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Abstract

Background: Ethanol-induced behavioral sensitization (EIBS) is proposed to play a role in early and recurring steps of
addiction. EIBS does not occur uniformly in all animals even from the same inbred strain. Since recent data demonstrate that
epigenetic mechanisms are likely to be involved in the development and the persistence of ethanol-related behaviors, we
explored the involvement of epigenetic mechanisms in ethanol response after EIBS development.

Methodology: DBA/2J mice were i.p. injected with saline or ethanol (2 g/kg) once a day for 10 consecutive days. At day 17,
ethanol-treated mice were split in resistant and sensitized groups. Brains were then removed 30 min after a saline or 2 g/kg
ethanol challenge to assess i) gene expression using PCR array targeting 84 epigenetic-related genes and ii) histone
deacetylases (HDAC), histone acetylases (HAT) and DNA methyltransferases (DNMT) activities as well as H4K12 acetylation.

Principal Findings: Acute ethanol administration decreased dnmt1, esco2 and rps6ka5 genes expression. These genes were
similarly altered in sensitized but not in resistant mice after an ethanol challenge, suggesting that resistant mice were
tolerant to the transcriptional outcomes of an ethanol challenge. Whereas global HAT or DNMT activity was not affected,
global HDAC activity was reduced after an acute ethanol injection. HDAC inhibition occurred in all ethanol-treated mice but
with a lesser extent in sensitized animals. As a consequence, H4 acetylation was specifically potentiated in the core of the
Nac proportionally to the striatal HDAC activity decrease.

Conclusions/Significance: The present study highlights that the contrasted behavioral response to an ethanol challenge
between resistant and sensitized mice may be mediated by epigenetic mechanisms occurring specifically in the striatum.
Here we show that vulnerability to ethanol dependence and relapse could be, at least in part, due to individual variability in
acute ethanol-induced epigenetic response.
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Introduction

Among the different theories that could explain addiction, the

incentive salience sensitization theory states that repeated exposure

to drugs of abuse causes hypersensitivity to drugs and drugs-

associated stimuli of the neuronal circuits mediating incentive

salience, an important way in which motivational stimuli influence

behavior [1]. Ethanol-induced behavioral sensitization (EIBS) is

defined as a progressive enhancement of motor stimulant effect

following repeated ethanol administrations [2,3].

Behavioral sensitization displays two phases that differ at the

anatomical level. The induction phase is described as a

progressive enhancement of the locomotor activity induced by

ethanol and involves the ventral tegmental area. The expression

phase corresponds to the enduring behavioral hypersensitivity to

ethanol after the cessation of treatment and involves the ventral

striatum (nucleus accumbens, Nac) [4,5]. The induction and

expression phases of EIBS also differ at the pharmacological

level. Indeed, naloxone, disulfiram and D3 antagonists decrease

the magnitude of EIBS induction but have no effect on EIBS

expression [6–8]. Conversely, CRF1 antagonism has no effect

on induction but blocks EIBS expression [9]. The neuroadapta-

tions underlying sensitization expression require a withdrawal

period for their full development and are proposed as a relevant

process in the recurring stages of alcohol addiction. In

particular, neuroadaptations occurring after behavioral sensiti-
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zation and triggered by an ethanol challenge also play a role in

relapse to drug seeking [1–3].

Whereas behavioral sensitization is a robust phenomenon

observed in several species, critical individual differences are

described in the development and magnitude of expression of

EIBS between individuals [10–14]. Indeed, some mice exhibited

clear signs of sensitization (‘sensitized mice’) and others similarly

treated did not display progressive enhancement of locomotor

activity during EIBS procedure (non-sensitized or resistant

mice). As a consequence, these contrasted responses provide

an opportunity to discriminate the global pharmacological

effects of ethanol from effects specifically associated with

sensitization processes. Therefore, focusing our research on the

expression phase of sensitization allows us to only consider the

sensitized-specific adaptations putatively involved in relapse to

drug-seeking. To date, only few studies investigated differential

neurobiological changes induced by repeated ethanol adminis-

trations in sensitized and resistant mice and attention has been

given to the neurotransmitter systems. Based on their locomotor

activity score (last day/first day), the ethanol-treated mice were

classified as sensitized and non-sensitized. Resistant mice exhibit

significant higher NMDA [12,13] and lower D2 [14] receptors

binding in specific brain areas, such as Nac core, prefrontal

cortex (PFC) or caudate-putamen, when compared to sensitized

mice. Understanding the neurochemical machinery that may

underlie these differences is a priority for in-depth investigation

of EIBS reversal.

Increasing attention has been given to the role of epigenetic

mechanisms in modulating gene expression, leading to various

behavioral and physiological ethanol responses. Indeed, epigenet-

ics can explain long-lasting changes in gene expression and recent

studies also indicated that ethanol alters the activity of the different

enzymes involved in chromatin remodeling. Particularly, acetyla-

tion of histone proteins appears as a crucial mechanism in the

development of alcohol addiction. Acute ethanol treatment

decreases histone deacetylases (HDAC) activity and increases

acetylation of histone H3 and H4 in rat amygdaloid brain regions.

In contrast, repeated ethanol administration alters neither HDAC

activity nor histone acetylation. However, withdrawal after

chronic ethanol treatment increases HDAC activity and decreases

histone acetylation [15,16]. Moreover, adolescent rats submitted

to ethanol intermittent administrations exhibit an increase in H3

and H4 acetylation, in H3 dimethylation and in histone

acetyltransferases (HAT) activity in the PFC [17]. These studies

strongly support an alteration of epigenetic mechanisms after both

acute and chronic ethanol treatment. Whereas recent data suggest

a role of HDACs in EIBS acquisition [18], to date, epigenetics

involvement in response to an ethanol challenge after sensitization

has not been investigated.

In this context, we carried out an exploratory analysis to identify

some regulations of striatal expression of epigenetic-related genes

in resistant and sensitized mice during EIBS expression phase. In a

separate experiment, we investigated the outcome of prior

behavioral sensitization on ethanol challenge response regarding

HDAC, HAT and DNMT activities and histone H4 acetylation in

brain structures involved in reinstatement (striatum, PFC,

amygdala and hippocampus; [19]). We postulated that both

approaches would extend knowledge on the involvement of

epigenetic mechanisms not only in the persistence of ethanol-

related behaviors such as EIBS expression but also on vulnerability

to ethanol addiction.

Results

DBA/2J Mice Display Individual Differences in Behavioral
Sensitization to Ethanol

A 1-way ANOVA failed to detect a difference in locomotor

activity at day H between control, resistant and sensitized mice

(F[3,134] = 1.435; P = 0.235) (Figure 1). These findings suggest

that resistant mice failure to manifest sensitization is not due to

impaired locomotor or exploratory abilities.

Since no difference was detected between acute and control

groups during the induction phase (day 1–day 10), data from both

groups were pooled to performed the first 2-way RM-ANOVA

focused on EIBS induction. Statistical analysis highlighted an

effect of group (F[2,135] = 217.170; P,0.001), an effect of day

(F[4,535] = 41.593; P,0.001) and a significant interaction

(F[8,535] = 65.527; P,0.001) (Figure 1). Post-hoc tests revealed

a significant increase in locomotor activity between day 1 and day

10 for the sensitized (P,0.001) but not for the resistant groups

(P = 0.265) and showed a slight habituation in the control group

(P,0.01).

At day 17, mice received one injection of saline or 2 g/kg

ethanol (Figure 1). A 2-way RM-ANOVA focused on days 1, 10

and 17 revealed an effect of group (F[3,134] = 90.467; P,0.001),

an effect of day (F[2,268] = 21.060; P,0.001) and a significant

interaction (F[6,268] = 51.943; P,0.001). Post-hoc tests indicated,

as expected, that mice injected with saline solution during the

induction phase exhibited a significant increase in locomotor

activity at day 17 in response to ethanol (acute group; P,0.001 vs

D1). Sensitized mice were still sensitized on day 17 after ethanol

challenge (P,0.001 vs D1; P,0.001 vs acute mice at D17).

Resistant mice were still unsensitized at day 17 after ethanol

challenge (P = 0.903 vs D1; P = 0.332 vs acute mice at D17;

P,0.001 vs sensitized mice at D17 (Figure 1). A 1-way ANOVA

detected no difference between groups neither for BECs

(F[2,24] = 1.233; P = 0.309; Figure S2a), nor for mice body

weight at day 17 (F[2,35] = 0.654; P = 0.526; Figure S2b). Thus,

it is unlikely that the behavioral differences detected between

resistant and sensitized mice may be related to changes in ethanol

metabolism or food intake.

Figure 1. Individual variability in EIBS development. On the first
day of the experiment (habituation day, H), all mice were injected with
saline solution (n = 60). Then, from days 1 to 10, mice received 10
consecutive once-daily i.p. injections of saline (n = 20) or 2 g/kg ethanol
(n = 40) solution immediately followed by a 5 min-long locomotor
activity recording session. Some mice exhibited EIBS (sensitized mice,
n = 29) whereas others failed to sensitize (resistant mice, n = 11). At day
17 (challenge day) mice received a single injection of saline (control
group) or 2 g/kg ethanol (acute, resistant and sensitized groups). *
indicates an increase vs day 1. { indicates a significant difference
between resistant and sensitized mice at the same day. # indicates
significant differences between sensitized and acute mice at day 17. @
indicates significant differences between resistant and sensitized
groups throughout the induction phase.
doi:10.1371/journal.pone.0047527.g001
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Expression of EIBS is Associated with Tolerance to
Ethanol Challenge Transcriptional Effects on Epigenetic-
related Genes

A single injection of 2 g/kg ethanol (acute group) altered the

expression of 21 genes involved in histone modification and DNA

methylation. Among these genes, 5 were up- and 16 were down-

regulated (Table S1). Nineteen of these genes were similarly

regulated after an ethanol challenge at day 17 in sensitized mice

(Table S1). On the contrary, 12 of these transcripts were

unaltered in resistant mice after an ethanol challenge at day 17

(Table S1). Even when genes were regulated in the same

direction between acute and resistant mice, our results emphasized

significant differences in the regulation levels. Including all these

transcripts, 19 were significantly different between acute/sensi-

tized and resistant mice (Table 1). These 19 genes were

identically regulated between the acute and sensitized groups

whereas these regulations were significantly less important in the

resistant group (Table 1). Thus, these data suggest that resistant

mice were mostly tolerant to some transcriptional effects of an

ethanol challenge. We only represented genes whose regulation

passed the Bonferroni’s correction in Figure 2. The expression of

dnmt1, esco2 and rps6ka5 dramatically decreased in acute groups

(277%, 262%, 280% under control, respectively). Similar

regulations were observed in sensitized but not in resistant mice

that appear tolerant to the transcriptional outcomes of an ethanol

challenge (+204%, +274%, +310% over acute, respectively).

Moreover, esco2 was strongly reduced in acute and sensitized

groups and increased in resistant mice striata suggesting that

resistance to EIBS was associated not only with a reduced ethanol

transcriptional effect but also with opposite effects (Figure 2).

These regulations appeared gene specific since some genes were

similarly regulated between all groups of mice, showing that

resistant mice could also exhibit transcriptional effect of an ethanol

challenge (atf2, kdm4a and setdb1; Table S1).

Expression of EIBS is Associated with Changes in Global
HDAC Activity in Striatum

In the striatum, a 1-way ANOVA highlighted an effect of group

in the nuclear (F[3,12] = 17.783, P,0.001) and cytosolic

(F[3,15] = 13.696, P,0.001) fractions (Figure 3a). In the nuclear

fraction, post-hoc tests showed that HDAC activity was remarkably

reduced in acute, resistant and sensitized groups whereas in the

cytosolic fraction only acute and resistant mice exhibited a robust

increase in HDAC activity. Whatever the fraction these alterations

were moderated in the sensitized groups, i.e. HDAC activity was

higher in the nuclear fraction (78% and 34% over acute and

resistant mice, respectively) and lesser in the cytosolic fraction

(27% and 20% under acute and resistant mice, respectively,

P,0.05) (Figure 3a). These results suggested that sensitized mice

were at least partially tolerant to the ethanol challenge in the

nuclear and in the cytosolic fractions, respectively.

In the PFC, statistical analysis highlighted an effect of group in

both nuclear (F[3,16] = 5.049, P,0.05) and cytosolic fractions

(F[3,15] = 9.777, P,0.001). Post-hoc tests showed an increase in

HDAC activity in the nuclear fraction of acute (P,0.05) and

sensitized (P,0.05) groups and a reduction in the cytosolic fraction

of sensitized mice (23% and 29% under acute and resistant mice,

P,0.05 and P,0.001, respectively) (Figure 3b).

In the amygdala, data analysis showed an effect of group in the

cytosol (F[3,16] = 3.558, P,0.05) but not in the nuclear fraction

(F[3,16] = 2.725, P = 0.079). Post-hoc tests revealed a reduced

HDAC activity in the cytosolic fraction of sensitized compared

to resistant mice (27% under resistant, P,0.05; Figure 3c).

In the hippocampus, a 1-way ANOVA detected no effect of

group on HDAC activity neither in the nuclear (F[3,15] = 3.282,

P = 0.050) nor in the cytosolic fractions (F[3,16] = 1.781,

P = 0.191) (Figure 3d).

Expression of EIBS is not Associated with Changes in
Global HAT or DNMT Activities

In the striatum, a 1-way ANOVA failed to detect an effect of

group on HAT activity in the nuclear fraction (F[3,16] = 0.235,

P = 0.870) but showed an effect of group in the cytosolic fraction

(F[3,16] = 26.296, P,0.001). Indeed, post-hoc tests demonstrated

that HAT activity increased in the striatal cytosolic fraction of

acute, resistant and sensitized groups (about 50% over control,

P,0.001) (Figure 4a).

In the PFC, statistical analysis failed to detect an effect of group

on HAT activity whatever the fraction (F[3,16] = 10.407,

P = 0.444 and F[3,16] = 2.270, P = 0.120 in the nuclear and

cytosolic fractions, respectively) (Figure 4b).

In the amygdala, data analysis showed an effect of group on

HAT activity in both the nuclear (F[3,16] = 10.407, P,0.001) and

in the cytosolic fractions (F[3,16] = 5.106, P,0.05). Post-hoc tests

demonstrated that HAT activity slightly increased in acute

(P,0.01), resistant (P,0.001) and sensitized (P,0.01) groups

compared to controls in the nuclear fraction and a dramatic

Table 1. Ethanol challenge in resistant and sensitized mice is
associated with striatal epigenetic-related genes regulation.

Acute Sensitized Resistant Resistant

Gene vs control vs acute vs sensitized

Dnmt1 QQQ QQQ QQ qq qq

Esco2 QQ Q q qqq qqq

Hdac11 QQQ QQQ = qq qqq

Prmt5 Q QQ = qq qqq

Prmt6 QQQ QQQ Q = q

Prmt7 QQQ QQQ = qqq qq

Rps6ka5 QQQ QQQ Q qqq qqq

Setd6 QQQ QQ = qq qq

Smyd3 Q Q = qq qq

Usp21 QQ QQ = q q

Hdac10 = = = = q

Myst1 = = = qq qq

Myst2 = = = q q

Noca6 = = q = q

Rnf2 = = = q q

Setd1a = = = qq qq

Setd3 = = = = q

Setd4 = = = = q

Usp16 = = qq = q

During 10 days, mice received daily i.p. injections of saline or ethanol (2 g/kg)
solution. At day 17, 30 min after saline or ethanol challenge (2 g/kg), striata
were isolated to perform real-time PCR (n = 4 per group). Only genes whose
expression is significantly different between resistant and sensitized mice are
represented and expressed as percentages of control (mean 6 SEM). Q and q
represent a significant decrease or increase in gene expression, respectively.
Q,qP,0.05, QQ,qqP,0.01, QQQ,qqqP,0.001, = P.0.05. Regulations that
pass the Bonferroni correction are indicated in bold.
doi:10.1371/journal.pone.0047527.t001
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Figure 2. Expression of EIBS is associated with tolerance to the transcriptional effects of an ethanol challenge on epigenetic-related
genes. During 10 days, mice received daily i.p. injections of saline or ethanol (2 g/kg) solution. At day 17, 30 min after saline or ethanol challenge
(2 g/kg), striata were isolated to perform real-time PCR (n = 4 per group). Means (6 SEM) of regulated genes expression are expressed as percentages
of control *P,0.05, **P,0.01, ***P,0.001 vs control; ##P,0.01, ###P,0.001 vs acute; {{P,0.01, {{{P,0.001 vs resistant groups.
doi:10.1371/journal.pone.0047527.g002

Figure 3. Expression of EIBS is associated with changes in global HDAC activity in striatum. During 10 days, mice received daily i.p.
injections of saline or ethanol (2 g/kg) solution. HDAC activity was measured in cytosolic and nuclear fractions of striatum (a), prefrontal cortex (b),
amygdala (c) and hippocampus (d) 30 min after saline or ethanol (2 g/kg) challenge at day 17 (n = 4–5 per group). Means (6 SEM) of HDAC activity
are expressed as percentages of control *P,0.05, ***P,0.001 vs control; #P,0.05 vs acute; {P,0.05, {{{P,0.001 vs resistant groups.
doi:10.1371/journal.pone.0047527.g003

Epigenetics and Ethanol Sensitization Expression
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reduction in the cytosolic fraction of sensitized mice (54% under

control, P,0.05) (Figure 4c).
In the hippocampus, ethanol treatment had no effect on HAT

activity whatever the fraction studied (F[3,16] = 10.407, P = 0.512

and F[3,16] = 2.270, P = 0.076 in the nuclear and cytosolic

fractions, respectively) (Figure 4d).
A 1-way ANOVA detected no effect of group on DNMT

activity in the striatum (F[3,16] = 1.616, P = 0.225), in the PFC

(F[3,16] = 1.561, P = 0.238), in the amygdala (F[3,16] = 0.561,

P = 0.648) or in the hippocampus (F[3,16] = 1.726, P = 0.202)

(Figure 5).

Expression of EIBS is Associated with Changes in H4K12
Acetylation in the Core of the Nac

In the core of the Nac (Figure 6a, b), a 1-way ANOVA

showed a main effect of group (F[3,12] = 14.735, P,0.001) and

post-hoc tests highlighted an increase in the number of positively

labelled nuclei for ac-H4 in acute (P,0.01), resistant (P,0.001)

and sensitized (P,0.05) compared to control groups. Interestingly,

the augmentation in the sensitized group was significantly lower

than in the resistant group (13% under resistant; P,0.05).

A 1-way ANOVA failed to detect any effect of group on H4

acetylation in the shell of the Nac (F[3,12] = 2.258, P = 0.134;

Figure 6c), in the dorso-lateral (F[3,12] = 1.205, P = 0.350;

Figure 6d) or in the dorso-medial striatum (F[3,12] = 2.925,

P = 0.077; Figure 6e).

Quantification of NeuN positive cells number did not reveal any

differences between groups in the core (F[3,12] = 0.689, P = 0.576;

Figure S3a, b) or in the shell of the Nac (F[3,12] = 0.0462,

P = 0.986; Figure S3c) and in the dorso-lateral (F[3,12] = 0.485,

P = 0.699; Figure S3d) or in the dorso-medial striatum

(F[3,12] = 1.428, P = 0.283; Figure S3e).

Discussion

As previously described in humans and rodents [10,12–14], our

results confirmed individual differences in response to ethanol.

Indeed, we emphasized that high levels of locomotor stimulation

emerged after chronic ethanol treatment in some mice but not in

others genetically identical and similarly treated. We proved that

differential expression of EIBS is not linked to alteration in ethanol

metabolism, motor coordination or exploratory activity. Identifi-

cation of the mechanisms underlying resistance to EIBS becomes

of intense interest since it would provide information about

neurobiological factors that generate the heterogeneity in alcohol-

Figure 4. Expression of EIBS is not due to changes in global HAT activity. During 10 days, mice received daily i.p. injections of saline or
ethanol (2 g/kg) solution. HAT activity was measured in cytosolic and nuclear fractions of striatum (a), prefrontal cortex (b), amygdala (c) and
hippocampus (d) 30 min after saline or ethanol challenge (2 g/kg) at day 17 (n = 4–5 per group). Means (6 SEM) of HDAC activity are expressed as
percentages of control *P,0.05, **P,0.01, ***P,0.001 vs control group.
doi:10.1371/journal.pone.0047527.g004
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Figure 5. Expression of EIBS is not due to changes in global DNMT activity. During 10 days, mice received daily i.p. injections of saline or
ethanol (2 g/kg) solution. DNMT activity was measured in nuclear fractions of striatum, prefrontal cortex, amygdala and hippocampus 30 min after
saline or ethanol (2 g/kg) challenge at day 17 (n = 5 per group). Means (6 SEM) of DNMT activity are expressed as percentages of control.
doi:10.1371/journal.pone.0047527.g005

Figure 6. Expression of EIBS is associated with changes in H4K12 acetylation in the core of the Nac. During 10 days, mice received daily
i.p. injections of saline or ethanol (2 g/kg) solution. At day 17, mice were challenged with ethanol (2 g/kg) or saline solution and transcardially
perfused 30 min later to perform immunohistochemistry (n = 4 per group). (a) Photomicrographs illustrating the immunolabelling for ac-H4K12 in
the core of the Nac. The number of ac-H4K12 positive cells are represented as mean values (6 SEM) in the core (b) and in the shell (c) of the Nac or in
the dorso-lateral (d) and dorso-medial (e) striatum. *P,0.05, **P,0.01, ***P,0.001 vs control; {P,0.05 vs resistant groups. Nac, nucleus accumbens.
doi:10.1371/journal.pone.0047527.g006

Epigenetics and Ethanol Sensitization Expression
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responsiveness, potential vulnerability to alcohol addiction and

relapse.

Several studies explored the impact of chromatin remodeling in

ethanol-related behaviors [16,17]. For instance, HDAC inhibition

counters anxiety associated with ethanol-induced withdrawal [15].

However, regarding EIBS, the role of epigenetic mechanisms with

respect to their molecular targets has to be further investigated. In

this context, we performed PCR experiments targeting 84

epigenetic-related genes during the expression phase after an

ethanol challenge in striatum, because of its crucial role in

sensitization expression. We showed that all genes whose

expression was statistically different between resistant and

sensitized mice were regulated following the same pattern. Indeed,

the expression of dnmt1, esco2 and rps6ka5 was strongly reduced in

acute and sensitized mice but less or not in resistant animals. This

observation suggests that resistance to EIBS may be closely related

to resistance to ethanol-induced epigenetic-related gene expression

regulations. However, it is still unknown whether these differences

in the sensitivity to ethanol transcriptional effects between resistant

and sensitized mice are predisposing factors or responses to EIBS

development. It is obvious that the acute ethanol group contains

both EIBS resistant and prone mice. As the acute ethanol group

does not exhibit intermediate genes expression levels in compar-

ison to the resistant and sensitized groups, we hypothesize that the

observed regulations in resistant mice are not pre-existing but

develop after chronic ethanol treatment and it would be interesting

to further investigate this point.

Dnmt1, the most abundant among the DNA methyltransferase

can regulate de novo and maintenance DNA methylation processes

in cells [20]. DNA methylation is also thought to mediate the long-

lasting changes in gene expression that occurs with repeated drug

of abuse exposure [21,22] as demonstrated by the delayed

development of cocaine-induced behavioral sensitization induced

by DNMT activity inhibition [21]. Esco2 is an acetyltransferase

which interacts with various chromatin modifying enzymes, such

as histone methyltransferases, demethylases and deacetylases [23].

Rps6ka5 (also called MSK1) is highly expressed in mouse and

human brains, especially in the striatum [24] and is involved in H3

phosphorylation [25]. Literature underlines that rps6ka5 is essential

for the development of cocaine sensitization [26]. Our results

emphasized a role of these genes in EIBS expression and thus

provide new putative targets for EIBS reversal. Interestingly, our

results also highlighted that acute ethanol treatment regulated the

expression of some epigenetic-related genes like atf2, hdac2 or

hdac11. These results are in accordance with previous studies

showing that HATs and HDACs are regulated by drugs of abuse.

For example, cocaine self-administration is accompanied by an

increase in HDAC2 and HDAC11 synthesis [27] and metham-

phetamine injection modulates ATF2, HDAC1 and HDAC2

protein levels in the Nac [28].

In a separate experiment, we investigated whether resistant or

sensitized mice display differential response to the effect of an

ethanol challenge on epigenetic-related enzymes activity. It is

noteworthy that we measured global enzymatic activities and thus

we can not identify which specific enzyme is predominantly

involved. Albeit global HAT or DNMT activities were not

associated with vulnerability to EIBS, resistant and sensitized mice

exhibited significant differences in nuclear and cytosolic striatal

HDAC activity. Interestingly, the more HDAC activity decreased

in the nuclear fraction, the more it increased in the cytosolic

fraction, suggesting a potential translocation of some HDACs in

response to ethanol. Indeed, HDACs from class II and IV

(HDAC11) shuttle between cytoplasm and nucleus [29]. More

investigations are required to explore this hypothesis. It is not

surprising that acute ethanol treatment causes both inhibition and

potentiation of nuclear HDAC activity in the striatum and PFC,

respectively. Indeed, previous studies have shown that ethanol can

have different or even opposite effects on chromatin remodeling

depending of the considered structure. For instance, in adolescent

rats chronically treated with ethanol, H4 acetylation levels decrease

of in the frontal cortex, increase in the striatum and remain

unchanged in the hippocampus [30]. The decrease of cytosolic

HDAC activity in several structures (i.e. striatum, PFC and

amygdala) of sensitized animals compared to resistant, suggests

the potential involvement of HDAC-related non-epigenetic mech-

anisms in vulnerability to EIBS. Indeed, HDAC inhibition can also

regulate non-transcriptional events, such as improvement of

microtubule stability via enhanced acetylation [31].

We next hypothesized that changes in HDAC activity observed

after ethanol challenge could induce histone H3 and H4 covalent

modifications as previously described [15,32]. We focused our

research on histone H4 since several studies highlighted the

influence of H4 acetylation on addiction-related behaviors [33,34].

Moreover, Pandey and colleagues demonstrated similar regula-

tions in H4 and H3 acetylation in the process of alcohol

withdrawal [15]. Since differences in HDAC activity between

sensitized and resistant mice occurred specifically in the striatum,

we assessed H4 acetylation in 4 striatal sub-structures (i.e. core and

shell of the Nac and dorso-lateral and dorso-medial striatum). The

present study demonstrated that ethanol challenge caused an

increase in H4 acetylation specifically in the core of the Nac, with

or without prior repeated ethanol treatment. This global increase

was inversely proportional to the HDAC activity decrease in the

striatum, supporting a functional role of HDAC activity

alterations. Our results demonstrating a specific involvement of

Nac core in EIBS are in line with previous studies highlighting its

specific role in drug of abuse-induced behavioral sensitization [35–

37]. Moreover, resistance to ethanol sensitization is associated with

increased NMDA receptor binding specifically in the Nac core

[12]. Our results are also in accordance with previous studies

showing that acute ethanol treatment causes a decrease in HDAC

activity and an increase in H4 acetylation in rat amygdaloid brain

regions [15,16]. A recent study showed that re-exposure to the

same ethanol dose causes tolerance to ethanol-induced epigenetic

alterations and that a HDAC inhibitor countered this tolerance

[16]. Our results suggested the development of tolerance to the

ethanol response of epigenetic-related enzymes in sensitized

compared to resistant mice. As a consequence, we supposed that

the development of EIBS could be dependent upon tolerance to

ethanol-induced epigenetic modifications. Conversely, the lack of

tolerance could therefore lead to EIBS resistance. It was not

surprising that resistance to EIBS was associated with a tolerance

to the transcriptional outcomes of an ethanol challenge and with a

lack of tolerance to HDAC activity inhibition and subsequent

increase in H4 acetylation. It is obvious that ethanol-induced

transcriptional alterations on epigenetic-related genes are not

directly linked to the inhibitory effect of ethanol on HDAC

activity. It is clear that the goal of the PCR experiments was to

explore the transcriptional outcome of ethanol challenge on

epigenetic-related genes, rather than the consequences of ethanol-

induced HDAC activity modulations on subsequent gene expres-

sion alteration through chromatin remodeling.

Here we demonstrated that individual susceptibility to EIBS

could be, at least partially, supported by epigenetic mechanisms.

Indeed, we highlighted that resistant mice are tolerant to some

transcriptional effect of an ethanol challenge. We also demonstrated

specific alteration in striatal HDAC activity and in subsequent H4

acetylation in sensitized but not in resistant mice. This study
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confirms and extends previous data showing a deep involvement of

epigenetic mechanisms in ethanol-related behaviors and provides

new insights on neuroadaptations occurring during the expression

phase of EIBS and, in extension, on relapse to drug-seeking.

Materials and Methods

Animals
Female DBA/2J mice were purchased from Janvier (Le Genest

Saint Isle, France), housed 10 per cage and kept in a temperature-

(2160.5uC) and humidity-controlled (55610%) environment

under an established photoperiod (07.00–19.00 hours) with free

access to food and tap water. All along the experiments, mice were

housed 10 per cage. At the beginning of the experiments, mice

were 8–9-week-old. Different subjects were used in two separate

sets of experiments in which similar behavioral measure has been

performed. The first set has been used for blood ethanol levels and

PCR array analyses and the second for enzymes activities and

immunohistochemistry assessments. Thus EIBS has been assessed

in all tested groups.

The number of animals was kept to a minimum, and all efforts

were made to avoid making the animals suffering. Experiments

were carried out in strict accordance with both the guidelines for

Care and Use of Laboratory Animals (NIH) and the European

Community regulations for animal use in research (CEE No 86/

609) and were also approved by the local ethics committee.

Drugs
Ethanol (96%, v/v), obtained from Prolabo (Fontenay-sous-

Bois, France), was diluted to 20% (v/v) in saline solution 0.9%. All

injections were made intraperitoneally (i.p.) in volumes of 1.25 ml

per 100 g body weight.

EIBS Induction
Behavioral sensitization procedure was similar to that previously

described [38]. Locomotor activity was assessed in the LE 8811 IR

motor activity monitor (Bioseb, Vitrolles, France). Mice were

placed in a 40640630 cm open field with opaque acrylic walls,

transected with infrared photocell beams 2 cm above the floor at

16 sites along each side. Test chambers were shielded from

external noise and illuminated with indirect white light (20 lux).

Horizontal locomotion was measured from photocell beam

interruptions using ActiTrack software (Bioseb).

On the first day of the experiment (habituation day), all mice

were i.p. injected with saline solution (12.5 ml/kg), and immedi-

ately placed into the open field (n = 60). Locomotor activity was

recorded for the next 5 min as done in other studies [39,40]. Mice

were then divided into several groups that were equated in terms

of horizontal locomotion. The next day, the sensitization

procedure started. During 10 days, mice received once daily i.p.

injections of ethanol (2 g/kg) or saline solution (induction phase).

At day 10, we retrospectively split ethanol-treated animals in

resistant and sensitized groups based on their sensitization score

(D10/D1 ratio) as previously described by Boudreau and Wolf

[41]. Ethanol-treated mice were therefore considered as sensitized

if their increase in locomotor activity exceeded the coefficient of

variance of the control group [41]. About 70% of ethanol-treated

mice exhibited EIBS. After the last day of sensitization (D10), mice

were let undisturbed in their homecages for 7 days. At day 17

(ethanol challenge), ethanol-treated mice (resistant and sensitized

groups; n = 40) received a single i.p. injection of 2 g/kg ethanol.

Mice receiving saline solution during the induction phase were

split in two groups, i.e. control (n = 10) and acute (n = 10) groups,

and were i.p. injected with saline or 2 g/kg ethanol, respectively.

Ethanol Metabolism
At day 17, mice were euthanized 30 min after a 2 g/kg ethanol

injection and blood was collected. BECs were measured in plasma

with the AM1 Alcohol Analyser (Analox Instruments, IMLAB,

Lille, France) (n = 9 per group). The precision of this assay is 1–

2%, sensitivity is 0.1 mg/100 ml, and the curve is linear up to

400 mg/100 ml.

Real-time PCR Array
Thirty minutes after challenge injection on day 17, striata were

removed to perform real-time PCR (n = 4 per group). Total RNAs

were then harvested from striatal tissues using the Trizol method

(Invitrogen, Carlsbad, CA, USA) (one mouse for one sample).

After further purification using the RNeasy Lipid Tissue Mini kit

(Qiagen, Valencia, CA, USA), contaminating genomic DNA was

eliminated by treatment with DNAse I (Qiagen) and cDNA were

synthesized from 1 mg of RNA using RT2 profiler PCR array first

strand kit (Qiagen). RT2 Profiler PCR arrays, mouse epigenetic

chromatin modification enzymes (PAMM-085-C, SABiosciences)

were performed according to the manufacturer’s instructions in

the presence of SYBR green master mix (SABiosciences) using the

StepOnePlus detection system (Applied Biosystems, Courtabœuf,

France). Each array contains a panel of 96 primer sets for a

thoroughly researched set of 84 genes, 3 RNA and PCR quality

controls and 5 housekeeping genes for variations in amounts of

input mRNA (gusb, hprt1, hsp90ab1, gapdh, actb). No value was

removed from data analysis with PCR array data analysis template

downloaded from the Superarray Web site (www.sabiosciences.

com) using the 22DDCq method.

Epigenetic-related Enzymes Activities
At day 17, mice were challenged with ethanol or saline solution

and euthanized 30 min later. Striatum, PFC, amygdala and

hippocampus were isolated to extract nuclear and cytosolic

proteins using a commercial nuclear extraction kit (Imgenex,

San Diego, CA, USA). Toward this end, brain tissues were rinsed

with PBS/PMSF 1X and homogenized in hypotonic buffer. After

incubation on ice for 30 min and centrifugation (10 min, 4uC,

10,000 rpm), cytosolic fractions were obtained and conserved at

4uC. The pellets were then homogenized in nuclear lysis buffer

and incubated 30 min at 4uC. After centrifugation (10 min, 4uC,

14,000 rpm), nuclear fractions were obtained and conserved at

280uC. Nuclear and cytosolic proteins concentrations were

quantified using a Bradford assay (Bio-Rad, Hercules, CA, USA).

Global HDAC (n = 4/5 per group) and HAT (n = 4/5 per

group) activities were evaluated in nuclear and cytosolic fractions

using commercial HAT activity colorimetric and HDAC activity

fluorometric assay kits, respectively according to the manufactur-

er’s instructions (BioVision, Milpitas, CA, USA). Global DNMT

activity (n = 5 per group) was evaluated in nuclear fractions using

commercial DNMT Activity/Inhibition Assay kit according to the

manufacturer’s instruction (Active Motif, La Hulpe, Belgium).

HDAC, HAT and DNMT activities were performed in the

nuclear fraction due to their role on gene regulation. HDAC and

HAT activities were also assessed in cytosolic fractions due to their

actions on non-histone targets.

Immunohistochemistry
At day 17, mice were challenged with ethanol or saline solution

and transcardially perfused 30 min later. Brains were removed,

frozen and cut in the frontal plane into 50-mm-thick serial sections

(n = 4 per group). Free-floating sections were incubated first with

fresh 0.3% H2O2 for 30 min at room temperature and second with
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primary antibody directed against acetyl-H4 (Lys12, 1:7500,

Millipore, Molsheim, France) or NeuN (specific neuronal nuclei

marker; 1:1000, Millipore) diluted in blocking solution (phosphate

buffer saline 0.1 M; 0.1% BSA; 0.2% Triton-X-100; 2% serum)

overnight at room temperature on a shaker. NeuN labelling was

performed to evaluate ethanol-induced neurotoxicity. Next, a

biotin-labelled secondary antibody diluted in blocking solution

was added for 2 h at room temperature on a shaker (Vector, Paris,

France). Tissues labelling were detected using the avidin biotiny-

lated enzyme complex and diaminobenzidine method (Vector).

Slices were mounted and coverslipped before analysis with an

optical microscope Leica (DM 4000 M; Germany) coupled to a

camera (Infinity 2; BFI OPTiLAS, France) and to an acquisition

system Mercator (ExploraNova, France). Immunoreactive neurons

were counted bilaterally in the Nac core and shell and in the dorso-

lateral and dorso-medial striatum [42] (Figure S1).

Statistical Analyses
All data analyses were conducted using SigmaStat2.0 software.

Data from the sensitization experiments were analysed with two-

way repeated measure analysis of variance (RM-ANOVA) followed

by Tukey’s post-hoc tests. Data from day H, from induction (D1–10)

and from expression (D1, D10 and D17) were analyzed separately.

Data from BECs, HDAC, HAT and DNMT activities and

immunohistochemistry were analysed with 1-way ANOVA fol-

lowed by a Tukey’s post-hoc tests. Data from PCR experiments were

analysed with 1-way ANOVA followed by Tukey’s post-hoc tests.

Since 84 genes were examined, it was necessary to make an

adjustment in the level of significance. However a P,0.0006 (a/84

analysed genes, Bonferroni correction) is considered too conserva-

tive, thus we chose an intermediate level of significance corre-

sponding to a/number of regulated genes (i.e. a/40). Regulations

that reached the classical level of significance (P,0.05) but do not

pass the Bonferroni correction were indicated.

Supporting Information

Figure S1 Schematic drawings of mouse coronal sec-
tions. The regions of interest for measurement of acetyl-H4K12-

and NeuN-positive cells are indicated by hatched areas.

(TIF)

Figure S2 Expression of EIBS is not due to ethanol
metabolism or food intake alteration. During 10 days, mice

received daily i.p. injections of saline or ethanol (2 g/kg) solution.

Blood ethanol concentrations (a) and mice body weights (b) were

assessed 30 min after saline or ethanol challenge (2 g/kg) at day

17. Each histogram represent mean (6 SEM) of 9–10 animals per

group.

(TIF)

Figure S3 Expression of EIBS is not associated with
ethanol-induced neurotoxicity. During 10 days, mice re-

ceived daily i.p. injections of saline or ethanol (2 g/kg) solution. At

day 17, mice were challenged with saline or ethanol (2 g/kg)

solution and transcardially perfused 30 min later to perform

immunohistochemistry (n = 4 per group). (a) Photomicrographs

illustrating the immunolabelling for NeuN in the core of the Nac.

The number of NeuN positive cells are represented as mean values

(6 SEM) in the core (b) and in the shell (c) of the Nac or in the

dorso-lateral (d) and dorso-medial (e) striatum. Nac, nucleus

accumbens.

(TIF)

Table S1 Functional classification of striatal epigenetic-
related genes studied in acute, resistant and sensitized
mice during EIBS expression phase. During 10 days, mice

received daily i.p. injections of saline or ethanol (2 g/kg) solution.

At day 17, 30 min after saline or ethanol challenge (2 g/kg), striata

were isolated to perform real-time PCR (n = 4 per group). Means

(6 SEM) of regulated genes expression in striatum are expressed

as percentages of control *P,0.05, **P,0.01, ***P,0.001 vs

control; #P,0.05, ##P,0.01, ###P,0.001 vs acute; {P,0.05,
{{P,0.01, {{{P,0.001 vs resistant groups. Regulations that pass

the Bonferroni correction are indicated in grey.

(XLS)
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