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Human major depressive disorder (MDD), along with related mood
disorders, is among the world’s greatest public health concerns;
however, its pathophysiology remains poorly understood. Persistent
changes in gene expression are known to promote physiological
aberrations implicated in MDD. More recently, histone mechanisms
affecting cell type- and regional-specific chromatin structures have
also been shown to contribute to transcriptional programs related to
depressive behaviors, as well as responses to antidepressants. Al-
though much emphasis has been placed in recent years on roles for
histone posttranslational modifications and chromatin-remodeling
events in the etiology of MDD, it has become increasingly clear
that replication-independent histone variants (e.g., H3.3), which
differ in primary amino acid sequence from their canonical counter-
parts, similarly play critical roles in the regulation of activity-dependent
neuronal transcription, synaptic connectivity, and behavioral plas-
ticity. Here, we demonstrate a role for increased H3.3 dynamics in
the nucleus accumbens (NAc)—a key limbic brain reward region—
in the regulation of aberrant social stress-mediated gene expression
and the precipitation of depressive-like behaviors in mice. We find
that molecular blockade of these dynamics promotes resilience to
chronic social stress and results in a partial renormalization of stress-
associated transcriptional patterns in the NAc. In sum, our findings
establish H3.3 dynamics as a critical, and previously undocumented,
regulator of mood and suggest that future therapies aimed at mod-
ulating striatal histone dynamics may potentiate beneficial behavioral
adaptations to negative emotional stimuli.
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Major depressive disorder (MDD) affects ∼17% of the
population, making it the most prominent and debilitating

psychiatric disease worldwide (1). Current antidepressants (ADs)
can take weeks to months to produce an effective therapeutic re-
sponse, with about one-third of patients remaining nonresponsive
to existing treatment strategies. Although the prevalence of MDD
and a lack of sufficient treatment options highlight the impor-
tance of identifying new drug targets, progress has been hindered
by a general lack of understanding of the precise molecular
mechanisms underlying this disorder.
The nucleus accumbens (NAc), a critical component of the

brain’s limbic reward circuitry, has become increasingly implicated
in depression, as well as in mechanisms of antidepressant action
(2, 3). In recent years, numerous studies in both human MDD
and in animal models of depression have identified changes in
gene expression, along with related alterations in chromatin structure
and function, that contribute to aberrant forms of transcriptional and
behavioral plasticity associated with depressive-like phenotypes
(4–9). Although multiple studies have successfully linked alter-
ations in histone posttranslational modifications (PTMs) or chromatin-
remodeling events to chronic stress susceptibility or resilience
(e.g., using a model of chronic social defeat stress—CSDS—an

etiologically valid rodent model of human depression), the precise
histone regulatory phenomena involved in stress-mediated be-
havioral responses remain poorly understood.
Recently, we demonstrated a mechanistic role for histone vari-

ant turnover/dynamics in the central nervous system, a process
that is dissociated from histone PTMs in adult brain, in the regula-
tion of activity-dependent gene transcription, synaptic connectivity,
and behavioral plasticity (10). Moreover, the histone variant H3.3,
which can be actively incorporated into neural chromatin, was
found to accumulate to near saturating levels in neurons by mid-
adolescence, but remains constitutively dynamic (i.e., it is continuously
turned over and replaced by newly transcribed/translated H3.3)
throughout life. Stalling histone dynamics using viral-mediated
reductions in H3.3 transcription was found to attenuate activity-
dependent gene expression in neurons and reduce behavioral
flexibility. Although the elucidation of histone turnover as a
critical mediator of neuronal function has begun to shed light on
the precise chromatin-templated processes contributing to nor-
mal neurodevelopment and cognition, this phenomenon has yet
to be explored in the context of adult psychiatric illness.
Here, using a combination of genome-wide and behavioral ap-

proaches, we demonstrate a role for heightened H3.3 dynamics
in NAc in the mediation of susceptibility to depression-related

Significance

Human major depressive disorder is a chronic remitting syndrome
that affects millions of individuals worldwide; however, the mo-
lecular mechanismsmediating this syndrome remain elusive. Here,
using a unique combination of epigenome-wide and behavioral
analyses, we demonstrate a role for histone variant dynamics in
the nucleus accumbens (NAc)—a critical brain center of re-
ward and mood—contributing to stress susceptibility in mice.
These studies, which also demonstrate that molecular block-
ade of aberrant dynamics in the NAc promotes resilience to
chronic stress, promise to aid in the identification of novel
molecular targets (i.e., downstream genes displaying altered
expression as the result of stress-induced histone dynamics)
that may be exploited in the development of more effective
pharmacotherapeutics.

Author contributions: A.E.L. and I.M. designed research; A.E.L., R.C.B., C.J.P., L.A.F., Y.L., S.K.P.,
Z.S.L., O.I., H.M.C., H.M., and I.M. performed research; E.J.N. and C.D.A. provided experimental
guidance; C.A.T. provided human postmortem tissues; A.E.L., Y.-H.E.L., L.S., and I.M.
analyzed data; and A.E.L. and I.M. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Data deposition: The data reported in this paper have been deposited in the Gene Expres-
sion Omnibus database (accession no. GSE85900). Differential ChIP-seq data are provided as
Datasets S1 and S2.
1To whom correspondence should be addressed. Email: ian.maze@mssm.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1608270113/-/DCSupplemental.

12562–12567 | PNAS | November 1, 2016 | vol. 113 | no. 44 www.pnas.org/cgi/doi/10.1073/pnas.1608270113

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
15

, 2
02

1 

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1608270113&domain=pdf
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE85900
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608270113/-/DCSupplemental/pnas.1608270113.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608270113/-/DCSupplemental/pnas.1608270113.sd02.xlsx
mailto:ian.maze@mssm.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608270113/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608270113/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1608270113


www.manaraa.com

phenotypes. Specifically, we show that the stimulus-dependent
H3.3 gene, H3f3b, is significantly increased in expression—a proxy
for enhanced dynamics—in NAc of both humans with MDD and in
animal models of depression (e.g., CSDS) and stress susceptibility
(e.g., maternal separation). These increased dynamics are reversed
by chronic AD treatments in both humans and rodents and can
be attenuated by early life environmental enrichment (EE) be-
fore chronic stress exposure in rodent models. In agreement with
the hypothesis that increased dynamics contribute to suscepti-
bility to depressive-like behaviors, we further demonstrate that
viral-mediated stalling of H3.3 turnover is sufficient to produce
resilience to CSDS. Finally, using chromatin immunoprecipita-
tion coupled to massively parallel next-generation sequencing
(ChIP-seq), we identify a series of genomic loci displaying altered
H3.3 dynamics in response to stress, which contribute to deficits in
transcriptional and behavioral plasticity observed in depression
models. In sum, our data demonstrate a role for aberrant H3.3
dynamics in MDD and stress susceptibility, and we identify po-
tential targets for future pharmacotherapeutic interventions.

Results
H3.3 Dynamics Are Increased in NAc of Depressed Humans and in Animal
Models of Depression. First, to investigate if histone dynamics in
NAc may be involved in depression, we began by quantifying the
expression of genes encoding H3.3 (H3F3A and H3F3B) in human
postmortem NAc of subjects diagnosed with MDD—on or off ADs
at their time of death—vs. appropriately matched nondepressed
controls (see Tables S1 and S2 for demographic information).
H3F3A exists as the more abundant of the two transcripts; how-
ever, H3F3B is activity-dependent, and increases in its transcript
levels have been tightly linked to potentiated rates of histone
turnover in brain (10). Following quantitative PCR (qPCR), we
observed a significant increase in H3F3B, but not in H3F3A,
mRNA levels in nonmedicated depressed subjects compared with

controls, an effect that is reversed in individuals with MDD on
ADs (Fig. 1A). H3F3A levels were also found to decrease in re-
sponse to ADs in MDD subjects, perhaps indicating a role for
global reductions in histone turnover in NAc in the alleviation of
depressive symptoms.
Next, to understand the role of H3.3 dynamics in the develop-

ment of depressive-like behaviors, we used a well-established rodent
model of depression, CSDS (11, 12), to behaviorally segregate
animals into stress-susceptible vs. resilient populations for sub-
sequent molecular analyses (Fig. 1B). Similar to our studies of hu-
man postmortem tissue, H3.3 gene expression in NAc was analyzed
following CSDS, where again H3f3b, but not H3f3a, levels were
significantly elevated in susceptible mice in comparison with re-
silient and nonstressed controls (Fig. 1C). Furthermore, chronic
treatments with the classic tricyclic AD imipramine in behaviorally
susceptible animals—treatments that fully attenuate behavioral
deficits associated with CSDS in a subset of animals (so-called
“responders”) (13)—resulted in a complete reversal of increased
H3f3b expression observed in susceptible mice, with no effects
seen on H3f3a expression (Fig. 1C).
Although chronic stress in adult animals is well established to

elicit depressive-like behaviors, early life stress (ELS) paradigms
(e.g., maternal separation during postnatal life), which mimic aspects
of early life adversity in humans, are known to disrupt normal pat-
terns of brain development and can promote greater susceptibility to
later life stressors (14, 15). Therefore, we next explored whether
aberrant histone dynamics may similarly be affected by stressful
events experienced early in life. To do so, mice were subjected to
early life maternal separation vs. standard rearing (SR), followed
by longitudinal proteomic analyses of H3.3 (vs. canonical H3.1
and H3.2) dynamics at various developmental stages post-ELS.
Consistent with previous work from our laboratory, we found
that H3.3 levels constitute only a small portion of the total H3
pool in embryonic day 16.5 striatal chromatin, and we confirmed
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Fig. 1. H3.3 dynamics in NAc are increased in human MDD and in response to chronic stress in rodents. (A) H3F3B, but not H3F3A, expression is increased in NAc
of nonmedicated subjects with MDD vs. controls, an effect that is reversed with ADs (*P < 0.05, ***P < 0.0001 by one-way ANOVA followed by Dunnett’s post hoc
test; n = 4–11 per group). (B) Mice were segregated into susceptible vs. resilient populations following CSDS using SI testing for subsequent molecular analyses
(***P < 0.0001 by one-way ANOVA followed by Dunnett’s post hoc test; n = 8 per group). (C) H3f3b, but not H3f3a, is significantly increased in expression in NAc
of susceptible, but not resilient, mice following CSDS. This effect is reversed by chronic imipramine treatments in behaviorally responsive susceptible animals (*P <
0.05 by one-way ANOVA followed by Dunnett’s post hoc test; n = 3–13 per group; in some cases, tissues from multiple animals were pooled/biological replicate).
(D) ELS (maternal separation) in mice results in faster rates of H3.3 chromatin accumulation in NAc with age in comparison with SR animals. LC-MS/MS analysis
[*P < 0.05, **P < 0.01 by unpaired Student’s t test; n = 3 (pooled/biological replicate) per group]. (E) EE during adolescence promotes reduced expression of H3f3b,
but not H3f3a, in NAc in comparison with normally housed mice (*P < 0.05 by unpaired Student’s t test; n = 7 per group) and (F) renders animals resilient to
subsequent bouts of CSDS (**P < 0.01 by unpaired Student’s t test; n = 5 per group). Data are represented as means ± SEM.

Lepack et al. PNAS | November 1, 2016 | vol. 113 | no. 44 | 12563

N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
15

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608270113/-/DCSupplemental/pnas.201608270SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608270113/-/DCSupplemental/pnas.201608270SI.pdf?targetid=nameddest=ST2


www.manaraa.com

that H3.3 accumulates in NAc with age, similar to that observed
in other brain regions. In line with our CSDS data in Fig. 1C,
ELS was similarly found to promote a more rapid accumulation—a
measure of turnover kinetics—of H3.3 levels in neuronal chro-
matin (with concomitant loss of H3.2) in comparison with SR
controls (Fig. 1D). These data indicate that ELS has a stimula-
tory effect on histone turnover, which may contribute to later life
stress susceptibilities.
Next, to examine if positive life experiences may result in

opposing patterns of H3.3 dynamics in NAc, we used an EE para-
digm that has previously been shown to promote enhanced synaptic
plasticity and cognition and can prevent or reverse some aspects
of depressive-like behaviors, such as anhedonia and anxiety (16–18).
We observed that EE results in a significant down-regulation of
H3f3b, but not of H3f3a, expression in mouse NAc (Fig. 1E), a
phenomenon associated with the potentiation of resilience to
subsequent stress-induced behavioral deficits (Fig. 1F).

Reducing H3.3 Dynamics in NAc Promotes Resilience to CSDS. To in-
vestigate causal roles for H3.3 dynamics in mediating depressive-like
behaviors, we next used a recently describedH3f3a/b viral knockdown
strategy in NAc to stall histone turnover in neuronal chroma-
tin by way of depletion of soluble nuclear “reserve” pools of
H3.3 (10). Briefly, adeno-associated virus (AAV) vectors
expressing synthetic microRNAs (miRs) targeting either both
H3.3 gene copies [AAV-miR (H3f3a/b)] or a sequence not pre-
sent in the vertebrate genome as a control [AAV-miR (–)] were
injected bilaterally into NAc of wild-type mice. Following a 28-d in-
cubation to allow for maximal viral expression and knock-
down of both genes (Fig. 2 A and B, respectively), animals were
subjected to CSDS. As predicted, animals infected with AAV-miR
(–) exhibited significantly lower social interaction (SI) with a novel
mouse following CSDS vs. that observed in nonstressed controls.
Animals injected with AAV-miR (H3f3a/b), however, spent sig-
nificantly more time with the novel mouse in comparison with their

stressed controls (Fig. 2C). To further assess anxiety-like behavior,
an additional phenotype elicited by CSDS in rodents, mice were
examined in an open field test post-CSDS to assess their time spent
in the center of the arena. As expected, AAV-miR (–) stressed
mice spent significantly less time in the center of the novel arena in
comparison with nonstressed controls, indicative of an anxiogenic
response. Knockdown of H3f3a/b, however, was found to partially
rescue this anxiety-like behavior in stressed animals (Fig. 2D).
These data indicate that increased histone dynamics in NAc may
function as a global mediator of both social aversion and anxiety.
No differences in general locomotor behavior were observed
between groups (Fig. 2E).

Chronic Stress-Induced H3.3 Dynamics in NAc Contribute to Aberrant
Transcriptional Plasticity. In an attempt to better understand the
contribution of H3.3 dynamics to transcriptional dysregulation in
response to stress, we next sought to profile H3.3 enrichment ge-
nome-wide using ChIP-seq. Because H3.3 dynamics can be most
easily interpreted in the context of a stimulus (i.e., as an activity-
dependent response), H3.3 enrichment profiles were analyzed in
NAc from three groups of animals––controls (never exposed to a
social stress), acutely stressed animals (exposed to a single stressful
experience––one that does not elicit depressive-like behaviors in
mice), and susceptible + acute animals (animals deemed susceptible
post-CSDS, followed by 28 d of recovery and re-exposure to a single
stressful event)––the overarching goal of which was to identify how
alterations in H3.3 dynamics segregate between stress naive animals
vs. susceptible mice experiencing a subsequent stressful stimulus.
Following ChIP-seq and differential analyses of H3.3 dynamics
(note that previous data from our laboratory indicate that alter-
ations in H3.3 enrichment act as a proxy for nucleosomal turnover),
we assessed both the number and the genomic distribution of dif-
ferential events between acute or susceptible + acute animals in
comparison with their controls. Interestingly, we observe that both a
single stressful event and re-exposure to social stress in susceptible

A B

C D E

Fig. 2. Blockade of H3.3 dynamics in NAc promotes resilience to CSDS. (A) Viral targeting of AAV-miR (H3f3a/b)-IRES-GFP in NAc. (Magnification: 20×.) (B) Con-
firmation of H3f3a and H3f3b mRNA expression in NAc following viral knockdown (**P < 0.01, ***P < 0.001 by unpaired Student’s t test; n = 3 per group).
(C) Reducing H3.3 dynamics in NAc promotes increased SI following CSDS (**P < 0.01 by two-way ANOVA followed by Bonferroni post hoc test; n = 7–10 per group;
(#P < 0.05 by planned Student’s t test postdetermination of main-effect significance). (D) Reducing H3.3 dynamics in NAc is anxiolytic post-CSDS (*P < 0.05 by two-
way ANOVA followed by Bonferroni post hoc test; n = 7–9 per group). (E) Stalling H3.3 dynamics in NAc does not affect locomotor behavior. Data are represented as
means ± SEM.
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mice results in approximately equal numbers of differential H3.3
enrichment events (1,014 vs. 1,133, respectively) with perhaps a mod-
est increase in the number of dynamics observed in susceptible +
acute mice (Datasets S1 and S2). Furthermore, the genomic dis-
tribution of these events was found to be similar between the two
stress groups, with the majority of differential sites occurring in
gene bodies (Fig. 3A), a observation that is consistent with our
current understanding of H3.3 turnover in neurons (10).
Next, to examine if H3.3 dynamics between these two stress

groups occur at similar vs. unique genomic loci, we focused our
attention on protein-coding genes. Despite similar numbers of dif-
ferential events observed, we identified very little overlap (<10%)
between genes displaying H3.3 dynamics in response to a single
stressor vs. those observed after re-exposure to a subsequent stress
(Fig. 3B). Such limited overlap prompted us to then examine
specific properties of these genes that may function to promote
stress susceptibility. To do so, we performed Ingenuity Pathway
Analysis (IPA) on unique genes displaying H3.3 dynamics in
acute vs. susceptible + acute groups and found that susceptible
animals display considerably higher levels of statistical enrich-
ment within genic pathways associated with synaptic plasticity,
including those associated with synaptic long-term potentiation,
synaptic long-term depression, CREB signaling in neurons, etc.
(Fig. 3C). Furthermore, IPA-based “molecular and cellular
function” enrichment analyses indicate strong statistical enrichment

for susceptible + acute, but not acute, associated genes (primarily
displaying decreased enrichment for H3.3) as putative regulators of
“cellular morphology” (P value: 3.73E-03–4.10E-16; no. of molecules =
186 of 539), a category that includes functional annotations such
as “density of dendritic spines” (1.74E-05) and “morphology of
dendritic spines” (P value: 1.28E-03) (Fig. 3D). These data are
intriguing in light of published studies demonstrating strong as-
sociations between alterations in NAc dendritic spine density
and type and behavioral susceptibility to CSDS (19, 20). Within
the context of cellular morphology-enriched genes in suscepti-
ble + acute animals, IPA was further used to predict network
relationships between affected genes and molecular outcomes
constrained by functional annotations within the functional
enrichment category. IPA analyses indicate strong associations
between differentially enriched genes and functional inhibition
of cellular morphology. Given such predictions, we sought to
examine the precise relationship between H3.3 differential
enrichment and alterations in gene expression that may influ-
ence the activation or inhibition of these functional biological
processes. To do so, odds ratio analyses were performed com-
paring H3.3 ChIP-seq analyses with corresponding published
mRNA expression data (21). We found that, although acute
stress leads to roughly as many changes in H3.3 dynamics as re-
exposure in susceptible animals, only those dynamics observed
in susceptible mice exhibit strong correlations with differential

A

C D

B

E

F

Fig. 3. Chronic stress-mediated H3.3 dynamics promote
transcriptional dysregulation of synaptic-related genes in
NAc. (A) Genomic distribution (and numbers) of H3.3
differential enrichment events in NAc in response to
either an acute stress (control vs. acute) or following
re-exposure to stress in susceptible mice (control vs.
susceptible + acute). (B) Venn diagrams showing min-
imal overlap between protein-coding genes displaying
differential H3.3 enrichment in control vs. acute and
control vs. susceptible + acute stress groups. (C) IPA-
based pathway analysis of unique protein-coding
genes displaying differential H3.3 enrichment in con-
trol vs. acute and control vs. susceptible + acute stress
groups. (D) IPA-based network prediction diagram
showing assumed relationships between unique genes
displaying differential H3.3 enrichment in control vs.
susceptible + acute NAc. Focus onmost heavily enriched
molecular and cellular function category of cellular
morphology indicates a role for these genes in the
inhibition of morphological/dendritic plasticity. (E) Odds
ratio analyses of differential enrichment events for H3.3
(both control vs. acute and control vs. susceptible +
acute stress groups) vs. stress-mediated gene expression
in NAc indicates a significant relationship between H3.3
dynamics in susceptible mice only and reduced gene
expression, effects that are predicted to disinhibit cel-
lular morphology-associated gene pathways. (F) qPCR
validation of candidate genes (predicted a priori from
sequencing data) displaying H3.3 dynamics and reduced
gene expression in NAc following CSDS. Knockdown of
H3f3a and H3f3b results in a partial renormalization of
transcriptional deficits post-CSDS (*P < 0.05 by unpaired
Student’s t test vs. miR (–) control; n= 5 per group). Data
are represented as means ± SEM. See Materials and
Methods, H3.3 ChIP-seq Analysis and Correlations with
Gene Expression for statistical comparisons, FC cutoffs,
and numbers.
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gene expression patterns observed in these animals (Fig. 3E).
Furthermore, our data indicate that such dynamics in suscepti-
ble + acute NAc associate with reduced, but not activated, gene
expression following stress. These findings, in concert with those
presented in Fig. 3D, indicate that repression of differentially
enriched genes in susceptible mice may promote disinhibition of
cellular morphology-enriched pathways leading to enhanced syn-
aptic plasticity and behavioral susceptibility to stress.
Finally, to validate assumptions regarding potential roles for

H3.3 dynamics in stress-mediated gene expression, we performed
qPCR on candidate genes enriched in IPA functional categories
falling under the category of cellular morphology ± CSDS and
transduction with either AAV-H3f3a/b or AAV-miR (–) in NAc.
As predicted from our genome-wide analyses, we validated nu-
merous genes associated with inhibition of cellular morphology
to be down-regulated in response to CSDS, effects that we could
partially rescue following H3f3a/b knockdown (Fig. 3F). In total,
these data indicate that reducing histone dynamics in NAc is
sufficient to inhibit aberrant transcriptional plasticity that likely
contributes to stress susceptibility in both rodents and humans.

Discussion
Here, we demonstrate that histone dynamics in NAc are bidi-
rectionally mediated by negative vs. positive environmental stimuli
to mediate stress susceptibility or resilience, respectively. In addi-
tion, we found that molecular blockade of aberrant H3.3 dynamics
in NAc can efficiently promote resilience to subsequent bouts of
CSDS, with AD treatments poststress similarly reversing aberrant
increases in H3f3b expression in behaviorally responsive animals.
Furthermore, we have identified, at least in part, the molecular
consequences of stress-mediated histone dynamics in NAc, in
which stress-mediated chromatin alterations resulting from H3.3
turnover act to potentiate aberrant forms of transcriptional, and
possibly synaptic, plasticity. Collectively, our results provide a mo-
lecular mechanism contributing to the pathophysiology of de-
pressive-like behaviors and indicate the need for future studies
aimed at delineating both the upstream mechanisms and the
downstream consequences of this chromatin regulatory phe-
nomenon in brain.
In previous studies of H3.3 turnover in brain (10), we identified

robust correlations between H3.3 dynamics and activity-dependent
gene expression in both cortex and hippocampus, in which in-
creased turnover (irrespective of enrichment directionality) was
often correlated with increased gene expression, specifically within
the context of late-response synaptic genes. In NAc, on the other
hand, we find, in response to chronic social stress, that increased
turnover more strongly associates with reduced gene expression
leading to disinhibition of functional networks (e.g., cellular
morphology) regulating depression-associated morphological
and synaptic plasticity. Such opposite effects are intriguing in
that they suggest that altering chromatin accessibility—via H3.3
dynamics—is not, in and of itself, sufficient to dictate the di-
rectionality of cognate gene expression. Rather, it seems that a
concerted effort between nucleosomal turnover and recruitment
of specific transcription factors (TFs), both activating and re-
pressive, is needed to guide transcriptional outcomes in response
to stress. Future studies aimed at uncovering the precise relation-
ship between histone dynamics, chromatin accessibility, and TF
binding in brain are needed to more fully understand the complex
interplay between these molecular processes and MDD.
Furthermore, although our data indicate an integral role for

H3.3 dynamics in NAc in the regulation of mood-related be-
haviors, it remains unclear whether these dynamics occur globally
in NAc or are more specifically affected within the various cell
types expressed in this region (e.g., D1- vs. D2-type medium spiny
neurons, glia, etc.). Although well beyond the scope of the current
study, it will be necessary in the future to investigate the con-
tributions of these numerous cell types to transcriptional, syn-
aptic, and behavioral abnormalities observed following CSDS.
Indeed, previous work has already provided a wealth of data
demonstrating that distinct cell types and circuits in striatum are

segregated, both molecularly and electrophysiologically, in their
responses to chronic stress, thereby contributing differentially to
distinct phenotypes observed across numerous psychiatric dis-
ease models (22, 23).
Another intriguing finding of the current study is the observation

that not only can histone dynamics be reversed by AD treatments
in both humans with MDD and in susceptible mice exposed to
CSDS—a molecular phenomenon strongly associated with the
reversal of depressive-like behaviors—but also by positive early
life experiences before stress, such as those observed after a period
of juvenile enrichment resulting in protective-like molecular and
behavioral effects. Conversely, extended periods of early life
trauma, such as those modeled by maternal separation in rodents,
lead to increased stress susceptibility later in life, likely through
stimulation of this common molecular pathway. These findings are
significant in that they suggest that molecular responses to stress
(e.g., increased H3.3 turnover) can be influenced, and perhaps
even “trained,” by positive early life experiences to be less re-
sponsive to later life stress. Although the depression literature
tends to focus most heavily on identification of molecular targets
of susceptibility for the development of reversal therapies (i.e.,
ADs), it is becoming increasingly clear that a greater focus on the
molecular mechanisms of resilience may prove beneficial in the
prevention of depression-like symptomatic emergence.
In conclusion, this study demonstrates a critical and previously

undocumented role for H3.3 dynamics in the NAc in stress sus-
ceptibility and depression. These events likely function to: (i) alter
cell-type–specific chromatin accessibility profiles, (ii) differentially
alter the transcriptome within distinct neural subpopulations of the
NAc, and (iii) promote circuit-wide changes that ultimately converge
to promote behavioral sensitivity to chronic stress. Understanding
how these rather granular mechanisms, in concert with previously
identified chromatin processes associated with mood, contribute to
MDD will be essential to the future development of more tar-
geted and effective ADs.

Materials and Methods
Human Tissue Collection. Postmortem human NAc tissue was obtained from
the Dallas Brain Collection (DBC), in compliance with The University of Texas
Southwestern’s Institutional Review Board, as previously described (4). All
tissues for the DBC were collected from the Dallas Medical Examiner’s Office
and The University of Texas Southwestern’s Tissue Transplant Program provided
that consent from the next-of-kin was granted. Tissue was analyzed from both
males and females matched for age, RNA integrity number, postmortem
interval and pH; case demographics are given in Tables S1 and S2. Samples
were blindly dispensed for analysis.

Animals. Male 6- to 8-wk-old C57BL/6J mice and 6-mo-old CD1 retired breeders
were maintained on a 12-h light–dark cycle (lights on at 7:00 AM) at 22–25 °C
with ad libitum access to food and water. C57BL/6J mice were housed five per
cage except following defeat experiments, at which point mice were singly
housed. All experiments were conducted in accordance with the guidelines of
the Institutional Animal Care and Use Committee at the Icahn School of
Medicine at Mount Sinai. All behavioral testing occurred during the animals’
light cycle. Experimenters were blinded to experimental group, and the order
of testing was counterbalanced during behavioral experiments.

CSDS and Social Interaction Testing. All experiments used an established 10-d
(5 min per session) CSDS protocol to induce depressive-like behaviors (or
resilience) in mice followed by social interaction testing (11, 12).

For gene expression studies involving chronic imipramine treatments in
behaviorally susceptible animals, NAc RNA was obtained from behavioral
“responders,” as determined in a recently published study (13). For ChIP-seq
experiments, control and susceptible mice (determined in SI test 48 h post-
defeat) were killed 28 d following the final defeat episode. Mice were either
taken directly from their home cage (baseline) or following a stress re-
exposure (5 min of acute aggression, followed by 55 min housed adjacent
to aggressor, i.e., stress-primed).

Open Field. Exploration of an open field arena (44 × 44 cm) was assessed
during a 10-min test in red light. A video-tracking system (Ethovision 3.0,
Noldus) measured locomotor activity, as well as the time spent in the center
(34 × 34 cm) and periphery of the test arena as an index of anxiety.
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Early Life Stress. Two C57/BL6 females were mated with one male in our
animal facilities. The male was removed after 1 wk, and the females were
separated into individual cages 1–3 d before giving birth. Litters were
weighed and counted, and cages were cleaned on the day of birth [postnatal
day (P) 0] but were otherwise undisturbed.

For the ELS paradigm, from P10 to P17, an experimentally determined
sensitive period for early life stress-enhanced vulnerability to depressive-like
behaviors (15, 24), nesting material (crinkled Enviro-Dri paper) was reduced
to one-fourth the amount, and whole litters were removed to clean cages
for 4 h/day (i.e., maternal separation). Nesting material was restored at P17,
and pups were weaned at P21. Punches from three animals were pooled for
each sample for LC-MS/MS, and siblings were pooled whenever possible.

Environmental Enrichment. Juvenile C57BL/6 male mice were weaned into an
enriched environment or standard housing at P21. Enrichment consisted of
mice being housed in large hamster cages with enrich-o-cob bedding
(Andersons Laboratory) and “enrichment” devices such as mouse tunnels,
wheels, domes, huts, crawl balls (Bio Serv), and so forth. Mice remained in
these housing conditions for 4 wk until P49 when tissue was collected for
further processing. For animals undergoing subsequent bouts of CSDS,
normally housed vs. EE animals were immediately transferred from their
respective housing to defeat cages, where CSDS was carried out as described
above. Social interaction testing occurred 24 h following the final defeat.

Viral Constructs and Stereotaxic Surgery. AAV expressing chained miR con-
structs targeting H3f3a and H3f3b was generated as previously described (10)
and injected into NAc at a rate of 0.1 μL/min for 5 min (bregma coordinates:
anterior/posterior, 1.6 mm; medial/lateral, 1.5 mm; dorsal/ventral, –4.4 mm; 10°
angle). Stereotaxic surgeries occurred ∼4 wk before CSDS to allow for maximal
viral expression and gene knockdown. The rationale for targeting both H3f3a
and H3f3b genes, instead of H3f3b alone, is based upon previous studies in
which we found that, although H3f3b is by far the most dynamic of the two
H3.3 genes in response to environmental stimuli, knockdown of either H3f3a
or H3f3b in isolation in brain is not sufficient to block stimulus-dependent H3.3
protein turnover. In other words, knockdown of one gene copy appears to be
compensated for by the presence of the other gene copy. Although different
in sequence and promoter structure, both genes encode identical H3.3 protein
products. Knockdown of both genes simultaneously, however, results in the
depletion of soluble nuclear pools of H3.3 leading to a global stalling of H3.3
turnover in neuronal chromatin (10).

RNA Isolation and qPCR. Bilateral 14-gauge punches were taken from mouse
NAc (16-gauge punches were taken from virally infected NAc under a
fluorescent microscope). RNA extractions and reverse transcription reactions
were performed exactly as described in Maze et al. (10). Gapdh or 18S were
used as normalization controls. See Table S3 for a list of qPCR primers used.

Mass Spectrometry. LC-MS/MS analyses were performed exactly as described
in Maze et al. (10).

Immunohistochemistry. Brains were prepared for GFP immunohistochemistry
exactly as described in Maze et al. (10).

H3.3 ChIP-seq Preparation. H3.3 cross-linking ChIP assays on NAc tissues (bilateral
NAc from five animals was pooled/biological replicate) were performed exactly as
previously described (10). All experiments were analyzed in biological triplicates.

H3.3 ChIP-seq Analysis and Correlations with Gene Expression. Detection of
regions of differential H3.3 ChIP binding was performed using diffReps
v1.55.4 (25) with the parameter setting “–pval 0.001–frag 250–window 250”
as an initial run. Detected differential events were then further filtered with
additional stringent cutoffs of P value < 0.0001 and an absolute fold change
>3. This procedure was performed for comparisons of (i) control vs. acute
and (ii) control vs. susceptible + acute samples. The diffReps analysis per-
formed also provides annotation of the differential events into categories of
genomic features (proximal promoter, gene body, intergenic etc.), from
which their genome-wide distributions were tabulated. Genes containing
differential event(s) in their promoters and gene bodies were deemed as
being associated with the differential event(s) and compiled into lists for
each comparison (including directionality) of enrichment. Gene lists of dif-
ferential H3.3 enrichment/events were then analyzed against gene lists of
differential gene expression (21) using the R GeneOverlap package (shenlab-
sinai.github.io/shenlab-sinai/), which calculates P value significance and the
odds ratio of the overlap between two gene lists.

Statistical Analyses. One- or two-way ANOVAs were performed to determine
significance for qPCR and behavioral experiments involving multiple treatment
conditions––Dunnett’s (one-way) and Bonferroni (two-way) post hoc tests were
used if significant main effects were observed via ANOVA. *P ≤ 0.05; **P ≤ 0.01;
***P ≤ 0.0001. In instances where ANOVAs resulted in significant main effects
without post hoc significance (or where a priori assumptions could bemade based
upon previous data, for example, Fig. 3F), planned two-tailed Student’s t tests
were used to compare control conditions to respective treatment groups. #/*P ≤
0.05. Two-tailed Student’s t tests were used for all other statistical comparisons.
*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. All data are presented as means ± SEM.
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