotion (P>0.05, /=12 mice/sex/group).
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Figure 5. Rho-kinase inhibition acts as an antidepressant treatment and reverses dendritic
atrophy

(a). Experimental timeline. After 10 days of CSDS and social interaction testing, mice were
treated with vehicle (veh) or 5 mg/kg Rho-kinase (ROCK) inhibitor Y-27632 (Y27) once
daily for 7 days, then re-tested for social interaction. (b). Heatmaps showing mouse
movement in the social interaction arena with novel mouse present before and after 7 days
treatment with vehicle or ROCK inhibitor. (c) Effect of 7 days treatment with ROCK
inhibitor on social interaction behavior in control and CSDS mice (#7=12 mice/group; CSDS
+Y27632, P=0.0182) (d) Effect of vehicle or ROCK inhibitor treatment on ROCK Activity.
(e) Experimental timeline for assessing dendritic complexity. Male D1-Cre mice were
injected with a low-titer AAV-eYFP to label D1-MSNs prior to CSDS. Mice were tested for
social interaction, treated for 7 days with 5 mg/kg Y-27632, then underwent social
interaction and forced-swim testing. (f) Representative D1-MSNs (g) sholl analysis, (12-13
cells/group from 9 mice) (i) area under the sholl profile vs social interaction ratio for
individual mice (Slope P=0.0183), (h) total dendritic length (£=0.0041), number of branch
points (P=0.0076), and soma volume of D1-MSNs from CSDS mice treated with vehicle or
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Y-27632. (j) Effect of Y27 treatment on immobility time in veh and y27 treated CSDS mice
(P=0.0265, =8 mice/group).
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