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Abstract

Background—A growing body of literature suggests that epigenetic mechanisms, including

histone acetylation, may play key roles in drug abuse and the development of addiction.

Experiments in the present study were designed to investigate the role of histone acetylation in

ethanol-induced locomotor sensitization.

Methods—Immunohistochemical, western blotting, and site-directed pharmacological

techniques were used to explore the roles of histone acetylation at histone H3 (acH3K9) in both

the expression of and acquisition of ethanol-induced locomotor sensitization. A commonly used

sensitization protocol, in which animals were exposed to repeated injections of a low dose of

ethanol while in their home cage, was used to examine this behavioral phenomenon. Additionally,

site-directed administration of the histone deacetylase inhibitor (HDACi) Trichostatin A (TSA), in

the absence of repeated ethanol injections, was used to examine the role of hyperacetylation in the

nucleus accumbens shell in ethanol-induced locomotor sensitization.

Results—Sensitized mice displayed elevated acH3K9 immunoreactivity (IR) localized to the

shell of the nucleus accumbens. This augmentation in acH3K9 IR was confirmed, in a separate

experiment, using western blot analyses. Next, repeated intra-accumbal infusions of TSA, in the

absence of repeated ethanol injections, were sufficient to induce an augmented locomotor response

to a later injection of a low dose (2.0 g/kg, i.p.) of ethanol, indicative of cross-sensitization to this

locomotor stimulation between TSA and ethanol. Finally, a local infusion of TSA into the shell of

the accumbens was also associated with a significant increase in acH3K9 IR within this region.

Conclusions—Together, the present observations suggest that histone acetylation, particularly

within the shell of the nucleus accumbens, is important for the development and expression of

ethanol-induced locomotor sensitization.
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INTRODUCTION

Behavioral sensitization has long been investigated as an important mechanism that may

explain the transition from drug use to drug dependence (Robinson and Berridge, 1993,

Robinson and Berridge, 2001). Defined by the progressive augmentation of locomotor

responses to a given dose of ethanol following repeated administration, ethanol-induced

locomotor sensitization has been observed in both rodent and human populations (Lessov

and Phillips, 1998, Newlin and Thomson, 1991, Fee et al., 2006). Indeed, repeated drug

exposure is thought to usurp natural reward circuitry within the mesolimbic dopaminergic

pathway, leading to a hypersensitized state (Pierce and Kalivas, 1997, White and Kalivas,

1998, Robinson and Berridge, 2003). While a number of proteins (Lee et al., 2013, Nona et

al., 2013) have been suggested to govern the development of locomotor sensitization, much

remains unknown about the mechanisms underlying this phenomenon. The current

experiments were thus designed to further examine the neurobiological mechanisms

underlying ethanol-induced locomotor sensitization.

An abundance of recent work has investigated the epigenetic mechanisms involved in the

development and maintenance of drug abuse and addiction (Renthal and Nestler, 2008,

Wong et al., 2010). Such mechanisms induce changes in gene expression through

remodeling of chromatin structure via DNA methylation or post-translational histone

modifications, including acetylation and methylation, resulting in observable phenotypic

changes. An increase in the acetylation of core histones H3 and H4, in particular, has been

linked with an increase in gene expression, while deacetylation of these histones has been

linked with decreased gene expression (Eberharter and Becker, 2002). A number of drugs of

abuse, including cocaine, amphetamine, and ethanol, have been shown to dynamically

regulate histone modifications in animals (Sanchis-Segura et al., 2009, Kumar et al., 2005,

Renthal and Nestler, 2008). In regards to ethanol in particular, withdrawal from chronic

ethanol has been shown to increase histone deacetylase (HDAC) activity: these changes

were correlated with both increased levels of anxiety-like behavior and reduced NPY

expression in specific amygdaloid regions, suggestive of a relationship between histone

acetylation and NPY expression (Pandey et al., 2008). Indeed, peripheral administration of

Trichostatin A (TSA), a potent and selective class I and II HDAC inhibitor (HDACi), not

only increased the amount of H3 and H4 acetylation seen in ethanol withdrawn rats

following chronic ethanol exposure, but rescued withdrawal-induced deficits in NPY mRNA

and protein expression in these animals. More recent data has also implicated ethanol-

induced inhibition of HDAC activity as playing a role in the rapid tolerance to the anxiolytic

effects of ethanol (Sakharkar et al., 2011). Further, intermittent ethanol exposure during

adolescence has been linked with region-specific changes in histone acetylation, histone

acetyltransferase activity, and histone dimethylation in mice (Pascual et al., 2012). Given

these data, it is likely that histone acetylation plays critical roles in other neurobiological

responses to ethanol, such as locomotor sensitization. Indeed, several studies have indicated

that chromatin modulation plays a role in drug-induced behavioral sensitization (Schroeder

et al., 2008). For example, peripheral administration of the Class I HDACi sodium butyrate

has been shown to enhance cocaine-induced locomotor sensitization, with a similar effect on

morphine- and ethanol-induced locomotor sensitization (Sanchis-Segura et al., 2009).
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Recent work has also indicated that epigenetic mechanisms within the striatum may partially

explain individual differences between mice resistant or susceptible to ethanol-induced

locomotor sensitization (Botia et al., 2012). An important caveat to these and other studies,

however, is that they traditionally utilize peripheral administration of HDACi. This begs the

question, then, of how histone hyperacetylation within specific regions may regulate

ethanol-induced locomotor sensitization.

As recent studies have shown conflicting results (i.e. either an augmentation of (Sanchis-

Segura et al., 2009) or blunting of (Kalda et al., 2007, Moretti et al., 2011) a sensitized

response to a drug of abuse), the present experiments were designed to further examine the

roles of histone acetylation in both the development and expression of ethanol-induced

locomotor sensitization, with a particular focus on the shell of the nucleus accumbens. First,

we examined acetylation at histone 3 lysine 9 (acH3K9) using immunohistochemical

analysis following ethanol-induced locomotor sensitization; we then sought to confirm

observed changes using western blotting techniques. Given changes observed within the

shell of the nucleus accumbens, we examined whether repeated intra-accumbal infusions of

TSA, in the absence of repeated ethanol exposure, would be sufficient to induce a sensitized

locomotor response to a later injection of ethanol. Taken together, results from these data

provide further evidence that chromatin remodeling through histone acetylation, particularly

within the shell of the nucleus accumbens, plays a role in the development and expression of

ethanol-induced locomotor sensitization.

MATERIALS AND METHODS

Animals

Male DBA/2J mice (Jackson Laboratory, Bar Harbor, ME) were 6–8 weeks of age, weighed

~23 g at the beginning of each experiment, and were housed as previously described

(Lowery-Gionta et al., 2012). These mice have previously been shown to exhibit robust

sensitization to the locomotor stimulant effects of ethanol (Fee et al., 2007). All procedures

were in accordance with the NIH guidelines and approved by the University of North

Carolina Institutional Animal Care and Use Committee.

Drugs

Ethanol solutions (15%, 20%, and 25%, w/v) were prepared using 0.9% saline and 100%

(Experiment 1) or 95% (Experiments 2, 3 & 4) ethyl alcohol; mice received an

intraperitoneal (i.p.) injection of 1.5, 2.0, or 2.5 g/kg ethanol during the sensitization

protocol. Equivolume saline injections were used as an ethanol control. TSA (0.0, 1.0, 2.0,

4.0 mg/kg, i.p.; 0.0, 22 mM/0.5 μl intra-accumbal infusion; Sigma Aldrich, St. Louis, MO)

was dissolved in dimethyl sulfoxide (DMSO) and diluted 1:5 with phosphate buffered saline

(PBS; pH 7.4). DMSO diluted 1:5 with PBS was used as the vehicle control for the intra-

accumbal TSA study. A cocktail of ketamine (100 mg/kg) and xylazine (10 mg/kg) was used

for survival surgery procedures.
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Ethanol-Induced Locomotor Sensitization

The sensitization protocol was based on work previously described (Fee et al., 2006, Fee et

al., 2007). Briefly, animals were transported to the testing room at least 30 min prior to

testing, removed from their home cages, given an i.p. injection of saline or ethanol, and

immediately placed into the center of an open field (Harvard Apparatus, Inc., Holliston,

MA). Locomotor activity was recorded for 20 min sessions (5 min data bins). All mice

experienced 3 days of habituation to this procedure. On the initial test day, mice received an

injection of ethanol or saline to establish baseline locomotor behavior. Animals then

received homecage (HC) injections of either saline or ethanol, one injection per day for 7–10

consecutive days. On the final test day mice received an injection of ethanol or saline

immediately preceding locomotor measurements.

Surgery and Infusion Procedures

Approximately 1 week after arrival, mice in Experiments 3 & 4 underwent surgery to

implant bilateral 26-G guide cannulae aimed at the nucleus accumbens shell [NACSH;

coordinates in reference to bregma, anterior-posterior (AP): + 1.1 mm; medial-lateral (ML)

± 0.5 mm; dorsal-ventral (DV): − 4.5 mm)] using the Angle II Sterotax (Leica Instruments).

Animals were allowed to recover for approximately 1 week before experimental procedures

were initiated. Vehicle or 22mM TSA was delivered bilaterally to the NACSH in a volume

of 0.5 μl over a 2 min period. The injector was left in place for 1 min in order to allow drug

diffusion. Cannulae placements were verified histologically at the end of the experiment.

Data from animals in which cannulae did not target the NACSH (n=10) in Experiment 3

were analyzed separately to examine site-specificity of drug effects.

Perfusions, Brain Preparation, and Immunohistochemistry (IHC)

Mice were deeply anesthetized with a supra-anesthetic dose of ketamine and xylazine

(approximately 3x the anesthetic dose) and transcardially perfused with 0.1M PBS followed

by 4% paraformaldehyde in phosphate buffer using previously described perfusion and

immunohistochemical procedures (Cubero et al., 2010, Navarro et al., 2008, Hayes et al.,

2005). Briefly, brains were cut into 30 μm slices and acetylated histone expression was

detected using primary rabbit anti-acH3K9 antibody (Millipore, Temecula, CA; 1:5000).

Densitometric procedures were used to assess levels of acH3K9 immunoreactivity (acH3K9

IR) as we have previously described (Lowery-Gionta et al., 2012, Sparrow et al., 2012).

Western Blot Analysis

Tissue punches (1mm x 1mm cylindrical punch) from the nucleus accumbens (NAC),

dorsolateral striatum (DLS), prefrontal cortex (PFC), and ventral tegmental area (VTA) were

grossly dissected from frozen tissue and prepared for western blot analysis of acH3K9. Due

to technical limitations, the entire NAC region was taken in one punch (i.e., the core and

shell subregions were not separated). Bilateral punches were combined into one

homogenate. Tissue was homogenized by manually pipetting and vortexing with 100 μl lysis

buffer containing 320 mM sucrose, 1% SDS, 5 mM HEPES buffer, and Halt 100x Protease/

Phosphotase Inhibitor Cocktail (Thermo Fisher Scientific, Rockford, IL). Protein

concentrations were determined using the BCA Protein Assay Kit (Thermo Fisher
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Scientific) and 5 μg of total protein was loaded onto 4–20% Tris-Glycine gels for

electrophoresis (Life Technologies, Grand Island, NY). Samples were then transferred to

PVDF membranes and blocked for 1 h in 1% BSA (Roche, Indianapolis, IN) or 5% non-fat

milk at room temperature (RT). Blocked membranes were incubated for 2 h with primary

antibodies (1:1000 acH3K9 or 1:5000 total H3, Abcam, Cambridge, MA) in 0.5% BSA or

5% non-fat milk at RT. Membranes were washed with tris-buffered saline with 0.1%

Tween-20 (TBST) and incubated with HRP-conjugated anti-rabbit secondary antibody

(Abcam) in 0.5% BSA or non-fat milk for 1.5 h at RT. Membranes were washed in TBST

and immunostaining was detected following the manufacturer’s instructions for enhanced

chemiluminescence detection (Thermo Fisher Scientific). Blots were imaged via

autoradiography and quantified using densitometric analysis with Image J software (Image

J, National Institutes of Health, Bethesda, MD). The amount of acH3K9 in each lane was

normalized to levels of total H3; data are presented as a ratio of acH3K9 to total H3 (% of

control).

Experiment 1: Analysis of acH3K9 IR Following Ethanol-Induced Locomotor Sensitization

DBA/2J mice were divided into three groups (n = 12–14 per group), counterbalanced for

locomotor activity following an initial injection of saline or 1.5 g/kg ethanol. Saline (SAL)

animals received saline injections for the remainder of the experiment. Acute ethanol

(ACUTE) animals received saline for each of 10 HC injections, and 1.5 g/kg ethanol on the

first and final test days only. Sensitized (SEN) mice received injections of 2.5 g/kg ethanol

for each of the 10 HC injections, and 1.5 g/kg EtOH on the first and final test days. Brains

were collected for IHC analysis 48 or 96 hours after the final locomotor assessment; these

time points were chosen to examine whether lasting changes in histone acetylation would be

responsible for the persistent behavioral effects observed following this sensitization

protocol. As no significant differences in IR were evident between these time points, the

data were collapsed. See Figure 1A for a schematic overview of the timeline for Experiment

1.

Experiment 2: Western Blot Analysis of acH3K9 Following Ethanol-Induced Locomotor
Sensitization

DBA/2J mice (n = 10–11 per group) underwent a sensitization protocol similar to that

described above, except that ACUTE and SEN mice received an injection of 2.0 g/kg

ethanol on the initial and final test days. This dose of ethanol was chosen to more closely

match that used in other reports; further, as this dose of ethanol elicited sensitization to the

locomotor stimulant effects of ethanol and analysis of acH3K9 confirmed changes detected

in Experiment 1, this dose was also used for future experiments. Twenty-four hours after the

final locomotor test session all mice were sacrificed and their brains flash-frozen for western

blot analysis. See Figure 2A for a schematic overview of the timeline for Experiment 2.

Experiment 3: Effect of Repeated Intra-accumbal TSA on the Acquisition on Ethanol-
Induced Locomotor Sensitization

DBA/2J mice (n = 7–8 per group) surgically implanted with bilateral cannulae aimed at the

nucleus accumbens shell were divided into two groups based on locomotor activity

following an initial injection of 2.0 g/kg ethanol. Mice then received 10 daily homecage

Sprow et al. Page 5

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



intra-accumbal infusions of 22mM TSA or vehicle; mice did not receive ethanol during this

10 day period. On the final test day, all animals received an injection of 2.0 g/kg ethanol

immediately before being placed in the locomotor chamber. Two days later, all animals

received an injection of saline immediately before a locomotor assessment to evaluate the

possible effect of intra-accumbal TSA treatment on general activity levels. Two days later,

all animals received an injection of 2.0 g/kg ethanol prior to a locomotor assessment to

examine the long-lasting effects of repeated intra-accumbal TSA treatment. See Figure 3A

for a schematic overview of the timeline for Experiment 3.

Experiment 4: Effect of Intra-accumbal TSA on acH3K9 IR

DBA/2J mice (n = 7–8 per group) were surgically implanted with bilateral cannulae aimed

at the nucleus accumbens shell. After at least 5 days of recovery from surgery, mice were

divided into two groups based on body weight. Half of the animals received a bilateral

infusion of 22 mM TSA and the other half received a bilateral infusion of vehicle. Mice

were returned to their home cages and left undisturbed for approximately 4 hours, after

which mice were transcardially perfused and brains were processed for IHC analysis of

acH3K9 IR. This time point was chosen because previous work has shown that site-directed

administration of TSA into the hippocampus leads to peak acetylation of histone H3, as

measured by western blotting procedures, approximately 4 hr after drug administration

(Vecsey et al., 2007).

Data Analysis

Locomotor activity, immunoreactivity (IR) data, and western blot data were analyzed using

analyses of variance (ANOVA). When significant differences were found, LSD post-hoc

analyses were performed to examine specific between-groups differences. Repeated-

measures ANOVAs were used to compare locomotor activity between initial and final

locomotor testing sessions. For all data, significance was accepted at p<0.05 (two tailed). In

cases where IR or western blot data was unclear or otherwise unquantifiable, samples were

removed from the respective analysis, thus accounting for differences in degrees of freedom

between comparable analyses.

RESULTS

As the most robust sensitization behavior typically emerged during the first 5 min of

locomotor testing, most analyses focused on this time bin.

Experiment 1: Ethanol-induced locomotor sensitization induces region-specific
augmentation of acH3K9-IR

Locomotor activity data from the first five minutes of the final test are presented in Figure

1B. A one-way ANOVA revealed a significant effect of group (F(2,36)=9.820, p<0.001),

and post-hoc analysis confirmed that sensitized mice displayed a significant increase in

locomotor activity during the final test session relative to both SAL (p<0.001) and ACUTE

(p<0.01) mice.
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Representative photomicrographs of acH3K9 IR within NACSH of saline treated (left) and

sensitized (right) mice are shown in Figure 1C. acH3K9 IR in the nucleus accumbens shell

(NACSH) differed by group (F(2,33)=3.309, p=0.049; Figure 1D). Post-hoc analysis

confirmed that the SEN mice displayed significantly greater acH3K9 IR in the NACSH

relative to both SAL (p=0.05) and ACUTE (p=0.028) mice; no group differences were

detected in the nucleus accumbens core (NACC) (F(2,33)=0.669, p=0.519; Figure 1D).

Additionally, no significant group differences in acH3K9 IR were detected in the

dorsolateral or dorsomedial striatum (DLS; DMS), the basolateral amygdala (BLA), the

central nucleus of the amygdala (CEA), the PFC, or the VTA. (See Table 1A for a summary

of IHC data).

Experiment 2: Western blot analysis confirms changes in acH3K9 following sensitization

Locomotor activity from the first five minutes of the final test session is presented in Figure

2B. A one-way ANOVA of this locomotor activity on the final test day revealed a

significant difference between groups (F(2,30)=26.145, p<0.001), and post-hoc tests

confirmed that SEN mice displayed significantly augmented locomotor activity relative to

both SAL and ACUTE mice (p<0.001). Analysis of western blot data from these animals

revealed significant group differences in the expression of acH3K9 relative to total histone

H3 within the NAC (F(2,28)=6.174, p=0.006; Figure 2C) and post-hoc tests confirmed that

the SEN group displayed significantly elevated levels of acH3K9 relative to both SAL and

ACUTE animals (p<0.01). No significant differences were detected elsewhere (see Table 1B

for a summary of western blot data).

Experiment 3: Intra-accumbal TSA cross-sensitizes to the locomotor stimulant effects of a
low-dose ethanol injection

After repeated intra-accumbal infusions of 22 mM TSA alone, in the absence of repeated

ethanol injections, mice displayed a sesitized locomotor response following an injection of a

low dose of ethanol. Figure 3B shows the location of cannulae hits (marked with a filled

circle) and misses (marked with an X). Figure 3C shows that TSA-treated animals,

following an injection of ethanol in the absense of an injection of TSA, exhibited

significantly augmented locomotor activity during the first five minutes of the final test

session relative to mice previously treated with repeated injections of vehicle (t(13) =

−0.2379, p=0.003). Figure 3D shows the locomotor activity of both vehicle-treated and

TSA-treated animals over the entire 20-min locomotor test session during all four test

sessions (Initial Test, Final Test, Saline Retest, EtOH Retest). A repeated measures ANOVA

performed on the data shown in Figure 4B revealed a significant drug x test day interaction

(F(3,39)=4.669, p=0.007), as well as a between-subjects effect of treatment (F(1,13)=5.747,

p=0.032) on the amount of locomotor activity displayed by these mice during the 20 min

testing sessions. Post-hoc analyses confirmed that TSA-treated animals displayed

significantly elevated locomotor activity on both the final (p=0.012) and ethanol retest

(p=0.009) test days relative to the initial test day; no significant differences in locomotor

activity between test days were detected in vehicle-treated animals. Importantly, TSA-

treated mice did not show significantly elevated locomotor activity on the saline retest day

relative to the initial test day, indicating that the repeated TSA treatment did not have an

effect on general locomotor activity. Further, locomotor data from animals with bilateral
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incorrect cannulae placement (that is, both cannulae in the vicinity of the nucleus accumbens

shell, but not within the structure; see Figure 3B) were also analyzed. TSA-treated mice with

cannulae outside of the NACSH did not differ in locomotor activity during the first five

minutes of the final test session relative to vehicle-treated animals (t(8)= −0.603, p=0.568).

Further, a repeated measures ANOVA over the four test sessions confirmed that there was

no drug x test day interaction (F(3,24)=0.559; p=0.647), as well as no main effect of drug

treatment (F(1,6)=0.586; p=0.462) in these animals.

Experiment 4: Site-directed infusion of TSA leads to augmented acH3K9 IR in the nucleus
accumbens shell

Figure 4A shows the placement of cannulae that successfully targeted the shell of the

nucleus accumbens (marked with filled circles). As the goal of this experiment was to

examine changes in the expression patterns of acH3K9 IR following drug treatment, IHC

analysis was performed on each cannula placement site individually, and any cannulae

outside of the target region was removed from all analysis (data not shown). Figure 4B

shows representative photomicrographs of acH3K9 IR from a vehicle-treated (left) and

TSA-treated (right) animal. The quantification of acH3K9 IR the shell of the nucleus

accumbens is shown in Figure 4C. Mice that received an infusion of TSA approximately 4

hours prior to showed significantly augmented acH3K9 IR relative to mice that that received

an infusion of vehicle (t(10)= −3.408, p=0.007).

DISCUSSION

The goal of the present study was to further explore the role of chromatin remodeling in the

modulation of ethanol-induced locomotor sensitization and to explore the possibility that

TSA, a potent HDAC Class I and II inhibitor, may display cross-sensitization to the

locomotor stimulant effect of ethanol. To this end, we used immunohistochemical and site-

directed pharmacological techniques to first examine the role of histone acetylation in this

behavioral phenomenon. Immunohistochemical analysis of acetylation at histone 3 lysine 9

(acH3K9) revealed a significant increase in acH3K9 within the nucleus accumbens shell in

sensitized animals; this effect was region-specific, as no increases were detected in any other

region examined, including the core of the nucleus accumbens. Further, western blot

analysis of acH3K9 in a separate group of sensitized animals confirmed that only the

nucleus accumbens displayed this increase, as no between-groups differences in acH3K9

were detected in any other region examined. Additionally, this increase in acetylation was

specific to H3K9, as acetylation of H4K8 (another core histone protein often associated with

transcriptional activation) remained unchanged by the repeated ethanol injections as part of

the behavioral sensitization paradigm (see Supplemental Material Table S1).

Given this specific upregulation of acH3K9 within the shell of the nucleus accumbens

following sensitization, we sought to examine whether hyperacetylation within this structure

would be sufficient to elicit a cross-sensitized response to the locomotor stimulating effects

of ethanol in the absence of repeated ethanol exposure. Indeed, this report presents the first

evidence, to our knowledge, that the repeated induction of hyperacetylation specifically

within the shell of the nucleus accumbens in the absence of ethanol is sufficient to induce a
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sensitized locomotor response to a later peripheral injection of 2.0 g/kg ethanol. Importantly,

this was not a side effect of the repeated infusion procedure, as mice that received repeated

infusions of vehicle did not show this cross-sensitized response. Additionally, mice that

received repeated infusions of TSA into neighboring regions did not show this sensitized

effect, again suggesting a particular importance of increased histone acetylation the NACSH

in modulating ethanol-induced locomotor sensitization. In order to confirm that the dose of

TSA utilized in this protocol was indeed sufficient to alter levels of acH3K9 within the

region of interest, a separate group of animals with cannulae targeting the NACSH received

an infusion of TSA or vehicle; here, the dose of TSA (22 mM) used to elicit cross-

sensitization to the locomotor stimulant effects of ethanol was shown to augment the level of

acH3K9 IR detected within the shell of the nucleus accumbens. This is consistent with

numerous studies demonstrating a rapid and large accumulation of acetylation on H3K9,

H3K5, and H4K8, among others (Yoshida et al., 1990, Bartova et al., 2008).

These findings are particularly enlightening as they not only highlight a role for the ventral,

rather than the dorsal, striatum in ethanol-induced locomotor sensitization as previously

described (Sanchis-Segura et al., 2009), but also indicate that hyperacetylation within a

particular subregion of the NAC may be particularly important in modulating this behavioral

phenomenon. Indeed, the nucleus accumbens is a well-studied reward center involved in

psychomotor sensitization (Robinson and Berridge, 2000, Abrahao et al., 2011, Pierce and

Kalivas, 1997). The present data fall in line with previous showing that nucleus accumbens

subregions differentially respond to drug-induced locomotor sensitization (Cadoni et al.,

2008, Cadoni et al., 2000) and that rats demonstrating amphetamine-induced sensitization

show an increase in dopamine firing specifically in neurons innervating the medial shell, but

not the core, of the NAC (Lodge and Grace, 2011, Ikemoto, 2007). It is important to note

that although there are clear structural differences between the subregions of the accumbens,

evidence has also shown that there is a widespread network of intra-accumbal projection

patterns (van Dongen et al., 2005). Thus given previous evidence for acH4 alterations in the

core (Botia et al., 2012), as well as the current alterations in acH3K9 within the shell that are

associated with ethanol-induced locomotor sensitization, it is likely that complex signaling

pathways both within and extending from this region play a critical role in modulating this

complex behavioral phenomenon.

Our findings also confirm the inability of low-dose repeated ethanol injections to induce

changes in the expression of acetylated H3 within the dorsal striatum (Sanchis-Segura et al.,

2009), and are particularly interesting in light of recent evidence showing that treatment

with an HDACi under a similar sensitization protocol blocked the induction and blunted the

expression of ethanol-induced locomotor sensitization (Legastelois et al., 2013).

Importantly, this previous study used the HDACi sodium butyrate (NaB), while the current

studies used TSA. These drugs fall into different structural classes (NaB is an aliphatic acid,

while TSA a hydroxyamate) and have different mechanisms of action (Dokmanovic et al.,

2007). Further, TSA has been shown to be a more potent and selective HDACi than NaB

(Yoshida et al., 1990, Davie, 2003). Additionally, Legastelois et al. gave peripheral

injections of NaB, and while peripheral administration of TSA shows no changes in

behavioral sensitization (see Supplemental Material, Figures S1 & S2), global changes in

acetylation could be obscuring the ability to observe changes similar to those reported here
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following site-directed administration. Such divergent results, therefore, may be attributable

to regional versus global changes in histone acetylation.

The role of chromatin remodeling in drug-induced sensitization has remained unclear

despite an abundance of recent work, as treatment with several HDACi have been shown to

both augment (Sanchis-Segura et al., 2009) or blunt (Kalda et al., 2007, Moretti et al., 2011)

the expected sensitized response to several drugs of abuse, including ethanol. Thus the intent

of the present study was to clarify these discrepancies, particularly in relation to ethanol-

induced locomotor sensitization. Additional inconsistencies between this and previous

studies may be related to a number of different factors including ethanol dose, treatment

regimen, as well as species, strain and sex. Further, it is known that not only does ethanol

itself exert differential effects on discrete brain regions (Pascual et al., 2009) but also that

histone modifications suggested to underlie predispositions to anxiety and alcoholism

(Moonat et al., 2013) are also very region-specific. Given these data, it is not surprising that

site-directed HDACi treatment, such as that utilized in the present study, may confer

different patterns of behavior than peripherally administered treatments (Sanchis-Segura et

al., 2009, Legastelois et al., 2013). Additionally, it has been reported that HDAC inhibition

by TSA can cause acetylation of non-histone proteins, such as transcriptional co-factors like

p300 and CBP (Das and Kundu, 2005), and thus the off target effects of different HDAC

inhibitors may represent an additional level of difficulty when comparing these studies and

interpreting results.

Importantly, the present analyses measured gross alterations in acH3K9; thus we do not

know which genes are directly influenced by the observed changes. Recent work has

indicated a number of genes, including dnmt1, esco2, and rps6ka5, that may contribute to

individual susceptibility to ethanol-induced behavioral sensitization (Botia et al., 2012).

Further investigation is required to determine whether the changes in acH3K9 observed in

the present study directly influence the expression of these and other epigenetically-

regulated genes. Additionally, as a number of neuropeptides, including corticotrophin

releasing factor and neuropeptide Y (Fee et al., 2007, Pastor et al., 2012, Hayes et al., 2012),

and several neurotransmitter systems (Taylor et al., 2007, Robinson and Berridge, 2000,

Kelly and Iversen, 1976, Vanderschuren and Kalivas, 2000) within the striatum play critical

roles in drug-induced locomotor sensitization, determination of whether the regulation of

genes underlying the expression of these neuropeptides and neurotransmitter systems is

influenced by acH3K9 will be critical in understanding the development of ethanol-induced

locomotor sensitization. This behavioral phenomenon is believed to be reflective of

neuroadaptations underlying the transition to drug and alcohol dependence; thus

investigation into these mechanisms may provide valuable information that will guide the

development of novel pharmacological targets aimed at treating alcoholism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DBA/2J mice develop robust locomotor sensitization and exhibit region-specific
differences in acH3K9 IR
(A) Timeline of Experiment 1. (B) Sensitized (SEN) mice exhibited significantly augmented

locomotor activity in the first five minutes of the final test session of Experiment 1 relative

to both saline-treated (SAL) and acute ethanol (ACUTE) mice, indicative of ethanol-induced

locomotor sensitization. (C) Representative photomicrographs of acH3K9 IR in the shell of

the nucleus accumbens of SAL (left) and SEN (right) mice. Images photographed with a 20x

objective; scale bar = 50 μm. Quantification of acH3K9 immunoreactivity revealed that SEN

mice displayed significantly augmented acH3K9 IR in the shell (D) but not the core (E) of

the nucleus accumbens. All values are reported as means + SEM. *p<0.05 vs. SAL mice;

**p<0.01 vs. SAL and ACUTE mice.
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Figure 2. Western blot analysis confirms that sensitized mice display augmented acH3K9 IR in
the nucleus accumbens
(A) Timeline of Experiment 2. (B) Sensitized (SEN) mice exhibited significantly augmented

locomotor activity in the first five minutes of Experiment 2 relative to both saline-treated

(SAL) and acute ethanol (ACUTE) mice. (C) Western blot (representative

photomicrographs, inset) revealed that SEN mice displayed an augmented expression of

acH3K9 (normalized to total H3, shown here as a percentage of SAL control), relative to

both SAL and ACUTE mice, confirming the immunohistochemical results detected in

Experiment 1. Western blot images taken from non-adjacent lanes from the same gel. All

values are reported as mean + SEM; **p<0.01 vs. SAL and ACUTE.
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Figure 3. Repeated infusion of TSA into the shell of the nucleus accumbens is sufficient to induce
cross-sensitization to the locomotor stimulant effects of ethanol
(A) Timeline of Experiment 3. (B) Representative schematic showing correct (filled circle)

and incorrect (x) cannulae placements. Numbers indicate distance from bregma; coronal

slice figures adapted from (Franklin and Paxinos, 1997). (C) Mice that received repeated

infusions of 22 mM TSA into the shell of the nucleus accumbens displayed a significantly

augmented locomotor response to a later injection of a low dose of ethanol (2.0 g/kg),

particularly within the first five minutes of the locomotor testing session. (D) Analysis of 20

min locomotor activity over all four testing sessions revealed a treatment by test session

interaction. Additionally, mice that received repeated intra-accumbal shell infusions of TSA

Sprow et al. Page 16

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



exhibited significantly augmented locomotor activity during the 20 min Final and EtOH

Retest sessions relative to their Initial Test session; this augmentation of locomotor activity

was not detected in vehicle-treated animals. Importantly, TSA-treated animals did not show

elevated locomotor activity following an injection of saline. All data are shown as mean +

SEM. *p<0.05 vs. Veh; **p<0.05 vs. initial test.
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Figure 4. TSA infusions in the shell of the nucleus accumbens results in an increase in acH3K9
IR in the NACSH
(A) Representative schematic showing correct (filled circle) cannulae placements. Numbers

Indicate distance of coronal segment from bregma; schematic is adapted from (Franklin and

Paxinos, 1997). (B) Representative photomicrographs of acH3K9 IR in the NACSH from a

vehicle-treated (left) and TSA-treated (right) mouse. Images photographed with a 20x

objective; scale bar = 50 μm. (C) Quantification of acH3K9 immunoreactivity revealed that

TSA-treated mice displayed significantly augmented acH3K9 IR in the shell of the nucleus

accumbens relative to vehicle-treated mice. Values are reported as mean + SEM. **p<0.01

vs. Vehicle.
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