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Nicotine, the primary psychoactive component of tobacco
smoke, is believed to be responsible for the development and
maintenance of tobacco dependence. It acts on nicotinic
acetylcholine receptors that cooperate with other neurotrans-
mitter systems to modulate synaptic plasticity (Dajas-
Bailador and Wonnacott 2004). By binding to nicotinic
receptors in the ventral tegmental area (VTA), nicotine
stimulates the activity of dopaminergic neurons that project
to the nucleus accumbens (NAc), frontal cortex and associ-
ated limbic structures (Mansvelder and McGehee 2000;
Laviolette and van der Kooy 2004). The NAc is well
characterized as playing a crucial role in the reward circuit.
By maintaining a close relationship with other structures
such as the VTA or the frontal cortex, it is central in the
establishment of neurobiological plasticity related to addic-
tion, including tobacco and nicotine dependence (Brunzell
et al. 2009; Zhang et al. 2009; Brody et al. 2010). Few
exposures to nicotine are sufficient to produce long-lasting
alterations in the mesolimbic system that probably underlies
early steps of nicotine dependence (Radcliffe et al. 1999
Mansvelder et al. 2002).

Current therapeutic interventions for quitting smoking are
not quite satisfactory. Improvement of therapeutics necessi-
tates a better understanding of the mechanisms that underlie
the addictive properties of nicotine (Vaszar et al. 2002).
Unfortunately, not much is known about the mechanisms
initiated by nicotine-induced activation of the mesolimbic
pathway that would ultimately be responsible for long-lasting
neuroadaptations (Barik and Wonnacott 2009). Such
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Abstract

Epigenetic mechanisms have recently been shown to be

involved in the long-term effects of drugs of abuse. A well

described epigenetic mechanism modulating transcriptional

activity consists in the binding to DNA of methyl-CpG binding

proteins, such as MeCP2, recruiting histone deacetylases

(HDACs). Nicotine causes long-term changes in the brain, but

little is known concerning the mechanisms involved in nico-

tine-preference. Using a nicotine-conditioned place prefer-

ence protocol, we demonstrate here that the histone

deacetylase inhibitor phenylbutyrate was able to dramatically

reduce the preference for nicotine, without altering the aver-

sive properties of the drug. We measured immunohisto-

chemically the acetylation of lysine-9 of histone H3, and the

expression of phosphorylated cAMP-response element-bind-

ing protein, HDAC2 and methyl-CpG-binding protein 2 in the

striatum and prefrontal cortex of rats displaying nicotine-

preference or aversion and treated with phenylbutyrate. We

show that, at the dose administered, the inhibitor was effective

in inhibiting HDAC activity. The data suggest that phosphor-

ylated cAMP-response element-binding protein participates in

the establishment of conditioned place preference, but not

in the reduction of nicotine-preference in response to

phenylbutyrate. Moreover, striatal expression of HDAC2 in

response to phenylbutyrate mirrored the behavioral effects of

the inhibitor, suggesting that HDAC2 is involved in promoting

synaptic plasticity underlying the preference for nicotine.

Keywords: conditioned-place preference, HDAC2, MeCP2,
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adaptations most probably require genome-wide alterations
in gene transcription (Renthal and Nestler 2009). We recently
reported that nicotine-induced preference and reinstatement
in rats require an enhanced phosphorylation state of cAMP-
response element-binding protein (CREB) (Pascual et al.
2009; see also Walters et al. 2005; Brunzell et al. 2009).
Phospho-CREB (pCREB) binds the CREB-binding protein,
a transcriptional coactivator which possesses histone acetyl-
transferase activity (Goodman and Smolik 2000; Kalkhoven
2004). CREB-binding protein together with histone deacet-
ylases (HDACs) regulate CREB activity through histone
modifications in response to a variety of signaling molecules
(Michael et al. 2000; Ryan et al. 2006). In general, histone
hyper-acetylation is associated with DNA relaxation and
elevated transcriptional activity (Shahbazian and Grunstein
2007).

On the other hand, gene regulation in response to
repeated cocaine administration has been shown to induce
long-term cellular alterations, which are partially under the
control of HDACs (Cassel et al. 2006; Renthal and Nestler
2009). HDACs are recruited by a complex that includes the
transcriptional repressor MeCP2 (methyl-CpG-binding pro-
tein 2) bound to methylated DNA. Gene silencing brought
about by MeCP2 can be reversed by HDAC inhibitors
(Jones et al. 1998; Dobosy and Selker 2001). The use of
HDAC inhibitors has therefore rapidly emerged as a
powerful tool to study the role of histone acetylation in
transcription regulation (MacDonald and Roskams 2009).
Previous reports have shown that administration of an
HDAC inhibitor either facilitates the extinction of cocaine-
induced conditioned place preference (CPP; Malvaez et al.
2010) or increases morphine preference (Sanchis-Segura
et al. 2009). Moreover, HDAC inhibition has been shown to
improve memory and synaptic plasticity (Fischer et al.
2007; Vecsey et al. 2007; Guan et al. 2009). Since memory
for nicotine-associated cues are highly resistant to extinc-
tion, contributing to the high rate of relapse among tobacco
addicts (Kelley 2004; Hyman 2005; Pascual et al. 2009),
HDACs are likely involved in nicotine-induced long-term
behavioral effects.

In the present study, we evaluated whether the HDAC
inhibitor phenylbutyrate (PhB) would modify the nicotine-
induced place preference or place aversion. Changes in
histone H3 lysine-9 acetylation (H3-K9Ac), CREB phos-
phorylation, HDAC2 and MeCP2 gene expression were
investigated in parallel.

Material and methods

Animals
Male Sprague–Dawley rats weighing 100–140 g (30–35 days old)

were housed by groups of four on a 12 h light/dark cycle with

access to food and water ad libitum. The housing conditions and

animal care were consistent with those specified in the Guide for the
care and use of laboratory animals. All procedures were performed

during the light part of the diurnal cycle. Rats were handled for

5 days prior to behavioral conditioning. They were killed 3 h after

the CPP or conditioned place aversion (CPA) experiment. For the

behavioral experiments groups of 11 and 5 animals were used for

nicotine- and control CPP experiment, respectively; six and five

animals were used for nicotine- and control CPA experiments,

respectively. For the study of PhB effect, groups of 19 and 12

animals were used for nicotine- and control CPP experiment,

respectively; six and five animals were used for nicotine- and control

CPA experiments, respectively. For the immunochemistry experi-

ments were used five animals per group select at random from the

behavioral groups.

Drugs
Rats undergoing CPP or CPA were injected subcutaneously (s.c.)

with 0.21 mg/kg nicotine (Sigma-Aldrich, St Louis, MO, USA) for

CPP, and with 2 mg/kg for CPA in a volume of 1 mL/kg body

weight. An equal volume of phosphate-buffered saline (PBS) was

injected for the control condition. Indicated doses are based on the

molecular weight of the freebase. For treatment with the HDAC

inhibitor, animals were i.p. injected each conditioning day with PBS

or with 100 mg/kg PhB (sodium 4-phenylbutyrate, Sigma-Aldrich)

30 min prior to PBS or nicotine injection.

Biased place conditioning
Place conditioning was performed in home-made boxes divided

into two equally sized compartments (30 · 25 · 30 cm) that were

separated with a door allowing access to either side of the box.

The door was closed during conditioning days. The two

compartments had different visual, tactile and olfactory cues: one

compartment had horizontally striped black and white walls and a

wire mesh floor above pine shavings; the other compartment had

vertically striped black and white walls and a bar-grid floor above

cedar shavings. During the habituation period, animals were

handled twice a day for 5 days and were injected s.c. with PBS to

habituate them to the injections. We used a biased protocol to

establish CPP (Tzschentke 1998, 2007; Le Foll and Goldberg

2005), since biased assignment procedures are more effective when

nicotine is used to induce preference. This is not the case for

cocaine or morphine for which an unbiased protocol is more

effective (Calcagnetti and Schechter 1994; Brunzell et al. 2009;

Pascual et al. 2009).

Pre-conditioning phase
On day 1 after habituation, animals were injected with PBS and

placed in the box with the door open, which allowed them to roam

freely from side to side for 10 min, and the time spent in each

compartment was recorded. Balanced groups of animals showing

approximately equal bias were constituted from the data.

Conditioning phase
On conditioning days, the two compartments were separated by the

partition (door closed). Animals were injected twice a day, in the

morning with PBS and in the afternoon with PBS or nicotine.

Control group was given PBS in both compartment and drug groups

received nicotine in one compartment and PBS in the other
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compartment. For CPP, nicotine was given in the initially non-

preferred compartment and for CPA, in the initially preferred

compartment. Conditioning sessions of 20 min were carried on for

four consecutive days.

Test phase
On day 6, animals were tested after they were given a PBS injection.

They were allowed to roam freely between the two compartments

for 10 min with the door open. Time spent in each compartment was

recorded.

Data analysis
The time spent in each compartment was converted into a

preference/avoidance coefficient {Coefficient (%) = [(time spent in

initially non-preferred compartment – time spent in initially

preferred compartment)/(time spent in initially non-preferred

compartment + time spent in initially preferred compart-

ment)] · 100}. Positive values of the coefficient indicate a

preference for the drug-paired compartment or CPP, while negative

values indicate an aversion to the drug-paired compartment or

CPA. Significant effects between groups were determined by

analyzing conditioning chambers as a within-subject measure

(nicotine paired vs. PBS paired), using one-way ANOVA, followed

by Student–Newman–Keuls post hoc tests, when required. Data

are expressed as mean ± SEM, and significance was set at

p £ 0.05.

Antibodies
Following rabbit polyclonal antibodies were used: anti-acetylated

histone H3-K9 antibody (Abcam, Cambridge, UK) diluted 1 : 1000;

anti-MeCP2 antibody (Upstate, Millipore, Billerica, MA, USA)

diluted 1 : 600; anti-pCREB antibody (Cell Signaling, Danvers,

MA, USA) diluted 1 : 800 and anti-HDAC2 antibody (Santa Cruz

Biotech., Santa Cruz, CA, USA) diluted 1 : 500. Antibody binding

was detected with secondary biotinylated horse anti-rabbit IgG.

Immunohistochemistry
Three hours after the CPP test, animals were anesthetized

and perfused with 4% paraformaldehyde. Brains were removed

and 50-lm thick coronal sections were prepared. HDAC2, H3-

K9Ac, pCREB and MeCP2 immunostaining was performed as

previously described (Cassel et al. 2004; Pascual et al. 2009).

Briefly, sections were incubated overnight at 4�C with primary

antibodies. Sections were then incubated successively with

biotinylated secondary antibody (Jackson ImmunoResearch Labs,

West Grove, PA, USA) for 2 h at �25�C, and with an avidin-

biotin-peroxydase complex (Vectastain Elite ABC Kit Universal,

Vector Labs, Burlingame, CA, USA). Antibody labeling was

detected using 3,3¢-diaminobenzidine and H2O2. Slices were

dehydrated and coverslipped with mounting medium (Vector

Labs). Numbers of 3,3¢-diaminobenzidine-stained cells were

determined using a light microscope (Olympus, Center Valley,

PA, USA) and the optical dissector principle (Gundersen et al.
1988; Cogesshal and Lekan 1996) for comparison between

nicotine and vehicle groups. Quantification of immunolabeling

for each antibody was performed in several brain structures using

Image-Pro Plus (Media Cybernetics Inc., Bethesda, MD, USA) by

an investigator blind to the identity of the samples. Appropriate

areas were digitally imaged and quantification was subjected to a

stringent criterion (Miller and Marshall 2005; Pascual et al. 2009)
according to the staining intensity. For each animal, immunopos-

itive cells were counted in both hemispheres on five to six

sections. Counts were averaged in squares of 0.5 mm2 drawn

randomly in the prefrontal cortex (PFC), NAc core and shell,

dorsal striatum (CPu) and VTA, and the counts were averaged for

each immunopositive cell type per millimeter square. For

quantification studies, statistical analyses were performed using

one-way ANOVA (number of positive cells as factor of variation),

followed by Student–Newman–Keuls post hoc tests, when

required.

Results

Effect of PhB on nicotine-induced CPP and CPA
To examine the effects of histone deacetylase (HDAC)
inhibition on the development of nicotine-induced place
preference or aversion, we trained rats in a well established
biased CPP or CPA protocol. The results clearly show that
0.21 mg/kg nicotine given once a day for 4 days was
sufficient to induce an important CPP (Fig. 1). We also
treated animals with PhB at a dose which was shown to

Fig. 1 Effect of PhB on nicotine-induced CPP and CPA in rats. CPP

and CPA experiments were carried on as described in Material and

methods. Rats were injected s.c. with 0.21 mg/kg nicotine for CPP,

and with 2 mg/kg for CPA. An equal volume of PBS was injected for

the control condition. Animals were i.p. injected each conditioning day

with PBS or with 100 mg/kg PhB 30 min before PBS or nicotine

injection, as indicated. Bar graphs indicate preference coefficients

(positive values) or avoidance coefficients (negative values) for nico-

tine. Since nicotine was administrated in the initially non-preferred

compartment for CPP, value for the coefficient is negative in the PBS

control group. Values found in the CPA group are negative after

pairing to the initially preferred compartment, showing aversion for

nicotine at the higher dosage. Results are expressed as mean ± SEM

for each group. ***p < 0.001 comparison with the control group,
###p < 0.001 comparison with the corresponding nicotine-treated

group. ANOVA followed by Student–Newman–Keuls post hoc test.
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inhibit HDACs in other behavioral paradigm (Romieu et al.
2008).When 100 mg/kg PhB was injected 30 min before
each conditioning session, the preference for nicotine was
abolished (Fig. 1). In contrast, while 2 mg/kg nicotine given
during the 4 days of conditioning sessions induced a clear
CPA as previously reported, the administration of the same
PhB dosage 30 min prior to each conditioning session had no
significant effect on the aversive properties of nicotine
(Fig. 1).

H3-K9Ac levels in mesolimbic structures of the different
behavioral groups
Figure 2 illustrates H3-K9Ac immunoreactivity in NAc core
of control, CPP and CPA animals, treated with the HDAC

inhibitor PhB. Immunostaining was found to be exclusively
nuclear, exhibiting various levels of intensity, as expected for
a nuclear protein. A clear increase in the number of positive
cells can be observed mainly in the CPP group, but also in
the CPA group, which was further enhanced by the PhB
treatment.

Quantitative analysis of the number of H3-K9Ac-immu-
noreactive cells in the CPu, NAc core and shell and PFC of
groups of rats treated as indicated above is summarized in
Fig. 3. The quantification was subjected to a stringent
criterion described in Materials and Methods. One-way
ANOVA indicated significant differences between groups
(CPu F4,152 = 70.0, p < 0.001; NAc core F4,164 = 97.9,
p < 0.001; NAc shell F4,146 = 53.0, p < 0.001 and PFC

(a) (b) (c)

(d) (e)

Fig. 2 Photomicrographs illustrating immu-

noreactivity of acetylated histone H3 at K9

in NAc core of the different behavioral

groups. The micrographs show represen-

tative acetylated histone H3-K9 immuno-

staining in NAc core area from control (a),

CPP (b), CPP + PhB (c), CPA (d), and

CPA + PhB (e) groups of animals. Scale

bar, 40 lm. CPP, conditioned place pref-

erence; CPA, conditioned place aversion;

PhB, phenylbutyrate.

Fig. 3 Quantification of acetylated histone

H3-K9-positive cells in mesolimbic struc-

tures. Bar graphs indicate the number of

H3-K9-immunopositive cells/mm2 in Nac

core and shell, CPu and PFC of the various

experimental groups of rats. Results are

expressed as mean ± SEM for each group.

**p < 0.01, and ***p < 0.001, comparison

with control group. ##p < 0.01, ###p < 0.001,

comparison CPP or CPA with the corre-

sponding PhB-treated group. ANOVA fol-

lowed by Student–Newman–Keuls post hoc

test.
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F4,137 = 98.6, p = 0.001). In comparison to control rats,
immunoreactivity in caudate nucleus and in the two
subregions of NAc was statistically different in both
CPP + PhB and CPA + PhB groups of rats. The CPP + PhB
group exhibited significantly enhanced labeling when com-
pared to the CPP group in all four structures examined,
including the PFC.

Immunohistochemical studies showing pCREB, HDAC2 and
MeCP2 labeling in NAc core
Figure 4 illustrates pCREB, HDAC2 and MeCP2 immuno-
reactivity found in the NAc core of control, CPP and CPA
animals treated with the HDAC inhibitor PhB. All the
markers showed a clear staining and distribution. Immuno-
staining of pCREB, HDAC2 and MeCP2 was restricted to
the nuclear compartment, in agreement with the proteins
interacting directly or indirectly with DNA. The number of

pCREB-positive cells was clearly increased in CPP and
CPP + PhB groups of rats, but not in the CPA group.
HDAC2 labeling was increased in CPP and CPA groups, but
not in the CPP + PhB group. Finally, the number of MeCP2-
positive cells was increased in CPP and CPA groups and it
seems that the PhB treatment further increased MeCP2
labeling in both cases.

Phospho-CREB levels in dopaminergic brain areas
Figure 5 shows the quantitative analysis of pCREB-positive
cells expressed in several dopaminergic brain areas of rats
that had been subjected to CPP and CPA and treated with
PhB, as indicated in legend to Fig. 1. The areas examined
were the CPu, NAc core and shell, PFC and VTA. Significant
differences across experimental groups could be established
(CPu: F4,22 = 10.2, p < 0.0001; NAc core: F4,22 = 6.45,
p < 0.0021; NAc shell: F4,23 = 13.5, p < 0.0001; PFC:
F4,25 = 13.1, p < 0.0001; VTA (data not shown):
F4,22 = 18.9, p < 0.0001). In the NAc core and shell,
numbers of pCREB-positive cells in CPP and CPP + PhB
groups were significantly different from those expressed in
control animals. In the CPu, difference in labeling was
observed between control and CPP, CPP + PhB or
CPA + PhB groups of rats (p < 0.001, p < 0.05 and
p < 0.05, respectively). In the PFC, the number of pCREB-
positive cells in CPP and CPP + PhB groups was different
from that found in the control group (p < 0.001 and
p < 0.05, respectively). A significant decrease was noticed
in response to the PhB treatment, when compared to the CPP
group (p < 0.05). In the VTA (data not shown), the CPP,
CPP + PhB and CPA + PhB groups displayed significant
differences in the number of immunoreactive cells when
compared to control (p < 0.001, p < 0.01 and p < 0.05,
respectively). Importantly, the CPA + PhB group showed a
significant difference in labeling when compared to CPA
animals (p < 0.05). The CPA group expressed a lower level
of pCREB positive cells in all the structures examined, when
compared to the CPP group.

HDAC2 expression in dopaminergic brain areas
Figure 6 summarizes the quantitative analysis of the number
of HDAC2-immunoreactive cells in NAc core and shell, CPu
and PFC of groups of rats treated as indicated above. One-
way ANOVA indicated significant differences between groups
(CPu: F5,27 = 8.90, p < 0.0001; NAc core: F5,27 = 8.57,
p < 0.0001; NAc shell: F5,31 = 9.24, p < 0.0001 and PFC:
F5,29 = 0.88, p = 0.50). In comparison to control rats,
number of immunoreactive cells in the NAc core was
statistically different in the CPP, CPA and CPA + PhB
groups of rats (p < 0.01). The CPP + PhB group exhibited
significantly less labeling when compared to the CPP group
of rats (p < 0.05). Labeling in the CPu was very similar to
that observed in the NAc shell. No significant difference was
found between the various behavioral groups in the PFC.

Fig. 4 Photomicrographs showing pCREB, HDAC2 and MeCP2

immunoreactivity in NAc core of the different behavioral groups. The

micrographs show representative pCREB-, HDAC2- and MeCP2-po-

sitive immunostaining in the NAc core area from control (Ctr), con-

trol + PhB (Ctr + PhB), CPP, CPP + PhB, CPA, and CPA + PhB

groups of animals. Scale bar, 50 lm.
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MeCP2 expression in dopaminergic brain areas
Figure 7 shows the quantitative analysis of the number of
MeCP2-immunopositive cells in NAc core and shell, CPu
and PFC of the same groups of rats. One-way ANOVA

indicated significant differences between groups (NAc
core: F5,32 = 10.0, p < 0.0001; NAc shell: F5,29 = 13.2,
p < 0.0001; CPu: F5,25 = 10.4, p < 0.0007; and PFC:
F5,29 = 1.56, p = 0.20). In the NAc core, animals from the
CPP, CPP + PhB, CPA and CPA + PhB groups displayed

different levels of MeCP2-immunoreactive cells when com-
pared to the control group (p < 0.001, p < 0.001, p < 0.05,
and p < 0.01, respectively). Similar results were observed in
the NAc shell. In the CPu, number of immunopositive cells
in the CPP, CPA and CPA + PhB groups was significantly
different when compared to control group (p < 0.01,
p < 0.001 and p < 0.01, respectively). A statistically signif-
icant difference in MeCP2 expression was also found
between the CPP and the CPP + PhB groups (p < 0.05). It

Fig. 5 Quantification of pCREB-positive

cells in dopaminergic brain structures. Bar

graphs indicate the number of pCREB-im-

munopositive cells/mm2 in Nac core and

shell, CPu, and PFC of the various experi-

mental groups of rats. Results are ex-

pressed as mean ± SEM for each group.

*p < 0.05, **p < 0.01, and ***p < 0.001,

comparison with control group. #p < 0.05,

comparison CPP or CPA with the corre-

sponding PhB-treated group. ANOVA fol-

lowed by Student–Newman–Keuls post hoc

test.

Fig. 6 Quantification of HDAC2-immuno-

reactive cells in dopaminergic brain struc-

tures. Bar graphs indicate the number of

HDAC2-immunopositive cells/mm2 in NAc

core and shell, CPu and PFC of the various

experimental groups. Results are ex-

pressed as mean ± SEM. **p < 0.01, com-

parison with control group. #p < 0.05,

comparison between CPP and CPP + PhB

groups. ANOVA followed by Student–

Newman–Keuls post hoc test. *p < 0.05,

**p < 0.01, comparison with control group.
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is noteworthy that animals of the CPA group showed no
difference in MeCP2 expression in the three structures
examined, when compared to the CPP group of animals. No
significant difference could be found between the various
behavioral groups in the PFC.

Discussion

In the present study, we evaluated the effect of an HDAC
inhibitor, phenylbutyrate, on the acquisition of nicotine-
conditioned place preference in rats. CPP is a classical
conditioning test that is usually employed to measure
preference for drugs of abuse (Le Foll and Goldberg 2005;
Tzschentke 2007; Pascual et al. 2009). It is shown here that
inhibition of HDACs was sufficient to reduce the place
preference for nicotine. The fact that the HDAC inhibitor
PhB dramatically reduced CPP suggests that nicotine-asso-
ciated cues are under the control of neurobiological mech-
anisms that involve histone acetylation processes.
Administration of higher doses of nicotine is known to
induce place aversion (Le Foll and Goldberg 2005; Pascual
et al. 2009), which was not found to be affected by the
administration of the same dosage of PhB, suggesting that
the mechanism underlying drug preference differs somewhat
from that underlying drug aversion. When considering the
concept that drug addiction shares commonality with learn-
ing and memory processes, the question arises whether
general learning would similarly be impaired by HDAC
inhibitors. In fact, studies rather indicate that HDAC
inhibition does improve learning and memory performances
(Bredy and Barad 2008; Malvaez et al. 2010). This apparent
divergence may arise because the learning component,

although required for the animal to associate the drug with
its environment, plays only a minor role during CPP
expression. This is attested by the fact that place preference
is dependent on the drug dosage; nicotine in particular has to
be injected at a precise dosage in order to establish place
preference. CPP expression is for the most part based on a
motivational aspect, which probably represents the major
target of HDAC inhibitors (among the various components
elicited by drugs of abuse), as was previously demonstrated
by experiments using the self-administration paradigm.
Furthermore, we have shown that HDAC inhibition affects
cocaine self-administration but not sucrose self-administra-
tion, which indicates that HDAC inhibitors play a much
subtler role than just affecting the common reward pathway
(Romieu et al. 2008). The observation we made in the
present study, in which we show that PhB inhibits preference
but not aversion for nicotine represents an additional
argument for HDAC inhibitors affecting primarily the
motivational component of nicotine, and not its learning
component.

In order to assure that in our experimental conditions, the
HDAC inhibitor indeed increased histone acetylation, we
first measured immunohistochemically the acetylation level
of lysine-9 of histone H3. The increased levels of H3-K9Ac
found in response to PhB in several brain areas demonstrate
that the dosage used for the inhibitor was sufficient to inhibit
HDAC activity. This PhB dose was previously reported to be
effective in another behavioral paradigm (Romieu et al.
2008; Host et al. 2009).

To further evaluate the effect of PhB on appetitive and
aversive conditions, we also followed some markers of gene
transcription, such as pCREB, HDAC2 and MeCP2 proteins

Fig. 7 Quantification of MeCP2-immuno-

reactive cells in dopaminergic brain struc-

tures. Bar graphs indicate the number of

MeCP2-immunopositive cells/mm2 in NAc

core and shell, CPu and PFC of the various

experimental groups. Results are ex-

pressed as mean ± SEM. *p < 0.05,

**p < 0.01, and ***p < 0.001, comparison

with control group. #p < 0.05, comparison

between CPP and CPP + PhB groups.

ANOVA followed by Student–Newman–Keuls

post hoc test.
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in mesolimbic dopaminergic brain areas of rats that under-
went the behavioral tests. The data showing pCREB induc-
tion by nicotine confirm a previous observation, i.e. that the
transcription factor CREB is highly phosphorylated 3 h after
CPP, but not after CPA (Pascual et al. 2009). Furthermore, it
is noteworthy that, with the exception of the PFC, the number
of cells expressing activated pCREB in animals displaying
CPP was not modified by the administration of the HDAC
inhibitor. The latter observation suggests that, while pCREB
is necessary to establish CPP as previously shown (Pascual
et al. 2009), it apparently plays no essential role in the
reduction of CPP in response to the HDAC inhibitor 3 h after
conditioning. This might occur because pCREB and HDAC2
operate independently, or because CREB activation is
positioned upstream of HDAC2 (Franklin and Mansuy
2010). In both cases, the inhibitor would affect HDAC
activity and consequently the processes controlled by histone
acetylation, without affecting pCREB levels. Alternatively,
events regulated by active CREB may be modulated by the
dephosphorylating enzyme protein phosphatase PP1, which is
well known to be under the control of epigenetic mechanisms
involving HDAC activity (Canettieri et al. 2003).

In the aversive conditioning test, pCREB level was not
modified during the acquisition of CPA and PhB had no
effect on pCREB level in NAc and PFC, strongly
suggesting that the transcription factor is not involved in
the aversive properties of nicotine, at least 3 h after
conditioning. We only observed an increase of pCREB
expression in the dorsal striatum of the CPA + PhB group
compared to the CPA group. Given that pCREB is
increased in fear or aversive memories, one can only
speculate about the fact that we did not detect any increase
in pCREB in the CPA group. A possible explanation for
this is that the amygdala, which plays a central role in tone-
shock association in fear memories, is not directly involved
in the association between nicotine and cue during CPP
(Rodrigues et al. 2004; Mamiya et al. 2009; Pascual et al.
2009; Ciocchi et al. 2010). Taken together, our data suggest
that the aversive properties of nicotine concern distinct
structures and substrates from those processing fear condi-
tioning memory.

We also measured immunohistochemically the expression
of HDAC2 in the same groups of animals. HDAC2 was
chosen because the enzyme is highly expressed in the
mesolimbic pathway (Cassel et al. 2006; Broide et al. 2007).
The data show that nicotine-induced CPP and CPA were
associated with an increase in HDAC2 expression. This is in
accordance with previous reports in which we showed that
repeated cocaine treatment induced HDAC2 expression in
PFC and striatum (Cassel et al. 2006; Host et al. 2009). The
fact that striatal HDAC2 expression was increased in both
appetitive and aversive conditions strongly suggests that
silencing of some genes is required in order to establish a
conditioning, and is in line with reports showing the

involvement of HDAC2 in long-term plasticity (Grissom
and Lubin 2009; Guan et al. 2009). Interestingly, while
treatment with PhB had no effect on the control condition, it
considerably reduced the number of HDAC2 immunoposi-
tive cells in the striatal subregions of rats from the CPP
group, but not from the CPA group. Hence, it appears that
HDAC2 expression in response to PhB was correlated with
the behavioral changes induced by the inhibitor: they were
reduced in CPP and remained unchanged in CPA. Together,
the findings strengthen the concept of HDAC2 being
involved in learning processes: not only is HDAC2 required
for conditioning, it is also down-regulated when drug-
seeking behavior is reduced.

Histone deacetylase 2 is part of a complex composed also
of Sin3A and MeCP2 bound principally to methylated DNA,
with HDAC activity conferring transcriptional silencing to
the corresponding genes (Yang and Seto 2008). The binding
of MeCP2 to DNA can be relieved by the inhibition of
HDAC, since this causes histone modifications that allow
transcriptional activation (Buchwald et al., 2009). We there-
fore measured MeCP2 protein expression in our groups of
rats. Again, as was the case when rats were treated with
cocaine (Cassel et al. 2006), we found that nicotine admin-
istration increased the number of cells expressing MeCP2
throughout the striatum. Treatment with PhB was found to
reduce MeCP2 expression only in the dorsal striatum, when
compared to the CPP group. No statistically significant effect
was found in the NAc. As for HDAC2 expression, MeCP2
expression was not different between the CPA and
CPA + PhB groups of rats.

Expression of pCREB, as well as of HDAC2 and MeCP2
proteins was up-regulated in the NAc (core and shell) and in
the dorsal striatum of animals from the CPP group. In
response to the HDAC inhibitor, HDAC2 expression was
reduced in dorsal striatum and NAc core, and MeCP2
expression was only reduced in dorsal striatum. This
observation confirms that during CPP expression, the dorsal
striatum, and the NAc core in some respect, contribute
mostly to nicotine preference, in contrast to previous studies
in which the NAc shell was given a central role in nicotine
CPP (Sellings et al. 2008; Brunzell et al. 2009). This
indicates that, while early effects of various drugs converge
on the NAc, the dorsal striatum becomes strongly involved in
the neuronal plasticity underlying nicotine reward. Taken
together, our data convincingly demonstrate that HDAC
inhibition is able to modulate drug-seeking behavior. They
suggest that histone deacetylation, particularly that ensured
by HDAC2, plays some prominent role in establishing the
synaptic plasticity underlying addictive processes.
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