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Epigenetic mechanisms have gained increasing attention as regulators of synaptic plasticity and responsiveness to drugs of abuse. In
particular, it has been shown that the activity of the DNA methyltransferase 3a (Dnmt3a) mediates certain long-lasting effects of cocaine.
Here we examined the role of the Dnmt isoforms, Dnmt3a1 and Dnmt3a2, within the nucleus accumbens (NAc) on transcriptional activity
of immediate early genes (IEGs) and acute and long-lasting responsiveness to cocaine and cocaine conditioned cues. Using primary
striatal cultures, we show that transcription of Dnmt3a2, but not that of Dnmt3a1, is activated by dopamine D1 receptor signaling and that
knockdown of Dnmt3a2 using viral vector-mediated expression of Dnmt3a2-specific shRNAs impairs induction of the IEGs, Arc, FosB,
and Egr2. Acute cocaine administration increases expression of Dnmt3a2 but not that of Dnmt3a1 in the NAc shell. In contrast, in the NAc
core, expression of Dnmt3a1 and Dnmt3a2 was unaffected by cocaine administration. shRNA-mediated knockdown of Dnmt3a2 in vivo
impairs the induction of IEGs, including Egr2 and FosB indicating that Dnmt3a2 regulates cocaine-dependent expression of plasticity
genes in the rat NAc shell. Cocaine self-administration experiments in rats revealed that Dnmt3a2 regulates drug cue memories that drive
reinstatement of cocaine seeking as well as incubation of this phenomenon within the NAc shell. Dnmt3a2 does not influence the primary
reinforcing effects of cocaine. Thus, Dnmt3a2 mediates long-lasting cocaine cue memories within the NAc shell. Targeting Dnmt3a2
expression or function may interfere with cocaine craving and relapse.
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Introduction
Repeated exposure to addictive drugs induces neuroadaptations
in the brain reward circuit that are believed to underlie both the

development of compulsive drug-taking and the persistence of
craving and relapse. These neuroadaptations result from the in-
duction of transcriptional responses, which can have potentially
long-lasting effects on neuronal structure and function (Nestler,
2013). Epigenetic mechanisms are considered important regula-
tors of synaptic plasticity and experience-dependent behavioral
changes (Robison and Nestler, 2011; Rudenko and Tsai, 2014).
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Significance Statement

In humans, drug craving can occur in response to conditioned cues, even after extended periods of abstinence. In rats, cue-induced
cocaine seeking has been shown to increase progressively during the first 2 months of abstinence from drug self-administration.
This phenomenon, referred to as incubation of cocaine seeking, is consistent with the hypothesis that in humans craving increases
over time and remains high following prolonged abstinence. Those long-lasting behavioral changes are likely to be mediated by
epigenetic effects and neuroplastic changes within the mesolimbic brain reward system. Here we show that a specific isoform of
DNA-methyltransferases in the NAc shell regulates drug cue memories that drive reinstatement of cocaine seeking after both early
abstinence and incubation of cocaine craving.
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Further, epigenetic mechanisms may persistently affect gene ex-
pression, which ultimately can lead to long-term changes at the
behavioral level. In particular, DNA methylation plays a critical
role in cognitive functions (Oliveira, 2016) and may contribute to
the persistence and maintenance of memories (Miller et al., 2010;
Halder et al., 2016). Given the persistence of the associations
between cues in a drug use environment and the rewarding effects
of the drug, DNA methylation appears as a possible mechanism
underlying this phenomenon and consequently the resilience of
drug-seeking behavior. Indeed, cocaine exposure can induce
transient and persistent changes in DNA methylation (Anier et
al., 2010; LaPlant et al., 2010; Day et al., 2013; Baker-Andresen et
al., 2015; Massart et al., 2015) that contribute to relapse and
incubation of cocaine craving (LaPlant et al., 2010; Massart et al.,
2015). Therefore, enzymes that catalyze DNA methylation or de-
methylation as well as proteins that read the methyl marks on the
DNA may have important roles in drug-induced neuroadapta-
tions within the reward system. The dynamic changes of methyl-
ation patterns depend on the activity of the de novo DNA
methyltransferases (Dnmts) that add methyl groups to the DNA.
These include the Dnmt3a and Dnmt3b (Moore et al., 2013). The
Dnmt3a gene codes for two isoforms, Dnmt3a1 and Dnmt3a2
(Chen et al., 2002). The promoter of Dnmt3a2 is located in an
intronic region of Dnmt3a; therefore, Dnmt3a2 protein is iden-
tical to Dnmt3a1, except that it lacks 219 amino acids at its N
terminus (Chen et al., 2002). We previously found that expres-
sion of Dnmt3a2, but not that of Dnmt3a1, is regulated by
neuronal activity in the mouse hippocampus and that
Dnmt3a2 is required for long-term memory (LTM) formation
(Oliveira et al., 2012) and for the extinction of fear memory
(Oliveira et al., 2016).

Cocaine-associated environmental stimuli precipitate relapse,
even after a prolonged period of withdrawal (O’Brien et al.,
1992). It has been postulated that craving induced by drug-paired
cues increases over weeks and months, which would account for
this persistent relapse (Gawin and Kebler, 1986). Recent studies
on craving induced by cocaine, methamphetamine, nicotine, and
alcohol cues in addicts support this hypothesis (Bedi et al., 2011;
Wang et al., 2013; Li et al., 2015; Parvaz et al., 2016). This phe-
nomenon, known as incubation, is modeled in preclinical studies
by exposing rats trained to operant cocaine (or other drugs) self-
administration and repeated reinstatement testing; the increase
in reinstatement ratio expressed over prolonged withdrawal is
considered a measure of incubated cocaine craving (Grimm et al.,
2001). Incubation of cocaine craving is mediated by molecular
and synaptic adaptation occurring in the NAc during withdrawal
(Conrad et al., 2008; Loweth et al., 2014); however, we recently
demonstrated that also synaptic adaptations developing during
cocaine self-administration (CSA) training persist during absti-
nence and influence relapse and incubation of craving (Luís et al.,
2017). In the NAc, Dnmt3a activity is associated with cocaine
seeking; during abstinence, its expression is altered; and pretreat-
ment with methylation inhibitors reduces reinstatement of co-
caine seeking (LaPlant et al., 2010; Massart et al., 2015). However,
the contribution of the two Dnmt3a isoforms to cocaine seeking
and their potential role in incubation of cocaine craving is un-
known. In this study, we investigated whether the de novo Dnmts,
Dnmt3a1 and Dnmt3a2, are regulated by cocaine exposure in the
NAc. Given the role of Dnmt3a2 in experience-dependent behav-
ioral changes, we have also investigated the role of Dnmt3a2 in
cocaine-seeking behavior.

Materials and Methods
Animals
Male Sprague Dawley rats (Charles River) were 10 weeks old at the be-
ginning of experimental procedures. Sprague Dawley rats were chosen
because they are less sensitive than other lines to environmental factors
affecting cue-responding (Oberhofer and Noori, 2017). Rats were single
housed under 12 h dark/light reverse cycle in a temperature (22 � 1°C)
and humidity (60 � 5%) controlled room. Subjects had ad libitum access
to food and water in their home cages throughout their permanence in
the facility. Experimental procedures were conducted during the dark
phase of the light-dark cycle and were in accordance with the Directive
2010/63/EU Guidelines for care and use of laboratory animals.

Recombinant adeno-associated viruses (rAAVs)
Viral particles were produced and purified as described previously
(Zhang et al., 2007). To drive the expression of the shRNAs, a rAAV
vector containing the U6 promoter for shRNA expression and a chicken
�-actin promoter to drive GFP expression were used. The Dnmt3a2-
targeting shRNA sequence and control sequence have been described
previously (Oliveira et al., 2012). Dnmt3a2-targeting shRNA sequence
recognizes the 5� UTR sequence unique to the Dnmt3a2 sequence
(Oliveira et al., 2012).

Primary striatal cultures
Striatal neurons were prepared from neonatal C57BL/6N mice and cul-
tured as previously described for hippocampal neurons (Bading and
Greenberg, 1991), except that plastic dishes were coated with poly-L-
ornithine (100 mg/ml) in borate buffer. Experiments were performed at
11 DIV. rAAV infection of cultures was on DIV4.

qRT-PCR
RNeasy Plus Mini Kit (QIAGEN) was used for RNA isolation with addi-
tional on-column DNase I digestion according to the manufacturer’s
instructions. For the generation of cDNA, 1 �g of total RNA was reverse
transcribed with the High-Capacity cDNA reverse transcription kit (In-
vitrogen). qRT-PCR was performed on an ABI7300 thermal cycler using
TaqMan gene expression assays (Applied Biosystems) for the following
genes: Dnmt3a2 (Mm00463987_m1), Dnmt3a1 (Mm00432870_m1),
Arc (Mm00479619_g1; Rn00571208_g1), FosB (Mm00500401_m1;
Rn00500401_m1), and Egr2 (Mm00456650_m1). Expression levels of
target genes were normalized to the expression of the housekeeping gene
Gusb (Mm00446943_m1; Rn00566655_m1).

Surgeries
For self-administration experiments, rats were implanted with a Micro-
Renathane catheter (internal diameter: 0.58 mm; external diameter: 0.94
mm) inserted in the right jugular vein under isoflurane anesthesia. The prox-
imal end reached the right atrium, whereas the back-mount passed under the
skin and protruded from the mid-scapular region. Catheters were flushed
daily with a heparinized solution (100 IU/ml) containing 1 mg/ml of enro-
floxacin (Baytril). Animals were given 1 week recovery before cocaine
self-administration (CSA) sessions began. rAAV-control-shRNA or rAAV-
dnmt3a2-shRNA was stereotaxically delivered bilaterally into the NAc shell
(NAcSh; coordinates from bregma: anteroposterior 1.6 mm, mediolateral
�0.7 mm, dorsoventral from skull surface �7.0 mm). Coordinates were
taken from Paxinos and Watson (1998) and adapted for the body weight of
the animal. Experimental procedures started at least 21 d after viral infusion.

Drugs
Cocaine hydrochloride was purchased from Sigma-Aldrich and dis-
solved in sterile isotonic saline. The D1 receptor agonist SKF38393 (Toc-
ris Bioscience) was dissolved in DMSO. The D1 receptor antagonist
SCH-23390 (Tocris Bioscience) was dissolved in water.

Self-administration apparatus
Self-administration chambers (40 cm long � 30 cm wide � 52 cm high)
were located in sound-attenuating cubicles equipped with exhaust fans to
assure air renewal. Two poke holes were on opposite walls of the cham-
bers, 5 cm above the grid floor. When rats poked their snout in the holes,
breaking an infrared beam, their instrumental responding was recorded.
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One hole was associated with cocaine delivery and designated as the
active hole, whereas the other was designated as the inactive hole and
served as control. A white cue light was located 9.5 cm above the active
hole, and a blue light was on the left side of the opposite wall 33 cm above
the grid floor. A speaker allowing presentation of a tone cue was located
in the middle of the back wall 40 cm above the greed floor. Data were
collected with Windows-compatible SK_AA software (Imetronic).

Behavioral methods
CSA training and cue-induced reinstatement after acute and prolonged
withdrawal were adapted from the incubation of cocaine craving model
described previously (Grimm et al., 2001; Conrad et al., 2008).

Self-administration training. Rats were 10 weeks old at the beginning of
self-administration procedures. CSA training consisted of daily 6 h ses-
sions during which nose-poking at the active hole under a fixed ratio 1
(FR1) of response was reinforced by 0.5 mg/kg/infusion of cocaine (in-
fusion bolus: 40 �l). Cocaine availability was signaled by illumination of
the blue light. Each earned infusion was coupled with 5 s presentation of
two discrete cues (cue-light and 300 Hz tone, 60 dB). All infusions were
followed by a 40 s time-out, during which the blue light was turned off
and drug was not available. Responding during time-out or poking at the
inactive hole was recorded but resulted in no programmed conse-
quences. Unless stated otherwise, infusions were limited to 25 injections
per hour to avoid overdose risk. After the 25th infusion, the blue light
signaling cocaine availability was turned off and nose-poking in either
hole had no consequence until the beginning of the next hour.

Cue-induced reinstatement of cocaine seeking. Cue-induced reinstate-
ment of cocaine seeking was tested at both withdrawal day 1 (WD1) and
WD45 using a within-session extinction/reinstatement schedule, com-
posed by an extinction phase followed by a reinstatement phase within
the same session (Shaham et al., 2003). The session begun with extinction
of cocaine seeking, during which responding to the cocaine-associated
device was not reinforced and was not followed by any scheduled conse-
quence. The extinction phase was maintained until the only extinction
criterion applied was met. The extinction criterion was �15 active nose-
pokes during the last hour. Rats had a time window between a minimum
of 1 h and maximum of 8 h to reach the extinction criterion; failing to do
so caused the exclusion of the rat from the analysis. Immediately after this
criterion was met, the program switched to the 1 h cue-induced reinstate-
ment phase. Cue-induced reinstatement began with the illumination of
the blue light and a single noncontingent presentation of the discrete
cue-light; thereafter, everything was identical to a standard CSA session,
except that cocaine was not delivered.

Experiment 1. We set out to investigate whether the expression of the
de novo DNA methyltransferases, Dnmt3a1 and Dnmt3a2, is regulated by
D1 receptors in striatal medium spiny neurons (MSNs). On DIV11, stri-
atal cultures were treated with the D1 receptor agonist SKF38393 (10 �M)
or left untreated in the presence or absence of the D1 receptor antagonist
SCH23390 (10 �M). SCH23390 was added to the cultures 5 min before
the SKF38393 treatment. Four hours later, the cells were harvested and
processed for RNA extraction. N � 4 independent cell preparations.

Experiment 2. Here we tested whether a cocaine challenge would in-
duce Dnmt3a1 or Dnmt3a2 expression in the NAc core (NAcCo) and
NAcSh. Rats were injected with either saline (n � 13) or cocaine (10
mg/kg i.p.) (n � 19). One hour later, the saline group and one cocaine
group (n � 10) were killed, the brains quickly removed and fresh-frozen
in isopentane. Three hours after treatment, also the second cocaine
group (n � 9) was subjected to the same procedure. NAcCo and NAcSh
were punched out and used for gene expression analysis by qRT-PCR.

Experiment 3. We then tested whether operant CSA would induce
Dnmt3a1 or Dnmt3a2 expression patterns in NAcCo and NAcSh similar
to that observed in Experiment 2. Rats were divided into six groups, of
which three were subjected to CSA training and three were kept as age-
matched cocaine-naive controls. One cocaine and one naive group (n �
7 or 8 each) were killed, and their brains harvested 24 h after 1 d of CSA.
The other two cocaine groups concluded 10 d of CSA training. The
second cocaine and naive groups (n � 8 each) were killed 24 h after the
last day of CSA. The last two groups (n � 7 each) were killed after 45 d of
withdrawal. Rats were guillotined, brains were quickly removed and

fresh-frozen in isopentane. NAcCo and NAcSh were punched out and
used for gene expression analysis by qRT-PCR.

Experiment 4. Next, we investigated whether cue-induced reinstate-
ment of cocaine seeking alters Dnmt3a1/2 expression in the NAcCo and
NAcSh. Of four groups of rats (n � 6 or 7 each), two groups where kept
as age-matched cocaine-naive control, whereas the other groups were
subjected to 12 d of CSA training. Of the two CSA groups, one group was
killed 24 h after the cue-induced reinstatement test run at WD1 and
accordingly named the WD2 group. The other group performed cue-
induced reinstatement test at both WD1 and WD45 and was killed 24 h
after WD45 and accordingly named the WD46 group. At each time point,
a cocaine-naive group was killed as control and brain were processed as
described in Experiment 3.

The next step was to evaluate whether Dnmt3a2 downregulation
would affect CSA, cue-induced reinstatement and incubation of rein-
statement of cocaine seeking.

Experiment 5. We tested whether Dnmt3a2 downregulation in the
NAcSh would influence cue-induced reinstatement after prolonged
withdrawal. Rats were subjected to CSA training and reinstatement test-
ing at WD1. Twenty-four hours later, we injected Dnmt3a2shRNA (n �
10) or rAAV-control-shRNA (n � 9) in the NAcSh, and then rats were
returned to their home cage until a new cue-induced reinstatement test
was run at WD45.

Experiment 6. Here we tested the effect of Dnmt3a2 downregulation on
CSA, motivation for cocaine, cue-induced reinstatement, and incubation
of cocaine craving. In this experiment, we transduced 7-week-old rats
with Dnmt3a2-shRNA (n � 10) or control (n � 8); and 3 weeks later, at
the usual age of 10 weeks, self-administration training started. Because in
this experiment Dnmt3a2 was downregulated before any cocaine expo-
sure, we determined whether this manipulation affected the primary
reinforcing effects of cocaine. For this purpose, from the fifth CSA ses-
sion, the maximum number of rewards allowed every hour was increased
from 25 to 30. This allowed us to observe the phenomenon of escalation
of cocaine intake maintaining a safety limit against overdose risk. After
12 d of CSA, rats were tested in a progressive ratio (PR) session on day 13.
The PR test followed the protocol we described previously (Cannella et
al., 2017, 2018). Briefly, the ratio of response was increased after each
infusion according to the following progression: 10, 20, 30, 45, 65, 85,
115, 145, 185, 225, 275, 325, 385, 445, 515, 585, 665, 745, 835, 925, 1025,
1125, 1235, 1345, 1465, 1585, 1715, 1845, 1985, 2125, 2275, 2425, 2585,
2745, 2915, 3085, 3265, 3445, 3635, 3825, 4025, 4225. The last ratio
completed is referred to as the break point and used to score motivation
for cocaine. The session ceased after 5 h or if 1 h passed from the last
infusion earned. After the PR test, rats were subjected to an additional 6 d
of baseline CSA, and then they were tested for cue-induced reinstatement
of cocaine seeking at WD1 and WD45 as described above.

Finally, in Experiments 7 and 8, we tested whether Dnmt3a2 modu-
lates the expression of three immediate early genes (IEGs) involved in
cocaine seeking (Fosnaugh et al., 1995; Larson et al., 2010; Gao et al.,
2017).

Experiment 7. This in vitro experiment aimed at investigating whether
Dnmt3a2 is required for the expression of the genes Arc, FosB, or Egr2
upon D1 receptor activation. On DIV4, the striatal cultures were infected
with rAAV-control-shRNA or rAAV-Dnmt3a2-shRNA. On DIV11, stri-
atal cultures were treated with the D1 receptor agonist SKF38393 (10 �M)
or left untreated (control condition). One, 3, or 6 h later, the cells were
harvested and processed for RNA extraction. N � 5 independent cell
preparations.

Experiment 8. The purpose of this experiment was to check whether
gene expression in the NAcSh of these rats is consistent with cultured
MSNs in Experiment 7. This experiment was run in NAcSh punches from
all rats transduced with rAAV-Dnmt3a2shRNA or control viruses that
received either an acute saline or cocaine (10 mg/kg i.p.) challenge, as
described in Experiment 2.

Virus expression verification
After each behavioral experiment that was not followed by gene expres-
sion analysis, the expression of the virus was verified. Animals that failed
to express the virus or where virus expression was spread to other brain
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regions were excluded from the analysis. The tissue was processed as
follows: rats were perfused with 4% PFA (Sigma-Aldrich) and postfixed
in the same solution overnight. Brains were then placed into a solution
containing 30% sucrose in 0.1 M phosphate buffer (PBS) containing
0.04% thimerosal (Sigma-Aldrich) for cryoprotection. Brains were cut at
a thickness of 30 �m and collected and stored in PBS containing 0.04%
thimerosal until further process. Slices were washed two times with PBS
for 5 min and incubated in Hoechst 33258 (1:5000) for 5 min and
mounted on glass slides.

Statistical analysis
In the in vitro Experiment 1, gene expression levels were analyzed by
one-way ANOVA with repeated-measures and Bonferroni’s correction
for multiple comparisons. In Experiment 2, gene expression levels were
also analyzed by one-way ANOVA. In Experiments 3– 6, the number of
infusions earned during training was analyzed by two-way ANOVA, with
CSA days as repeated-measures and groups as between-subject factor. In
Experiment 3, there were three groups in the first day, and number of
infusion for that day was analyzed by one-way ANOVA with groups as
between-subject factor. In Experiments 3 and 4, gene expression data
were analyzed by Student’s t test. In Experiment 6, break point was ana-
lyzed by t test for independent samples. In Experiments 5 and 6, the
number of active poking during the first hour of extinction was analyzed
by two-way ANOVA with groups as between factor and withdrawal (WD1 vs
WD45 time points) as repeated-measures. Cue-induced reinstatement was
analyzed by four-way ANOVA with reinstatement-phase (extinction vs cue),
withdrawal (WD1 vs WD45 time points), and nose-poking (active vs inac-
tive) as repeated-measures and groups as between-subject factor. For Exper-
iment 4, cue-induced reinstatement was analyzed twice. In one case,
reinstatement at WD1 was compared between WD2 and WD46 groups by

three-way ANOVA, with reinstatement-phase and nose-poking as repeated-
measures and groups as between-subject factor. In the other case, reinstate-
ment expressed by WD46 group on WD1 and WD45 tests was compared by
three-way ANOVA with reinstatement-phase, nose-poking, and withdrawal
as repeated-measures. ANOVAs were followed by Newman–Keuls post hoc
analysis when appropriate. Active poke responding during the first hour of
extinction on WD1 was compared between WD2 and WD46 groups by t test
for independent groups. Active poke responding produced during the first
hour of extinction by WD46 group on WD1 and WD45 were compared by t
test for dependent samples. In Experiment 7, gene expression levels were
analyzed by repeated-measures two-way ANOVA followed by Bonferroni’s
multiple comparison test. In Experiment 8, gene expression data were ana-
lyzed by two-way ANOVA followed by Tukey’s post hoc test. Statistical sig-
nificance was set at p � 0.05. Data are mean � SEM.

Results
Experiment 1
We started by investigating whether D1-mediated dopamine sig-
naling in cultured striatal neurons regulates the expression of the
de novo DNA methyltransferases Dnmt3a1 and Dnmt3a2. We
stimulated primary striatal cultures with the D1 receptor agonist
SKF38393 in the presence and absence of the D1 antagonist SCH-
23390 (Fig. 1A). We observed that the expression of Dnmt3a2 is
induced by SKF38393 treatment and that this was prevented by
preincubation with the D1 antagonist (F(1.7,5.1) � 12.12, p �
0.013, �SCH/�SKF vs �SCH/�SKF, p � 0.01; �SCH/�SKF vs
�SCH/�SKF, p 	 0.99). In contrast, the expression of Dnmt3a1
was not altered by either treatment (F(1.9,5.8) � 0.74, p � 0.51,

Figure 1. Gene expression analysis of Dnmt3a1 and Dnmt3a2 in primary striatal cultures and in NAcSh and NAcCo. A, Primary striatal cultures were stimulated with the D1 receptor agonist
SKF38393 in the presence and absence of the D1 antagonist SCH-23390. Dnmt3a2, Arc, FosB, and Egr2 mRNA levels, but not Dnmt3a1 mRNA levels, were increased by SKF38393 treatment. The
presence of SCH-23390 abolished Dnmt3a2, Arc, FosB, and Egr2 expression induction. N � 4 independent cell preparations. B, Gene expression analysis revealed an increase of mRNA Dnmt3a2 level
in the NAcSh 3 h after cocaine treatment compared with saline-injected rats (left). Dnmt3a2 mRNA levels in the NAcCo (middle right), as well as Dnmt3a1 expression levels in the NAcSh (middle left)
and NAcCo (right) were not altered by cocaine treatment. Saline, n � 13; cocaine 1 h, n � 10; cocaine 3 h, n � 9. Data are mean � SEM. *p � 0.05. **p � 0.01. ****p � 0.0001.
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�SCH/�SKF vs �SCH/�SKF, p 	 0.99; �SCH/�SKF vs
�SCH/�SKF, p 	 0.99). We also confirmed the regulation of
expression by D1 activation of the well-characterized immediate
early genes Arc [F(1.2,3.7) � 49.87, p � 0.0027, �SCH/�SKF vs
�SCH/�SKF, p � 0.0034; �SCH/�SKF vs �SCH/�SKF, p �
0.24], FosB [F(2.1,6.3) � 266.3, p � 0.0001, �SCH/�SKF vs
�SCH/�SKF, p � 0.0001; �SCH/�SKF vs �SCH/�SKF, p �
0.13] and Egr2 [F(1.8,5.4) � 13.36, p � 0.0085, �SCH/�SKF vs
�SCH/�SKF, p � 0.03; �SCH/�SKF vs �SCH/�SKF, p �
0.07] (see also Experiments 7 and 8). These findings show that
Dnmt3a2 transcription, but not Dnmt3a1, is activated by dopa-
minergic signaling in striatal neurons.

Experiment 2
We next investigated whether Dnmt3a2 expression in the rat NAc
is regulated by cocaine treatment. We administered cocaine
acutely (10 mg/kg i.p.) and analyzed gene expression in the NAc
1 or 3 h after injection (Fig. 1B). We observed that cocaine
administration increases expression of Dnmt3a2 (one-way
ANOVA: F(2,28) � 3.82, p � 0.0342, Bonferroni post hoc test,
saline vs cocaine 3 h; p � 0.0266), but not Dnmt3a1 (one-way
ANOVA: F(2,30) � 1.042, p � 0.3650), in the NAcSh 3 h after
administration (Fig. 1B). In contrast, cocaine administration did
not induce changes in the expression of Dnmt3a1 or Dnmt3a2 in
NAcCo (Fig. 1B).

Figure 2. Gene expression analysis of Dnmt3a1 and Dnmt3a2 in the NAcSh and Core 1 d after a single CSA session (acute cocaine) and 1 d (WD1) and 45 d (WD45) after discontinuation of CSA
training. A, Schematic outline of the experimental design. B, Acute-cocaine group (n � 7 or 8/group) did not differ in number of cocaine infusions from WD1 (n � 8/group) and WD45 (n � 7/group)
in their first CSA training session. WD1 and WD45 groups had a comparable CSA training. C, Acute cocaine and CSA training did not change the expression levels of Dnm3a1 and Dnm3a2 in the NAcSh
and NAcCo.
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Figure 3. Gene expression analysis of Dnmt3a1 and Dnmt3a2 in the NAcSh and NAcCo 24 h after cue-induced reinstatement of cocaine seeking. A, Schematic drawing of the experimental
protocol. B, WD2 (n�6 or 7/group) and WD46 (n�6 or 7/group) rats killed, respectively, 24 h after reinstatement tests run at WD1 and WD45, did not differ in term of CSA. C, WD2 and WD46 groups
did not differ in active poking during the first hour of extinction at WD1. Extinction responding incubated on WD46 group that increased active poking on WD45 respect to WD1. D, At WD1,
presentation of cocaine-paired cues after extinction reinstated cocaine seeking in both groups of rats, which did not differ in terms of reinstatement ratio. WD46 groups repeated reinstatement test
at WD45, where reinstatement ratio was higher with respect to WD1, which accounts for incubation of cocaine craving. Reinstatement and incubation effects (Figure legend continues.)
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Experiment 3
Next, we determined whether Dnmt3a1/2 gene expression would
be altered by cocaine also under operant conditions. For this
purpose, we collected rat brains 24 h after 1 d of CSA, 24 h after
the last day of chronic self-administration training (i.e., at WD1),
and after WD45 (Fig. 2A). Analysis of the first CSA session found
no overall effect of groups (F(2,21) � 1.35; p � 0.28). Similarly,
there was no day � group interaction when the whole CSA train-
ing performed by WD1 an WD45 was analyzed (F(9,126) � 1.04;
p � 0.41) (Fig. 2B). This indicates that groups had comparable
cocaine-intake history. We found no changes in the expression of
Dnmt3a1, Dnmt3a2 in NAcSh or NAcCo in rats after CSA com-
pared with age control rats (Fig. 2C).

Experiment 4
We then tested whether Dnmt3a1/2 gene expression is involved
in conditioned reinstatement and incubation of cocaine-seeking
behavior. The two groups of cocaine-exposed rats killed at WD2
and WD46 (see experiment’s schematic representation in Fig.
3A) did not differ in terms of CSA (group � day interaction
[F(11,132) � 0.66; p � 0.77], Fig. 3B). Active poking during the first
hour of extinction on WD1 did not differ between WD2 and
WD46 groups (t(12) � 0.40; p � 0.70). The WD46 group pro-
duced a higher active poking on the first hour of extinction on
WD45 compared with WD1 (t(6) � 2.57; p � 0.042) (Fig. 3C).

Both groups of rats expressed a similar reinstatement ratio
24 h after the last cocaine exposure, at WD1 (nose-poking �
reinstatement-phase interaction [F(1,12) � 14.66; p � 0.0024];
nose-poking � reinstatement-phase � groups interaction
[F(1,12) � 0.07; p � 0.79] (Fig. 3D). The WD46 group repeated the
cue induced reinstatement test at WD45. ANOVA found a signif-
icant withdrawal � reinstatement-phase interaction (F(1,6) �
52.15; p � 0.00036). Thus, reinstatement responding at WD45
was significantly higher than reinstatement at WD1 (p � 0.001;
Fig. 3D). Both extinction and cue reinstatement scored by WD46
group indicate an incubation of cocaine craving (Grimm et al.,
2001; Adhikary et al., 2017; Spanagel, 2017).

Gene expression analysis revealed that at WD2 Dnmt3a2 was
increased in the NAcSh of cocaine-exposed rats in respect to
cocaine-naive control rats (t(10) � 4.108, p � 0.0021) (Fig. 3E).
Gene expression in the NAcSh at WD46 revealed a trend for
increased Dnmt3a2 levels in CSA rats (t(11) � 1.443, p � 0.1769),
albeit not significant (Fig. 3E). The expression levels of Dnmt3a1
were not affected by any of the experimental conditions. Gene
expression in the NAcCo at both time points did also not differ
between cocaine-exposed and cocaine-naive groups (Fig. 3E).

Experiment 5
Experiment 4 suggested that Dnmt3a2 expression in the NAcSh is
upregulated following cue-induced reinstatement of cocaine-
seeking behavior. Here we investigated whether this upregulation
influences reinstatement behavior. Therefore, we downregulated
Dnmt3a2 expression by injecting rAAV-dnmt3a2-shRNA in the
NAcSh immediately after the reinstatement test at WD1 (Fig. 4A)

and confirmed that rAAV-Dnmt3a2-shRNA infusion decreased
Dnmt3a2 (t(8) � 2.7; p � 0.02) but not Dnmt3a1 (t(9) � 1.9; p �
0.1) expression (Fig. 4B). Of the 19 rats entering CSA training, 1
did not acquire CSA, 2 died after surgery, 1 did not reach extinc-
tion criteria, and 3 were excluded after histological evaluation of
the infusion target; therefore, only 12 animals (5 Dnmt3a2-
shRNA and 7 controls) were considered for analysis. Dnmt3a2-
shRNA and control transfected rats had comparable history of
cocaine intake (day � groups interaction [F(10,100) � 0.8; p �
0.66]; Fig. 4C). Analysis of active poking during the first hour of
extinction found no overall effect of groups (F(1,10) � 0.2; p �
0.68), there was an effect of withdrawal (F(1,10) � 15.1; p � 0.003),
but no groups � withdrawal interaction (F(1,10) � 0.0007; p �
0.98), indicating that both control and Dnmt3a2-shRNA groups
incubated extinction responding and did not differ from each
other (Fig. 4D). ANOVA of cue-induced reinstatement found a
nose-poking by reinstatement-phase � groups interaction
(F(1,10) � 14.5; p � 0.0034) and withdrawal by reinstatement-
phase � nose-poking interaction (F(1,10) � 7.9; p � 0.018). New-
man–Keuls analysis revealed that cocaine-paired cues reinstated
active nose-poking at both WD1 (p � 0.05) and WD45 (p �
0.001). In both groups, reinstatement at WD45 was significantly
higher than WD1 (control group, p � 0.001; Dnmt3a2-shRNA
group, p � 0.05), indicating incubation of craving. Importantly,
groups did not differ in reinstatement score at WD1 (p � 0.88);
however, at WD45, the Dnmt3a2-shRNA group showed a lower
reinstatement score compared with control virus-treated animals
(p � 0.05; Fig. 4E).

Experiment 6
Experiment 5 demonstrated that Dnmt3a2 influences reinstate-
ment after incubation of cocaine craving. Next, we asked whether
Dnmt3a2 expression mediates the primary reinforcing effects of
cocaine as well. Therefore, in this experiment, we knocked down
Dnmt3a2 expression before CSA training (Fig. 5A). Dnmt3a2-
shRNA and control transfected rats had comparable acquisition
and escalation of cocaine intake (overall effect of days [F(11,16) �
8.33; p � 0.00001], day � group interaction [F(11,176) � 0.4; p 	
0.05]; Figure 5B). Furthermore, there was no difference between
groups in the break point reached in a PR session after 12 d of
CSA training (t(16) � �0.1; p 	 0.05) (Fig. 5C). Together, these
data indicate that dampening of Dnmt3a2 expression does not
alter the primary reinforcing effects of cocaine.

Next, we examined whether knocking down the expression of
Dnmt3a2 before cocaine exposure would affect cue-induced re-
instatement after acute withdrawal and incubation of cocaine
craving. Therefore, after the PR test, rats were subjected to a CSA
baseline training before cue-induced reinstatement tests. Two
control and two Dnmt3a2-shRNA rats did not meet the extinc-
tion criterion or had the catheter blocked during baseline
retraining; therefore, further analyses were conducted in 8
Dnmt3a2-shRNA and 6 control rats. Dnmt3a2-shRNA and con-
trol rats did not differ in terms of active poking during the first
hour of extinction in both WD1 and WD45 tests, and in both
groups extinction responding increased over incubation (effect
of groups [F(1,12) � 0.03; p � 0.86], effect of withdrawal [F(1,12) �
9.79; p � 0.009], group � withdrawal interaction [F(1,12) � 0.01;
p � 0.92]; Figure 5D). The analysis of cue-induced reinstatement
found no withdrawal by reinstatement condition by nose-pok-
ing � groups interaction (F(1,12) � 0.6; p 	 0.05); however, there
was a significant reinstatement condition � groups interaction
(F(1,12) � 4.97; p � 0.05). Newman–Keuls post hoc analysis indi-
cated that, in both groups, and at both WD1 and WD45, presen-

4

(Figure legend continued.) were specific for active poking. E, Gene expression analysis revealed
that, in rats killed at WD2, NAcSh Dnmt3a2 mRNA level was increased in cocaine-exposed rats in
respect to cocaine-naive rats (top left). A similar trend was observed in rats killed at WD46, but
the effect was not significant (top right). Dnmt3a2 and Dnmt3a1 expression levels in the NAcCo
were not altered by any of the experimental conditions (bottom). Data are mean � SEM.
*p � 0.05 versus extinction. ***p � 0.001 versus extinction. °p � 0.05 versus cue at WD1.
°°°p � 0.001 versus cue at WD1.
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Figure 4. Cue-induced reinstatement in rats infected with rAAV-Dnmt3a2-shRNA and control virus in the NAcSh after reinstatement test at WD1. A, Schematic drawing of the experimental procedure.
B, Gene expression analysis of Dnmt3a1 and Dnmt3a2 in the NAcSh after Dnmt3a2 downregulation. rAAV-Dnmt3a2-shRNA infusion decreased Dnmt3a2 but not Dnmt3a1 expression. N � 5 or 6/group. C,
Dnmt3a2-shRNA (n�9) and control (n�10) rats did not differ in CSA training performed before infection. D, Dnmt3a2-shRNA and control rats did not differ in active poking during extinction both at WD1 and
WD45. Extinction responding incubated in both groups. E, During cue-induced reinstatement testing at WD1, before infection, Dnmt3a2-shRNA and control rats did not differ in reinstatement ratio. At WD45,
after infection, both groups increased reinstatement ratio in respect to WD1, but reinstatement in Dnmt3a2-shRNA was lower than in control rats. Data are mean�SEM. *p�0.05 versus extinction. ***p�
0.001 versus extinction. °p � 0.05 versus cue at WD1. °°p � 0.01 versus cue at WD1. °°°p � 0.001 versus cue at WD1. #p � 0.05 versus control.
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tation of cocaine-paired cues reinstated active nose-poking in
respect to extinction (p � 0.01) and that, in both groups, rein-
statement at WD45 was higher than WD1 (p � 0.01), demon-
strating again incubation of cocaine-seeking behavior. Importantly,
there was a difference on cue-induced reinstatement on both
WD1 and WD45 between the two groups (p � 0.01), confirming
the results of Experiment 5 and showing that Dnmt3a2 down-
regulation reduces cue-induced reinstatement of cocaine-seeking
after both acute abstinence and incubation of craving (Fig. 5E).

Experiment 7
Experiments conducted so far demonstrated that Dnmt3a2 in the
NAcSh influences conditioned reinstatement of cocaine-seeking

behavior. Dnmt3a2 has been shown to regulate the expression of
plasticity-related genes in the hippocampus (Oliveira et al., 2012,
2016). In this experiment, we therefore examined whether
Dnmt3a2 regulates the expression of genes known to be involved
in cocaine-dependent neuroadaptations in MSNs. By the use of
rAAV-delivered Dnmt3a2-specific shRNA, we reduced the
Dnmt3a2 levels in cultured MSNs and assessed the induction of
expression of the plasticity genes Arc, FosB, and Egr2 (Fig. 6A).
We confirm that Dnmt3a2 (repeated-measures two-way
ANOVA effect of time: F(3,12) � 17.09; p � 0.0001), Arc
(repeated-measures two-way ANOVA effect of time: F(3,12) �
28.52; p � 0.0001), FosB (repeated-measures two-way
ANOVA effect of time: F(3,12) � 14.6; p � 0.0003), Egr2

Figure 5. Effect of Dnmt3a2 downregulation on primary reinforcing effects of cocaine and cue-induced reinstatement of cocaine-seeking behavior. A, Schematic drawing of the experimental
procedure. B, Rats treated with Dnmt3a2-shRNA (n � 10) did not differ in term of CSA from control (n � 8). C, The two groups did not differ in motivation for cocaine expressed by the break point
reached in a PR session. After PR, 2 rats per group were excluded from extinction and reinstatement analyses. D, Dnmt3a2-shRNA (n�8) and control (n�6) rats did not differ in active poking during
extinction both at WD1 and WD45. Extinction responding incubated in both groups. E, When cue-induced reinstatement was tested, downregulation of Dnmt3a2 expression reduced reinstatement
at WD1 and reinstatement at WD45 remained lower in Dnmat3a2-shRNA treated rats compared with control virus-infected rats. Both groups increased cocaine seeking at WD45 compared with WD1
demonstrating incubation. Black and red dots indicate scatter plot of control and Dnmt3a2-shRNA groups, respectively. Data are mean � SEM. ^p � 0.05 versus day 2 of CSA (for both groups).
^^p � 0.01 versus day 2 of CSA (for both groups). **p � 0.01 versus extinction. ***p � 0.001 versus extinction. °°p � 0.01 versus cue at WD1. °°°p � 0.001 versus cue at WD1. ##p � 0.01 versus
control. ###p � 0.001 versus control.
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(repeated-measures two-way ANOVA effect of time: F(3,12) �
84.35; p � 0.0001), but not Dnmt3a1 (repeated-measures two-
way ANOVA effect of time: F(3,12) � 0.12; p � 0.936) expres-
sions are regulated by D1 receptor activation (Fig. 6A, black
bars). Moreover, we show that reducing the levels of Dnmt3a2
in the striatal neurons impairs the induction of Arc (virus
effect, F(1,4) � 14.4, p � 0.0192; Bonferroni’s post hoc test:

control-shRNA1h vs Dnmt3a2-shRNA 1 h: p � 0.0042), FosB
(virus effect, F(1,4) � 8.358, p � 0.0445; Bonferroni’s post hoc
test: control-shRNA1h vs Dnmt3a2-shRNA 1 h: p � 0.0064),
and Egr2 (virus effect, F(1,4) � 15.54, p � 0.0169; Bonferroni’s
post hoc test: control-shRNA1h vs Dnmt3a2-shRNA 1 h: p �
0.0007) (Fig. 6A, white bars). This indicates that Dnmt3a2
regulates the expression of these genes. The reduced expres-

Figure 6. Dnmt3a2-modulated gene expression in cultured MSNs and in the NAcSh. A, Infection of cultured striatal neurons with rAAV-Dnmt3a2-shRNA impairs the expression of Arc, FosB, and
Egr2 induced by SKF38393 treatment. The reduced expression of Dnmt3a2, but not Dnmt3a1, in the presence of Dnmt3a2-shRNA confirms the specific knockdown. N � 5 independent cell
preparations. B, Top, Representation of the experimental procedure for the acute cocaine challenge. Cocaine-induced expression of plasticity genes was impaired in rAAV-Dnmt3a2-shRNA-injected
rats compared with control-injected rats. Arc, Egr2, and FosB were significantly increased at 1 h, but not 3 h, after cocaine injection. The induction of Egr2 and FosB was significantly reduced in rats
injected with Dnmt3a2-shRNA. For Arc, there was a trend to reduction that was not significant. Saline, n � 13; cocaine 1 h, n � 10; cocaine 3 h, n � 9. Data are mean � SEM. *p � 0.05. **p �
0.01. ***p � 0.001.
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sion of Dnmt3a2 in the presence of the shRNA confirms fur-
ther the knockdown (Fig. 6A, top left).

Experiment 8
We hypothesized that, similar to the results obtained with cul-
tured MSNs, Dnmt3a2 may regulate cocaine-induced expression
of plasticity genes in the rat NAcSh. To test this, we assessed the
expression of plasticity genes in response to acute cocaine in the
presence and absence of the Dnmt3a2-shRNA. The results show
that Arc (drug effect, F(2,57) � 11.72, p � 0.0001; Tukey’s post hoc
test: saline control vs cocaine: p � 0.0005), FosB (drug effect,
F(2,57) � 21.32, p � 0.0001; Tukey’s post hoc test: saline control vs
cocaine: p � 0.0001), and Egr2 (drug effect, F(2,57) � 28.41, p �
0.0001; Tukey’s post hoc test: saline control vs cocaine: p �
0.0001) expressions are increased at 1 h after cocaine administra-
tion in control conditions (Fig. 6B, black bars). Reducing the
levels of Dnmt3a2 in the NAc Shell, by the use of shRNA knock-
down, impairs the induction of expression of Egr2 (p � 0.026)
and FosB (p � 0.0117) (Fig. 6B, white bars). This indicates that
Dnmt3a2 is required for cocaine-dependent expression of plas-
ticity genes in the rat NAcSh.

Discussion
In this study, we provide evidence for a role of Dnmt3a2 in con-
ditioned reinstatement of cocaine-seeking behavior after both
acute and prolonged withdrawal. The NAcSh appears to be a
critical brain site of action of Dnmt3a2 and cocaine-dependent
expression of plasticity genes within the NAcSh is dependent on
this specific DNA methyltransferase.

Dnmt3a2 expression is regulated by cocaine in NAc shell
We demonstrate that dopaminergic transmission regulated by
the D1 receptor in cultured MSNs increased the expression of
Dnmt3a2 but not Dnmt3a1. Similarly, in the ventral striatum of
rats that received a noncontingent administration of cocaine,
Dnmt3a2, but not Dnmt3a1, expression was increased compared
with saline-treated controls. In addition, this effect was specific
for the NAcSh as in the NAcCo neither of the Dnmt3a isoforms
underwent expression changes induced by cocaine. This is in
agreement with previous studies that found that in the NAc the
expression of the Dnmt3a gene is upregulated shortly after acute
cocaine administration (Anier et al., 2010; LaPlant et al., 2010).
We further investigated Dnmt3a2 and Dnmt3a1 expression in the
NAc subdivisions after acute and chronic CSA, and after pro-
longed withdrawal. We found that acute CSA did not trigger
detectable expression changes 24 hours later. Similarly to LaPlant
et al. (2010), 24 hours after chronic CSA, we observed a tendency
for downregulation of Dnmt3a1 (p � 0.1) and Dnmt3a2 (p �
0.1) expression in NAcSh; however, in our study, it did not reach
statistical significance. In conditions of prolonged abstinence (45
d), the levels of Dnmt3a1 or Dnmt3a2 were unaltered. This find-
ing is in contrast to LaPlant et al. (2010) who found increased
expression of the Dnmt3a gene 28 d after CSA. Differences in the
methodology, such as CSA dose and duration of withdrawal, may
account for the discrepancy. In our study, we found changes in
Dnmt3a2 expression after cue-induced reinstatement. We ob-
served that, when we exposed rats to cue-induced reinstatement,
Dnmt3a2 expression was increased but not the Dnmt3a1 isoform.
This was restricted to the NAcSh. This suggests that the reinstate-
ment of cocaine seeking is selectively associated with increased
Dnmt3a2 expression 24 h later. It may be that, compared with
CSA, cue reinstatement leads to a more prolonged expression
that can still be detected at this time point. Alternatively, chronic

CSA may alter the epigenetic landscape of the Dnmt3a gene locus,
priming it for transcription activation upon a stimulus, such as
cue-induced reinstatement. Consistent with this hypothesis is the
observation that chronic CSA leads to hypomethylation of the
Dnmt3a gene (Massart et al., 2015). In summary, we found that
the expression of Dnmt3a2 is selectively increased in the NAcSh at
early time points after cocaine administration and after cue-
induced reinstatement. These findings implicate Dnmt3a2 as a
possible player in cocaine-driven neuroadaptations.

Dnmt3a2 in NAcSh plays a role in protracted
cocaine-seeking behavior
DNA methylation changes in the NAc have been reported for
several genes during incubation of cocaine craving, suggesting
that DNA methylation is functionally involved in this process
(Massart et al., 2015). Moreover, supplementation of methyl do-
nor increases both cue and cocaine-primed reinstatement of
cocaine seeking, whereas Dnmt inhibition decreases cocaine
seeking (LaPlant et al., 2010; Massart et al., 2015; Wright et al.,
2015). These studies prompted us to investigate whether
Dnmt3a2 plays a functional role in cocaine-seeking behavior af-
ter prolonged abstinence. We found that rats with reduced levels
of Dnmt3a2 in the NAcSh during the withdrawal phase following
chronic CSA showed reduced cue-induced reinstatement of co-
caine seeking. This finding is in line with Massart et al. (2015) who
showed that pharmacological inhibition of Dnmt activity within the
NAc abolished cue-induced cocaine seeking after prolonged with-
drawal. In our study, reducing the expression levels of a Dnmt3a2
produced a similar effect. Thus, our findings implicate Dnmt3a2
activity in the NAcSh as a possible candidate in the regulation of
DNA methylation-dependent events in prolonged withdrawal and
drug-seeking behavior. This function is not associated with an in-
crease in the expression levels of this enzyme during abstinence; thus,
it is more likely to depend on its activity. Our findings further suggest
that targeting Dnmt3a2 activity could alter protracted cocaine-
seeking behavior.

Dnmt3a2 in the NAcSh contributes to the establishment of
cocaine-cue associations
We found that, when Dnmt3a2 levels in NAcSh are reduced be-
fore cocaine training, cue-induced cocaine seeking at WD1 is
reduced, an effect that was maintained on WD45. Interestingly, it
was shown before that Dnmt inhibition does not affect CSA but
reduces cue-induced reinstatement (Massart et al., 2015). In line
with these data, rats infected with Dnmt3a2-shRNA before co-
caine training showed CSA and progressive ratio responding for
cocaine similar to control rats but showed reduced cue-induced
reinstatement. In addition, Dnmt3a2-shRNA and control rats
did not differ in terms of acute and incubated extinction respond-
ing, when the cocaine-associated cues were not presented. Con-
sistently with our finding, Massart et al. (2015) demonstrated
that inhibition of DNA methylation decreased cue-extinction re-
sponding. Together, this suggests that Dnmt3a2 in the NAcSh
contributes to the establishment of cocaine-cue associations, and
consequently promotes cocaine seeking induced by cocaine-
paired stimuli, without influencing the reinforcing properties of
cocaine.

Cocaine-induced neuroadaptations that are believed to medi-
ate its addictive effect result from changes in gene expression via
activation of D1 receptors (Cadet et al., 2010). Consistently with
previous data (Fosnaugh et al., 1995; Larson et al., 2010; Gao et
al., 2017), we found three IEGs (Arc, FosB, and Egr2) to be up-
regulated in striatal MSNs by D1 stimulation and in the NAcSh by
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cocaine. Notably, Arc, FosB, and Egr2 are players in synaptic ad-
aptation and memory consolidation (Poirier et al., 2007; Solecki
et al., 2008; Shepherd and Bear, 2011) and are expressed in neu-
ronal ensembles associated with context-induced drug seeking
and drug challenge (Cruz et al., 2015). We found that the expres-
sion of these IEGs triggered by D1 receptor activation in MSN
culture or cocaine in vivo is diminished in rAAV-Dnmt3a2-
shRNA-infected rats. It is important to note that the stimulus-
driven expression of Arc, FosB, and Egr2 precedes the one of
Dnmt3a2. This indicates that stimulus-driven Dnmt3a2 should
not regulate the expression of the other IEGs triggered by the
same stimulus. We propose that, similarly to its role in the hip-
pocampus (Oliveira et al., 2012), Dnmt3a2 in the NAcSh may
serve a “gating function” for signal-regulated transcription.
Dnmt3a2 is required to maintain a methylation landscape that
renders the genome permissive for activity-induced gene expres-
sion needed for long-term adaptive changes. Moreover, the
stimulus-induced upregulation of Dnmt3a2 expression itself is
important to reinforce this function and guarantee optimal re-
sponse to subsequent stimulus. In other words, if cocaine admin-
istration occurs in conditions of reduced Dnmt3a2 levels, the
genome is in a less permissive state and the cocaine-driven ex-
pression of plasticity-related genes is disrupted. This would
impact the formation of drug-cue associations and the establish-
ment of neuroadaptations that underlie compulsive drug taking
and persistent drug-seeking behavior. The idea that DNA meth-
ylation may result in permissive conditions for transcriptional
responses may seem counterintuitive at first. However, it is now
well accepted that the relationship between DNA methylation
and transcription is complex. Several studies have shown poor
correlation between DNA methylation and transcriptional
changes, with the exception that increases in DNA methylation at
gene promoters often leads to transcription repression (Guo et
al., 2011; Li et al., 2014; Massart et al., 2015). Therefore, a con-
ceptual framework that is emerging postulates that DNA meth-
ylation primes the genome for external stimulus responses
(Baker-Andresen et al., 2013, 2015; Massart et al., 2015; Oliveira
et al., 2016). The Massart et al. (2015) findings support this idea
by showing that a subset of genes that changed DNA methylation
status during incubation only underwent transcriptional changes
upon presentation of the cocaine-associated cue. Together, our
data and published evidence suggest that Dnmt3a2 in the NAcSh
regulates the consolidation of cocaine-related memories, likely
by setting the conditions for cocaine-dependent neuroadapta-
tions, which is then reflected by the ability of environmental stim-
uli to trigger cocaine seeking after both acute and prolonged
withdrawal.

A possible concern on our study could be the choice of age-
matched naive control animals instead of saline-yoked control
rats. However, previous studies on cocaine withdrawal and incu-
bation that used both saline-yoked and age-matched control did
not show any difference between the two control groups (Mous-
sawi et al., 2009; Ferrario et al., 2011). In the two previous studies
addressing the role of Dnmt3a on cocaine reinforcement, relapse,
and incubation, LaPlant et al. (2010) make no description of
saline yoking procedure, although the use of naive control is also
not clearly stated, whereas Massart et al. (2015) used saline-yoked
controls. Both studies found specific effects of cocaine on
Dnmt3a expression and methylation. Noteworthy, as we dis-
cussed above, there is a clear overlap between ours and the results
of Massart et al. (2015), suggesting that the different control an-
imals used did not influence the results.

In conclusion, our study uncovered a role for Dnmt3a2 in cue-
induced reinstatement of cocaine seeking in NAcSh. Dnmt3a2 plays
a role in protracted cue-induced reinstatement and in the mediation
of the association between cocaine and environmental cue without
affecting the primary reinforcing effects of cocaine but inducing
long-lasting adaptations that mediate reinstatement. Therefore, tar-
geting Dnmt3a2 may be an approach to reduce cocaine craving and
relapse.
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Zhang SJ, Steijaert MN, Lau D, Schütz G, Delucinge-Vivier C, Descombes P,
Bading H (2007) Decoding NMDA receptor signaling: identification of
genomic programs specifying neuronal survival and death. Neuron 53:
549 –562. CrossRef Medline

7528 • J. Neurosci., August 22, 2018 • 38(34):7516 –7528 Cannella et al. • Dnmt3a2 Is Required for Cocaine Seeking

http://dx.doi.org/10.1001/archpsyc.1986.01800020013003
http://www.ncbi.nlm.nih.gov/pubmed/3947206
http://dx.doi.org/10.1038/35084134
http://www.ncbi.nlm.nih.gov/pubmed/11449260
http://dx.doi.org/10.1038/nn.2900
http://www.ncbi.nlm.nih.gov/pubmed/21874013
http://dx.doi.org/10.1038/nn.4194
http://www.ncbi.nlm.nih.gov/pubmed/26656643
http://dx.doi.org/10.1038/nn.2619
http://www.ncbi.nlm.nih.gov/pubmed/20729844
http://dx.doi.org/10.1111/j.1471-4159.2010.06907.x
http://www.ncbi.nlm.nih.gov/pubmed/20633205
http://dx.doi.org/10.1111/adb.12140
http://www.ncbi.nlm.nih.gov/pubmed/24698092
http://dx.doi.org/10.1073/pnas.1318906111
http://www.ncbi.nlm.nih.gov/pubmed/24757058
http://dx.doi.org/10.1016/j.neuropharm.2013.04.061
http://www.ncbi.nlm.nih.gov/pubmed/23727437
http://dx.doi.org/10.1016/j.nlm.2016.10.003
http://www.ncbi.nlm.nih.gov/pubmed/27720809
http://dx.doi.org/10.1523/JNEUROSCI.3053-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/26019323
http://dx.doi.org/10.1038/nn.2560
http://www.ncbi.nlm.nih.gov/pubmed/20495557
http://dx.doi.org/10.1038/npp.2012.112
http://www.ncbi.nlm.nih.gov/pubmed/22781841
http://dx.doi.org/10.1038/nn.2250
http://www.ncbi.nlm.nih.gov/pubmed/19136971
http://www.ncbi.nlm.nih.gov/pubmed/24459410
http://dx.doi.org/10.1111/adb.12588
http://dx.doi.org/10.1111/j.1749-6632.1992.tb25984.x
http://www.ncbi.nlm.nih.gov/pubmed/1632593
http://dx.doi.org/10.1101/lm.042739.116
http://www.ncbi.nlm.nih.gov/pubmed/27634149
http://dx.doi.org/10.1038/nn.3151
http://www.ncbi.nlm.nih.gov/pubmed/22751036
http://dx.doi.org/10.1038/mp.2015.175
http://www.ncbi.nlm.nih.gov/pubmed/26598069
http://dx.doi.org/10.1001/jamapsychiatry.2016.2181
http://www.ncbi.nlm.nih.gov/pubmed/27603142
http://dx.doi.org/10.3389/neuro.08.006.2007
http://www.ncbi.nlm.nih.gov/pubmed/18958188
http://dx.doi.org/10.1038/nrn3111
http://www.ncbi.nlm.nih.gov/pubmed/21989194
http://dx.doi.org/10.1016/j.neuropharm.2014.01.043
http://www.ncbi.nlm.nih.gov/pubmed/24495398
http://dx.doi.org/10.1007/s00213-002-1224-x
http://www.ncbi.nlm.nih.gov/pubmed/12402102
http://dx.doi.org/10.1038/nn.2708
http://www.ncbi.nlm.nih.gov/pubmed/21278731
http://dx.doi.org/10.1016/j.bbr.2008.02.040
http://www.ncbi.nlm.nih.gov/pubmed/18407360
http://www.ncbi.nlm.nih.gov/pubmed/29302222
http://dx.doi.org/10.1371/journal.pone.0068791
http://www.ncbi.nlm.nih.gov/pubmed/23894345
http://dx.doi.org/10.1523/JNEUROSCI.5227-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/26063926
http://dx.doi.org/10.1016/j.neuron.2007.01.025
http://www.ncbi.nlm.nih.gov/pubmed/17296556

	Dnmt3a2 in the Nucleus Accumbens Shell Is Required for Reinstatement of Cocaine Seeking
	Introduction
	Materials and Methods
	Results
	Discussion
	References


