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Activity Identifies Novel Molecular Cascades Associated with
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Although numerous epigenetic modifications have been associated with addiction, little work has explored the turnover of histone
variants. Uniquely, the H3.3 variant incorporates stably and preferentially into chromatin independently of DNA replication at active
sites of transcription and transcription factor binding. Thus, genomic regions associated with H3.3-containing nucleosomes are partic-
ularly likely to be involved in plasticity, such as following repeated cocaine exposure. A recently developed mouse line expressing a
neuron-specific hemagglutinin (HA)-tagged H3.3 protein was used to track transcriptionally active sites cumulatively across 19 d of
cocaine self-administration. RNA-seq and H3.3-HA ChIP-seq analyses were performed on NAcc tissue collected following cocaine or food
self-administration in male mice. RNA sequencing revealed five genes upregulated in cocaine relative to food self-administering mice:
Fosb, Npas4, Vgf, Nptx2, and Pmepa1, which reflect known and novel cocaine plasticity-associated genes. Subsequent ChIP-seq analysis
confirmed increased H3.3 aggregation at four of these five loci, thus validating H3.3 insertion as a marker of enhanced cocaine-induced
transcription. Further motif recognition analysis of the ChIP-seq data showed that cocaine-associated differential H3.3 accumulation
correlated with the presence of several transcription factor binding motifs, including RBPJ1, EGR1, and SOX4, suggesting that these are
potentially important regulators of molecular cascades associated with cocaine-induced neuronal plasticity. Additional ontological
analysis revealed differential H3.3 accumulation mainly near genes involved in neuronal differentiation and dendrite formation. These
results establish the H3.3-HA transgenic mouse line as a compelling molecular barcoding tool to identify the cumulative effects of
long-term environmental perturbations, such as exposure to drugs of abuse.
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Introduction
Epigenetic mechanisms transduce environmental stimuli to pro-
mote changes in chromatin structure that function to activate or

repress gene transcription (Jaenisch and Bird, 2003). Post-
translational modifications to histones and chromatin remodeling
are dynamic epigenetic processes that alter access of transcriptional
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Significance Statement

Histone H3.3 is a core histone variant that is stably incorporated at active sites of transcription. We used a tagged version of H3.3
expressed exclusively in neurons to delineate active transcription sites following extended cocaine self-administration in mice.
This approach revealed the cumulative list of genes expressed in response to cocaine taking over the course of several weeks. We
combined this technique with RNA sequencing of tissue collected from the same animals 24 h after the last cocaine exposure.
Comparing these datasets provided a full picture of genes that respond to chronic cocaine exposure in NAcc neurons. These studies
revealed novel transcription factors that are likely involved in cocaine-induced plasticity and addiction-like behaviors.
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machinery to promoter regions, thereby regulating patterns of
gene expression (Strahl and Allis, 2000; Berger, 2007). A growing
body of evidence indicates that chromatin remodeling, including
stable enzymatic modifications of DNA and histone proteins, is
associated with persistent changes in gene expression that may
underlie drug addiction (Renthal and Nestler, 2008; Maze and
Nestler, 2011; Pierce et al., 2018).

The composition of nucleosomes is dynamic in that canonical
histone proteins can be replaced by variants. Histone H3 has
three variants in the mouse: H3.1 and H3.2, which differ by only
one amino acid; and H3.3, which differs by four amino acids from
H3.2. Despite this high sequence similarity, only H3.3 incorpo-
rates into chromatin independently of replication (Bano et al.,
2017). Furthermore, in contrast to H3.1 and H3.2, H3.3 has been
shown to preferentially incorporate into active regions of chro-
matin (Ahmad and Henikoff, 2002; Goldberg et al., 2010). In this
manner, genomic regions can be “barcoded” with H3.3, thereby
serving as an archive of transcriptionally active states (Hake and
Allis, 2006). Here, we used a mouse line expressing tagged histone
H3.3 only in neurons, which obviates the influence of other cell
types, such as glia (McNally et al., 2016). The CaMKII� promoter
was used to drive neuronal expression of the transgene in the
NAcc, where �90% of neurons are GABAergic medium spiny
projection neurons and all neuronal subtypes express abundant
CaMKII� (Groves, 1983; Solà et al., 1999; Haber, 2003; Anderson
et al., 2008). Moreover, the tetracycline transactivator system was
used to limit H3.3-hemagglutinin (HA) expression to adulthood,
thereby circumventing any potentially deleterious effects of
expression during development. RNA sequencing as well as
sequencing following immunoprecipitation of H3.3-HA-con-
taining nucleosomes were used to make unbiased determinations
of changes in transcriptional activity in barcoded accumbens
neurons following cocaine versus food self-administration. Be-
cause H3.3-HA incorporation into chromatin is stable, the H3.3-
chromatin immunoprecipitation sequencing (ChIP-seq) results
reflect a readout of all transcriptional activity throughout cocaine
self-administration. These findings were compared with RNA-
seq results, which represent a snapshot in time: specifically, 24 h
following the cessation of cocaine self-administration, which is a
common time point used in molecular studies focused on re-
peated cocaine administration (Renthal et al., 2009; Maze et al.,
2010; Feng et al., 2014). Our results identified both known and
novel molecular pathways associated with cocaine self-
administration, which could be exploited to develop novel co-
caine addiction therapeutics.

Materials and Methods
Subjects. The creation of the tetO-H3.3-HA mouse line is described in
detail previously (McNally et al., 2016). Briefly, a mouse-codon opti-
mized N-terminal tagged H3.3-HA sequence from GeneArt (Thermo
Fisher Scientific) was cloned into the MM400 plasmid containing the
tetO tetracycline-regulatable enhancer element. Four founder lines were
generated and crossed with C57BL/6J mice expressing the CaMKII�-tTA
transgene (Mayford et al., 1996). Littermates carrying only a single trans-
gene served as controls. The tetO-driven construct rapidly reduces ex-
pression of the transgene after exposure to doxycycline (Bejar et al., 2002;
Kelly et al., 2009). H3.3-HA transgene expression was temporally re-
stricted by raising animals on doxycycline. Thus, both sire and dam were
fed a doxycycline-containing diet (200 mg/kg) during breeding with the
dam maintained on this diet through weaning at 21 d.

Adult male transgenic and control mice were group housed on a 12:12
light/dark cycle (lights on at 7:00 A.M.), with water access ad libitum.
Mice were restricted to 90% of free-feeding weight throughout all behav-
ior experiments, except while recovering from surgery during which food

was available ad libitum. All experiments, which were approved by the
Institution of Animal Care and Use Committee of the University of
Pennsylvania and conducted in accordance with the National Institutes
of Health guidelines, were performed during the light cycle.

Self-administration. All surgical procedures and operant experiments
are similar to our previous work (Briand et al., 2014; Ortinski et al.,
2015). At �60 d of age, mice were initially trained to spin a wheel ma-
nipulandum (Med Associates; one-quarter turn equaled an operant re-
sponse) for food pellets (Bio-Serv) under a fixed ratio 1 (FR1) schedule of
reinforcement. After 10 d of food self-administration, all subjects under-
went surgery for the implantation of a jugular catheter. After 7 d of
recovery, some animals were returned to food self-administration,
whereas others switched to respond for intravenous cocaine infusions
(0.5 mg/infusion) also using an FR1 schedule. Mice were limited to a
maximum of 30 cocaine infusions per daily 2 h self-administration ses-
sion. The day after the last of 19 d of cocaine (or 29 d of food) self-
administration, the mice were killed and the NAcc dissected. The NAcc
from each hemisphere was processed separately. One unilateral NAcc
sample per subject was immediately processed for RNA-sequencing
(RNA-seq) analysis. The other unilateral accumbens punches were
pooled from all subjects in respective cocaine or food groups for chro-
matin immunoprecipitation.

RNA-seq. For each sample (n � 4 in both conditions, food and co-
caine), total RNA was extracted using the RNeasy Mini Kit (QIAGEN)
according to the manufacturer’s instructions. RNA quality was assessed
on a BioAnalyzer 2100 (Agilent Technologies), and sequencing libraries
were prepared using the TruSeq RNA Library Prep Kit (Illumina) ac-
cording to the manufacturer’s instructions. Libraries were sequenced by
the University of Iowa Genomics Core. Raw.fastq sequencing files were
then quality-filtered, trimmed, and aligned on the Grcm38 mouse refer-
ence genome using the STAR aligner (https://github.com/alexdobin/
STAR) (Dobin et al., 2013). Principal component analysis was performed
in R, during which one cocaine sample was revealed to account for the
majority of the variability explained by the first principal component,
and was therefore eliminated from further analyses. Differential expres-
sion analysis was performed using the DESeq package (Love et al., 2014);
a q value threshold ( p value adjusted to account for false detection rate
according to the Benjamini–Hochberg method) of 0.1 was used to deter-
mine significance.

ChIP and sequencing. ChIP was performed as previously described
(McNally et al., 2016). Briefly, for each group (food self-administration
or cocaine self-administration), pooled punches of the accumbens were
incubated in 2% PFA for 10 min at room temperature, followed by the
addition of 100 �l 1 M glycine to quench the reaction. Punches were then
manually disrupted using disposable microhomogenizers, and the nuclei
were lysed. Chromatin was then sheared using a Bioruptor (Diagenode),
with four 10 min cycles of 30 s on and 30 s off. After centrifugation to
eliminate debris, samples were incubated with 2 �g HA antibody (Roche
Diagnostics, clone 3F10) at 4°C overnight. The following day, samples
were incubated in a 50% slurry of Protein G Agarose beads (Pierce,
#20398) for 2 h at 4°C. Beads were washed in low-salt buffer, high-salt
buffer, and 1� TE buffer. After elution in 1% SDS/0.1 M NaHCO3, sam-
ples were reverse crosslinked overnight at 65°C. Samples were then
treated with proteinase K, and DNA was purified using the QIAGEN
Qiaquick PCR Purification Kit and eluted in 100 �l water.

Sequencing libraries were prepared using the TruSeq ChIP Library
Preparation Kit (Illumina) following the manufacturer’s instructions,
and using 10 ng of input immunoprecipitated DNA. Libraries were then
sequenced by the University of Iowa Genomics Core. Raw.fastq sequenc-
ing files were then quality-filtered, trimmed, and aligned on the Grcm38
mouse reference genome using the STAR aligner (https://github.com/
alexdobin/STAR) (Dobin et al., 2013). Differential peak calling was then
performed using the MACS software (http://liulab.dfci.harvard.edu/
MACS/index.html) with a p value cutoff of 1e-5 (Zhang et al., 2008), and
peaks were annotated using the HOMER software (http://homer.ucsd.
edu/homer/) (Heinz et al., 2010).

Binding motif recognition and ontology analysis. De novo binding motif
recognition was performed on the set of all transcript promoters (per-
missively defined here as a 2 kb region centered around the transcription
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start site [TSS]) for which differential H3.3 aggregation was detected
between cocaine ChIP-seq and food ChIP-seq using the HOMER soft-
ware. As advised by the authors of the software, only binding motifs with
p � 10e-9 were considered, as discrepancies between motif structures
and specificities at higher p values became too high. Ontology analysis
was performed on the same transcript set using the HOMER software,
and the DAVID platform (https://david.ncifcrf.gov/).

RNA extraction and qPCR. We extracted RNA using the RNeasy kit
(QIAGEN) according to the manufacturer’s instructions. RNA concen-
tration and purity were quantified by NanoDrop spectrophotometry
(Thermo Fisher Scientific). Generation of cDNA was performed using
the SuperScriptIII Reverse Transcriptase kit (Thermo Fisher Scientific)
with 80 ng of RNA as template. Reactions were prepared in 96-well
optical reaction plates (ABI) with optical adhesive covers (ABI) using
TaqMan Fast Universal PCR Master Mix (Invitrogen). Three technical rep-
licates were used for each animal. Reactions were performed in the Step One
Plus with an initial incubation at 95°C for 10 min, and 40 subsequent cycles
of 95°C for 15 s, 60°C for 30 s. The TaqMan probes used in these experiments
were as follows: Npas4, Mm01227866_g1; Nptx2, Mm00479438_m1;
Pmepa1, Mm00452230_g1; Vgf, Mm01204485_s1; Fosb, Mm00500401_
m1; Gapdh, Mm99999915_g1. �Ct values were corrected using house-
keeping gene expression levels for each sample, and fold change was
calculated as 2exp(���Ct). The data were analyzed with one-tailed t
tests and presented as the mean for the biological replicates, with n being
equal to the number of biological replicates (i.e., the number of mice
examined).

Immunohistochemistry. Naive adult CaMKII�-tTA x tetO-H3.3HA or
WT mice were perfused with 60 ml of ice-cold PBS, pH 7.4, followed by
30 ml of 4% PFA dissolved in ice-cold PBS. Brains were removed and
placed in 4% PFA for 24 h before storage in 30% sucrose dissolved in PBS
with 1% sodium azide. Coronal sections (30 �m) through the NAcc were
taken using a vibratome (Technical Products International) and
mounted directly onto polarized glass slides. Dry slides were permeabil-
ized in 0.1% Triton in PBS for 5 min, quenched with 1% hydrogen
peroxide in PBS for 15 min, and washed in PBS before blocking in 0.3%
Triton and 8% normal donkey serum in PBS for 50 min. Slides were
incubated in primary antibody (rat anti-HA, 1:500, 3F10, Roche Diag-
nostics; rabbit anti-NeuN, 1:500, ab177487, Abcam) in 0.3% Triton in
PBS overnight at 4°C. Slides were washed in PBS before and after incu-
bation in fluorescent secondary antibody (donkey anti-rat AlexaFluor-
488, 1:1000, A-21208, Thermo Fisher Scientific; donkey anti-rabbit
AlexaFluor-594, 1:1000, A-21207, Thermo Fisher Scientific) for 2 h at
room temperature. Finally, slides were coverslipped with Vectashield
mounting medium (Vector Laboratories) and imaged for HA expression
or colabeling of HA and the neuronal marker NeuN using fluorescent
confocal microscopy at 10�, 20�, and 40� magnification.

Experimental design and statistical analyses. For behavioral experi-
ments, all animals first underwent 10 d of food self-administration. After
catheterization implant surgery, animals were randomly assigned to
either be placed back on food self-administration or begin cocaine
self-administration. ANOVAs were used for all analyses of self-
administration data with days as the within-subject factor and group
(food or cocaine) as the between-subject factor. If a significant interac-
tion was found, Tukey’s post hoc tests were conducted. All analyses of
sequencing data are described in detail above and in Results. For all
molecular analyses, one side of the brain was used for RNA seq and the
contralateral side was used for ChIP seq with n � 3 or 4 per group.
Student’s t tests were used to analyze qPCR data.

Results
Neuron-specific H3.3-HA incorporation does not alter food
or cocaine self-administration
Animals carrying both the tTA transgene driven by the CaMKII
promoter and the tetO-H3.3-HA transgene were killed, and brain
tissue was collected from drug-naive adult animals. Some of the
brains were sectioned and processed for immunostaining using
an anti-HA antibody. These experiments revealed extensive ex-
pression of the HA-tagged H3.3 protein in the NAcc (Fig. 1A).

We also used an anti-HA antibody to immunoprecipitate chro-
matin from the NAcc to examine whether the tagged H3.3 pro-
teins were incorporated into neuronal nucleosomes. We found
that H3.3-HA abundance was higher at neuronal loci, including
Nr4a1 and Snap25 compared with genes expressed in glia or liver
(F(4,20) � 8.967, p � 0.0130) (Fig. 1B), indicating that the HA-
tagged H3.3 proteins are incorporated into nucleosomes primar-
ily in neurons within the NAcc. Neuronal expression of H3.3-HA
protein and specificity of the HA antibody were confirmed by
immunohistochemistry. We observed strong colocalization of
HA and the neuronal marker NeuN (Fig. 1C), supporting neuro-
nal expression of H3.3-HA protein. Importantly, expression of
the H3.3-HA tag did not alter food training or cocaine self-
administration relative to littermates carrying only one of the two
transgenes (Fig. 1D). For food training, there was no main effect
of genotype (F(1,81) � 0.039, p � 0.8470), a main effect of day
(F(9,81) � 6.366, p � 0.0001), and no genotype � day interaction
(F(9,81) � 0.908, p � 0.5227). For cocaine self-administration,
there was no main effect of genotype (F(1,162) � 0.119, p �
0.7383), no main effect of day (F(18,162) � 0.848, p � 0.6417), and
no genotype � day interaction (F(18,162) � 0.516, p � 0.9480).

Cocaine versus food self-administration in mice elicits
corresponding gene expression changes and H3.3 deposition
in promoters
H3.3-HA mice were trained to self-administer food or cocaine,
and the NAcc was harvested for subsequent molecular analyses.
One side of the brain was immediately prepared for H3.3-HA
ChIP sequencing; the contralateral side of the brain was flash
frozen, stored at �80°C, and later prepared for RNA sequencing
experiments (Fig. 2A). There was no difference between food and
cocaine groups during food training or subsequent self-
administration (Fig. 2B). For food training, there was no main
effect of group (F(1,54) � 2.72, p � 0.1502), a main effect of day
(F(9,54) � 2.925, p � 0.0067), and no group � day interaction
(F(9,54) � 0.545, p � 0.8351). For food versus cocaine self-
administration, there was no main effect of reinforcer (F(1,108) �
0.480, p � 0.5145), no main effect of day (F(18,108) � 0.933, p �
0.5414), and no day � reinforcer interaction (F(18,108) � 0.882,
p � 0.6013).

To examine the molecular consequences of cocaine exposure,
RNA sequencing and H3.3-HA ChIP sequencing were performed
on the NAcc of H3.3 mice that self-administered cocaine (n � 3
for RNA-seq, n � 4 contralateral for ChIP-seq) or food (n � 4 for
RNA-seq, n � 4 contralateral for ChIP-seq). Principal compo-
nent analysis of RNA-seq data revealed that cocaine and food
samples were well separated along the second principal compo-
nent axis (Fig. 2C). Annotation of the ChIP-seq data showed that
detected H3.3-HA peaks enriched in the cocaine group compared
with the food group were disproportionally located in promoters
(Fig. 2D; cocaine � 18.30%, food � 8.12%, enriched in cocaine
vs food peaks � 22.45% vs 1.1% for a random distribution).
Furthermore, a similar pattern emerged for exon regions (Fig.
2D; cocaine � 5.35%, food � 6.31%, enriched in cocaine vs food
peaks � 6.12% vs 2% for a random distribution). This is in line
with published findings using a similar transgenic line of tagged
H3.3 histone proteins (Maze et al., 2015).

Analysis of the RNA-seq data revealed that 5 genes were overex-
pressed (none repressed) between the cocaine and the food groups:
Pmepa1, Vgf, Nptx2, Npas4, and Fosb (Table 1). qPCR confirmed
significant overexpression in cocaine-trained versus food-trained
mice for Npas4 (t(1,5) � 2.878, p � 0.0173) and Nptx2 (t(1,6) � 2.685,
p � 0.0187) as well as overexpression that did not reach significance
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criteria for Vgf (t(1,6) � 1.022, p � 0.1730),
Pmepa1 (t(1,6) � 1.101, p � 0.1566), and
Fosb (t1,5 � 1.119, p � 0.1561; Fig. 2E).
Cross-referencing this gene list with the
ChIP-seq data showed that cocaine-
specific H3.3-HA accumulation was pres-
ent at the promoter of three of these
candidates (Vgf, Nptx2, and Npas4),
which is consistent with increased tran-
scription (Fig. 3-1, available at https://
doi.org/10.1523/JNEUROSCI.0015-19.
2019.f3-1). Although there was no
H3.3-HA differential presence at the im-
mediate promoter of Fosb, extensive H3.3
accumulation was detected upstream
(�9.5 to �10 kb; Fig. 3-1, available at
https://doi.org/10.1523/JNEUROSCI.
0015-19.2019.f3-1) in an Ensembl-
annotated promoter flank region, possi-
bly indicative of a distal promoter. The
only differentially expressed gene that did
not exhibit any change in H3.3-HA occu-
pancy between the two groups was
Pmepa1, a microglia-specific gene (Bu-
tovsky et al., 2014). Hence, it is not sur-
prising that neuronal H3.3-HA dynamics
at this locus did not mirror increased tran-
scription in our neuron-specific mouse
model. Collectively, these results confirm
that H3.3 accumulation acts as a reliable
proxy for transcriptional activity.

Cocaine-associated H3.3-HA
accumulation identifies putative roles
for and regulators of cocaine-induced
transcripts
The H3.3-HA mouse model uniquely
tracks transcription events in a cumula-
tive fashion: H3.3 insertion is stable and
continues barcoding a transcriptionally
active locus, even after the gene is no lon-
ger expressed. Thus, early or transient re-
sponses to cocaine exposure can be
tracked by monitoring H3.3 genomic in-
sertion using the H3.3-HA-tagged trans-
gene. We used this approach to isolate a
more comprehensive set of genes that may
have played a role during the 19 d of co-
caine exposure to investigate their poten-
tial functions as well as their putative
regulators. H3.3 insertion was most corre-
lated with transcription when it occurred
in promoter regions and/or close to the
TSS (Daury et al., 2006; Maze et al., 2015;
McNally et al., 2016). Therefore, we fo-
cused our analysis on cocaine-specific
H3.3 differential accumulation peaks
within 1 kb of annotated TSSs (Fig. 3A;
Fig. 3-1, available at https://doi.org/
10.1523/JNEUROSCI.0015-19.2019.f3-1). This conservative an-
alytical method yielded a set of �2100 H3.3-associated
transcripts, which were the bases of the ontology and binding
transcription factors analyses. The former revealed several en-

riched terms related to cell development, including neurogenesis
and neuronal differentiation, dendrite formation and structure,
as well as morphine addiction (Fig. 3B). Transcription regulation
was also an enriched ontology term, indicating that the set of
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candidate genes might not only encompass effector genes but also
their upstream regulators.

A de novo binding motif recognition analysis was also per-
formed on the promoters of the �2100 transcript set. Four motifs
that could be associated with known transcription factors were
overrepresented in the cocaine-enriched loci (Fig. 3C): a TC
CCACATCGCT motif potentially bound by Rbpj1 and Egr1 (p �
1e-9), a GGAACAAAAGAG motif associated with the Sox factor
family and Sox4 in particular (p�1e-9), a TGCAYAGKCACA
Rfx5-linked motif (p�1e-9), and a CAATADAATGAA motif as-
sociated with the Hoxa/b/d family, particularly Hoxd10 (p � 1e-
9). Overrepresentation of these motifs suggests that their
associated transcription factors may play an important regula-
tory role during cocaine self-administration.

Discussion
Our results demonstrate that H3.3-HA transgenic mice can be
used to uncover cumulatively active transcription throughout
prolonged cocaine self-administration. Parallel RNA sequencing
and H3.3-HA ChIP sequencing analyses identified four cocaine-
induced transcriptionally active and overexpressed genes in
neurons relative to mice that self-administered food. Motif rec-
ognition analyses of chromatin associated with H3.3 predicted
putative binding motifs for several transcription factors, includ-
ing Rbpj1, Egr1, and Sox4. Moreover, gene ontology suggested
H3.3 accumulation near genes implicated in neuronal differenti-
ation and dendrite formation as well as morphine addiction.

Several genes identified by our RNA-seq analysis as being
overexpressed in the NAcc of mice self-administering cocaine
relative to food have been previously identified as cocaine regu-
lated. For example, a rich literature indicates that repeated co-
caine causes a prolonged accumulation of FosB and its isoforms
in the NAcc (Nestler, 2004; Chandra and Lobo, 2017). FosB tran-

scription is promoted by the activation of the D1 dopamine
receptor-cAMP-PKA-CREB pathway and, among other things,
FosB enhances the transcription of BDNF, which increases den-
dritic spine density (Zhang et al., 2002; Mallei et al., 2018). The
current finding that the transcription factor Npas4, which is a
target of HDAC5 (Taniguchi et al., 2017), is overexpressed in the
NAcc of cocaine self-administering mice is consistent with a re-
cent study demonstrating that experimenter-delivered cocaine
increased Npas4 expression in the NAcc (Taniguchi et al., 2017).
Interestingly, conditional KO of accumbens Npas4 attenuated
cocaine conditioned place preference in mice and produced
modest decreases in cocaine self-administration, which may have
been due to operant learning deficits (Taniguchi et al., 2017). We
also observed higher gene expression of Nptx2 following cocaine
versus food self-administration. Nptx2 (also known as Narp) is an
immediate early gene that promotes AMPA receptor clustering at
synapses (Pelkey et al., 2015), a process linked to cocaine-elicited
behavioral plasticity (Pierce and Wolf, 2013). Previous work in-
dicated that extinction training following cocaine self-
administration elevated mRNA (Self et al., 2004) and protein
levels (Knackstedt et al., 2010) of Nptx2. In contrast, repeated
experimenter-delivered cocaine did not alter Nptx2 protein ex-
pression in the accumbens (Lu et al., 2002). Nptx2 appears to alter
the behavioral response to cocaine given that global KO of Nptx2
enhances place preference for cocaine but also slows the develop-
ment of cocaine-induced locomotor sensitization, perhaps by al-
tering the sensitivity to glutamate (Pacchioni et al., 2009). The
overlap between the present and previous work identifying genes
associated with cocaine-related neuronal and behavioral plastic-
ity bolsters confidence in the relevance of the current empirical
results as well as motif and ontology analyses.

RNA sequencing also identified upregulated gene expression
of two novel targets not previously known to be involved in co-
caine self-administration: VGF and Pmepa1. The VGF gene is
expressed relatively selectively in the brain. VGF, which curiously
is not an acronym, codes for a peptide that shares similarities with
the granin family of secreted proteins (Borges et al., 2013). The
expression of VGF is upregulated by neurotrophins, including
BDNF (Alder et al., 2003), and VGF increases hippocampal neu-
rogenesis (Thakker-Varia et al., 2007; Yang et al., 2016) and syn-
aptic plasticity (Alder et al., 2003). Moreover, VGF KO mice have
impaired spatial and fear memory (Bozdagi et al., 2008; Lin et al.,
2015). Particularly relevant to the current gene ontology findings,
VGF also promotes hippocampal dendritic outgrowth, branch-
ing, and spine density (Behnke et al., 2017). Thus, VGF may play
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Figure 2. Changes in gene expression in cocaine versus food self-administering mice correlate with H3.3 deposition in promoters. A, H3.3-HA animals self-administered food for 10 consecutive
days. Animals were implanted with catheters and given access to either food or cocaine for an additional 19 d following recovery from surgery. Twenty-four hours after the last operant session, NAcc
tissue was collected. One side of the brain was processed for RNA-seq, and the other side was prepared for HA ChIP-seq. B, Transgenic HA-tagged male mice earned the same number of rewards (food
or cocaine) both during the training phase, when all mice received food, and during the extended access to either food or cocaine. C, Principal component analysis of RNA-seq data revealed that
principal component 2, which accounts for 16.9% of variability, is likely cocaine exposure. D, Distribution of annotated peaks resulting from the HA ChIP analysis revealed a preferential deposition
of the tagged H3.3 protein near promoter and exon regions compared with a random distribution genomewide. E, Overexpression of 5 genes in cocaine-trained versus food-trained mice (Table 1)
is confirmed by qPCR. *p � 0.05 versus food.

Table 1. Differentially expressed genes in H3.3-HA mice after 19 d of cocaine self-
administrationa

Gene name Ensembl ID Fold change p Adjusted pb

Pmepa1 ENSMUSG00000038400 1.599 2.749E-06 0.0202
Vgfc ENSMUSG00000037428 1.557 4.697E-06 0.0202
Nptx2c ENSMUSG00000059991 1.860 4.640E-06 0.0202
Npas4c ENSMUSG00000045903 2.347 2.646E-06 0.0202
Fosbc ENSMUSG00000003545 1.646 1.375E-05 0.0472
aDifferential expression was assessed using the DESeq package in R.
bThe adjusted p value was computed using the Benjamini–Hochberg procedure.
cDifferential aggregation of H3.3 has been shown near the TSS using ChIP-seq data.
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a role in neurotrophin-mediated increases in accumbens den-
dritic spine density related to cocaine administration (Anderson
et al., 2017). The other novel target identified in this study,
Pmepa1, a member of the TGF-� family, modulates cell prolifer-
ation and differentiation as well as immune responses, and is thus
often studied in the context of cancer (Itoh and Itoh, 2018). In the
brain, Pmepa1 expression is increased by activin A, another
TGF-� family member, and inhibits activin A signaling by de-
creasing phosphorylation of SMAD2/3 in a negative feedback
loop (Link et al., 2016). To our knowledge, no studies have ex-
plored Pmepa1 in response to cocaine; however, activin signaling
via SMAD3 is increased following withdrawal from cocaine self-
administration, and SMAD3 mediates cocaine-induced plasticity
in dendritic spines in the NAcc (Gancarz et al., 2015). It is possi-
ble, therefore, that Pmepa1 overexpression indirectly influences
cocaine-elicited dendrite morphogenesis and synaptic plasticity.
Notably, Pmepa1 was the only differentially expressed gene that
was not detected in H3.3-HA ChIP-seq analyses due to its specific
localization in microglia (Butovsky et al., 2014), a cell type for
which active transcription in which would not be captured by the
neuron-specific H3.3-HA transgenic mouse model.

Our experiments yielded five significantly differentially ex-
pressed genes using a conservative approach, which generated
fewer targets than a similar recent sequencing study focused on
cocaine-responsive genes (Walker et al., 2018). However, the
comparison of cocaine to food self-administration (as opposed to
saline) controls for the potential effect of operant learning and
operant behavior on gene expression. Thus, we would not expect
to see differential expression of genes involved in motor responses or
general reinforcing aspects of operant self-administration, which
may account for this distinction. We chose this experimental design
to specifically uncover genes with high potential as therapeutic tar-
gets for cocaine addiction. Encouragingly, our analyses identified
known and validated molecules related to cocaine exposure as well as

novel transcripts, which represent promising avenues for further
research.

A distinct advantage of the H3.3-HA barcoding approach is
that it captures cumulative active transcription. Thus, the subset
of 2110 transcripts, 1107 of which belong to well-characterized
genes, which were differentially associated with H3.3-HA nucleo-
somes but did not differ in expression following cocaine versus
food self-administration, likely underwent temporally limited ac-
tive transcription. For example, expression of discrete genes as-
sociated with the acquisition of cocaine self-administration may
be augmented very early in the paradigm and normalize as co-
caine self-administration is maintained over time; these genes
would not be detected by RNA-seq conducted only following
extended cocaine self-administration, and yet present differential
H3.3 accumulation. In this experiment, the H3.3-HA transgene
expression was suppressed using doxycycline, which was previ-
ously shown to fully prevent expression of the HA tag (McNally et
al., 2016). Doxycycline was removed at weaning, so it is likely that
the tagged version of H3.3 was incorporated into regions that had
active transcription before the onset of either food or cocaine
self-administration. We posit that these sites would be similar
between the two groups because all mice were housed under
similar conditions. Therefore, these nonspecific insertions events
likely had no influence on our H3.3-HA ChIP seq analyses. We
performed gene ontology and binding motif analyses to identify
molecular pathways regulated by cocaine over the course of self-
administration in NAcc neurons. Encouragingly, regulation of
cell development, dendrites, and transcription emerged as en-
riched ontology terms, which is generally consistent with previ-
ous reports examining cocaine-induced transcription (Nestler,
1997; Russo et al., 2009; Maze and Nestler, 2011; Walker et al.,
2018) as well as the known functions of the three transcription
factor binding sites enriched in the HA ChIP-seq peaks: Egr1,
Sox4, and Rbpj1. Indeed, all three of these transcription factors
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are critical regulators of cell development, neuronal differentia-
tion, dendritic formation, and synaptic plasticity.

Egr1, also known as Zif268 and Krox24, has long been associ-
ated with cocaine exposure and plays a functional role in cocaine
reward (Hope et al., 1992; Moratalla et al., 1992; Valjent et al.,
2006). Egr1 expression in the NAcc increases in response to acute
cocaine, but Egr1 is suppressed following repeated cocaine ad-
ministration (Bhat et al., 1992; Hammer and Cooke, 1996). Thus,
the emergence of Egr1 binding motifs in H3.3 enriched genomic
loci in cocaine exposed animals validates the H3.3-HA ChIP-seq
approach as a way to identify genes that may be upregulated
during the early but not later phases of cocaine self-admi-
nistration. The Sox family of transcription factors are known to
be key developmental regulators (Julian et al., 2017). Enrichment
for Sox4 binding sites is therefore consistent with the terms re-
lated to regulation of cell development, neurogenesis, and den-
drite formation that were identified by the ontology analysis.
Interestingly, the Sox family of transcription factors have also
been associated with the regulation of � opioid receptors and
addiction (Im et al., 2001; Hwang et al., 2003, 2004). The third
transcription factor identified, Rbpj1, is a member of a family of
molecules that are an integral part of Notch signaling, which
regulates cell differentiation, cell fate, and neural progenitor self-
renewal (Roese-Koerner et al., 2017). Interestingly, Rbpj1 also
regulates dopamine responsiveness in the striatum and may be a
predictor of vulnerability to psychiatric disease (Toritsuka et al.,
2017). Overall, the ontology and binding motif analyses identi-
fied established and novel pathways in neurons that are associ-
ated with volitional cocaine consumption. These signaling
networks represent promising avenues for further research into
improving therapeutics for the treatment of addiction.

In conclusion, these findings validate H3.3 barcoding as a
novel tool to delineate changes in transcription elicited by envi-
ronmental perturbations over extended periods of time in genet-
ically defined cell populations. Our findings validated several
known molecular pathways associated with cocaine exposure and
revealed novel genes and transcription factors that may be in-
volved in the development of addiction-like behaviors in rodent
models.
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