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Comparison of the sensitizing effects of cocaine and ethanol 
on histone deacetylase isoforms in the rat brain
Shijie Xua,b,c, Ja Wook Kood,e,* and Ung Gu Kangb,f,*     

Behavioral sensitization, an animal model of drug 
addiction, persists for a prolonged period after repeated 
exposure to drugs of abuse. The persistence of an 
addiction behavioral phenotype suggests long-lasting 
changes in gene regulation at the epigenetic level. 
We measured the expression of histone deacetylases 
(HDACs) isoforms in the prefrontal cortex and dorsal 
striatum following the development of sensitization to 
cocaine (15 mg/kg, administered five times) and ethanol 
(0.5 g/kg, administered 15 times) to investigate the 
epigenetic changes that mediate sensitization. Animals 
sensitized to ethanol exhibited augmented locomotor 
activity in response to the cocaine challenge. Similarly, 
those sensitized to cocaine exhibited increased locomotor 
activity in response to an ethanol challenge. These 
findings indicate cross-sensitization between ethanol 
and cocaine and suggest that a common molecular 
mechanism underlying the cross-sensitization. In 
animals sensitized to cocaine or ethanol, mRNA levels 
of class II HDACs (HDAC4 and HDAC5) were decreased 
in the prefrontal cortex and dorsal striatum, whereas 
acute treatments with either drug had no effect on 
the expression of class II HDACs. By contrast, class I 
HDACs (HDAC1 and HDAC2) responded to the acute 

cocaine challenge, whereas sensitization itself did not 
have a consistent effect on class I HDAC levels. These 
findings support the hypothesis of a common epigenetic 
mechanism underlying persistent behavioral sensitization 
induced by different drugs, which may be mediated by the 
altered expression of class II HDACs. NeuroReport 32: 
423–430 Copyright © 2021 Wolters Kluwer Health, Inc. All 
rights reserved.
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Introduction
Repeated exposure to drugs of abuse enhances behav-
ioral responses; a phenomenon referred to as behavio-
ral sensitization [1–3]. In the behavioral sensitization 
paradigm, the sensitized state induced by chronic drug 
use is long-lasting [4–6], and sensitization to one drug 
may influence susceptibility to other drugs [7–11]. 
Previously, we reported cross-sensitization between 
cocaine and ethanol, suggesting the presence of shared 
common neural and cellular mechanisms related to 
behavioral sensitization [12,13]. Epigenetic modifica-
tion may be a key cellular process underlying drug-in-
duced persistent behavioral changes [14–17]. However, 
it is not clear how the sensitized state is related to epi-
genetic changes.

A common epigenetic modification site is the N-terminal 
lysine residues, which can be reversibly acetylated by 
histone acetyltransferases or deacetylated by several 
histone deacetylases (HDACs) [15,18,19]. Deacetylated 
histones promote the condensation of chromatin, leading 
to a reduction in transcription activity [20,21]. HDACs 
are divided into four classes: class I (HDAC1, HDAC2, 

HDAC3 and HDAC8), class II (HDAC4, HDAC5, 
HDAC6, HDAC7, HDAC9 and HDAC10), class III (sir-
tuins 1–7) and class IV (HDAC11) [17,22,23]. Previous 
studies have focused on changes in the activity and 
expression of class I and II HDACs associated with 
long-term drug treatment. In these studies, long-lasting 
behavioral changes were considered to indicate involve-
ment in the maintenance of addiction-related behaviors 
[22–25]. However, the behavioral effects of various addic-
tive drugs are not consistent, and contradictory findings 
have been reported for cocaine, amphetamine, morphine 
and alcohol [26–29].

To determine whether drugs that induce behavioral 
sensitization share common epigenetic mechanisms, we 
studied the expressions of class I (HDAC1 and HDAC2) 
and II (HDAC4 and HDAC5) HDACs in the prefrontal 
cortex and dorsal striatum following the development of 
behavioral sensitization induced by cocaine or ethanol. 
Previous studies have shown that persistent sensitiza-
tion induces long-lasting changes in the mesocorticostri-
atal dopaminergic system [30–32]. Moreover, cocaine- or 
ethanol-induced histone modifications in the prefrontal 
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cortex and dorsal striatum could play a crucial role in the 
transition to addiction-like behavior [17,33,34].

Methods
Animals and drugs
Male Sprague–Dawley rats (150–200  g; KoaTech, 
Gyeonssi-do, Korea) were maintained under a 12/12  h 
light/dark cycle (lights on at 06:00) with water and food 
available ad libitum. Cocaine hydrochloride (15  mg/
kg, Belgopia; Louvain-La-Neuve, Belgium) and etha-
nol (0.5  g/kg, Merck; Whitehouse Station, New Jersey, 
USA; cat. #1.00983.1011) were diluted in 0.9% saline and 
administered intraperitoneally. This study was approved 
by the Institutional Animal Care and Use Committee 
at Seoul National University Hospital (SNUH-IACUC) 
and the animals were maintained in a facility accredited 
by the Association for Assessment and Accreditation 
or Laboratory Animal Care International (#001169) 
in accordance with the Guide for the Care and Use of 
Laboratory Animals 8th edition, National Research 
Council [35].

Drugs treatment schedule
Two sets of experiments were performed (Fig.  1). For 
experiment 1, rats were randomly assigned to receive 
saline (S) or cocaine (C) daily for 5 days; these chronic 
treatments were designated as ‘sensitization’. After the 
fifth treatment, the rats were further assigned to one of 
three subgroups (n = 6 or 7 per subgroup) in which they 
received one injection of saline (subgroups S-S and C-S), 
cocaine (subgroups S-C and C-C) or ethanol (subgroups 
S-E and C-E); these treatments were designated as ‘chal-
lenge’. Following the challenge, locomotor activity was 
recorded for 30  min to assess behavioral sensitization. 
For experiment 2, rats were randomly assigned to receive 
saline (S-) or ethanol (E-) five times per week (Monday 
to Friday between 10:00 and 16:00) for 3 weeks (15 injec-
tions). After the 15th treatment, the rats in each group 
were assigned to one of three subgroups (n = 6 or 7 per 
subgroup) and challenged with saline (subgroups S-S 
and E-S), cocaine (subgroups S-C and E-C), or ethanol 
(subgroups S-E and E-E). Then locomotor activity was 
recorded for 30 min. Following the measurement of loco-
motor activity, the rats were immediately decapitated, 
and the prefrontal cortex and the dorsal striatum were 
obtained. The treatment regimen for sensitization to 
cocaine, ethanol and reciprocal cross-sensitization were 
performed according to a previous study [13].

Measurement of locomotor activity
Locomotor activity was recorded in a transparent 
acrylic box (42  ×  42  ×  30  cm) using a video-tracking 

Fig. 1

Experimental schedule. Behavioral sensitization was induced by chronic injections of cocaine (C; 5 times, 15 mg/kg, experiment 1) or ethanol (E; 
15 times, 0.5 g/kg, experiment 2). After sensitization was established, the animals were challenged with saline (S-S, C-S or E-S), cocaine (S-C, 
C-C or E-C), or ethanol (S-E, C-E or E-E).

Table 1  Primer for qRT-PCR

 Forward (5′–3′) Reverse (5′–3′)

HDAC1 AGTATAATGTCCCCAGGGACCA CTGAAAAGGGGCCCCAGAAG
HDAC2 CGGCAAGAAGAAAGTGTGCT TCCATCGAACACTGGACAGT
HDAC4 TGAGAGACGGAGCAGCCCCC GGCGCTGCTACATGCGGAGT
HDAC5 TTCTTCAACTCCGTAGCC TCCCATTGTCGTAGCG
β-actin CCTCTGAACCCTAAGGCCAA AGCCTGGATGGCTACGTACA

qRT-PCR, quantitative real-time PCR.
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Fig. 2

Behavioral cross-sensitization between cocaine and ethanol. Effects of saline (0.9% NaCl, -S), cocaine (15 mg/kg, -C) or ethanol (0.5 g/kg, -E) 
challenges to animals sensitized to cocaine (5 injections, C-, panel A) or ethanol (15 injections, E-, panel B). Locomotor activity was recorded for 
30 min. All data are expressed as means ± SE (N = 6 or 7 rats/subgroup). *P < 0.05, vs. S-S naïve subgroup, #P < 0.05, significant differences 
between S-C vs. E-C and S-E vs. C-E, two-way ANOVA followed by Tukey post hoc tests.

Fig. 3

mRNA levels of HDAC1, HDAC2, HDAC4 and HDAC5 in the prefrontal cortex following reciprocal cross-sensitization between cocaine (15 mg/
kg) and ethanol (0.5 g/kg). Fold changes in the expression of each gene compared to the control group were normalized to β-actin expression 
(mRNA). Data are expressed as means ± SE (N = 6 or 7 rats/group). (a) HDAC1 (two-way ANOVA with Tukey’s post hoc test, challenge effect: 
F(2, 42) = 7.462, P = 0.003; P = 0.003, S-S vs. S-C; P = 0.001, S-S vs. C-C; P = 0.842, S-S vs. S-E; P = 0.438, S-S vs. C-E; P = 0.558, 
S-S vs. C-S). (b) HDAC1 (two-way ANOVA with Tukey’s post hoc test, challenge effect: F(2, 42) = 8.149, P = 0.002; P = 0.049, S-S vs. E-C; 
P = 0.546, S-S vs. E-E; P = 0.650, S-S vs. E-S). (c) HDAC2 (two-way ANOVA with Tukey’s post hoc test, challenge effect: F(2, 42) = 5.551, 
P = 0.010; P = 0.009, S-S vs. S-C; P = 0.016, S-S vs. C-C; P = 0.720, S-S vs. S-E; P = 0.652, S-S vs. C-E; P = 0.801, S-S vs. C-S). (d) 
HDAC2 (two-way ANOVA with Tukey’s post hoc test, challenge effect: F(2, 42) = 8.356, P = 0.002; P = 0.021, S-S vs. E-C; P = 0.664, S-S 
vs. E-E; P = 0.867, S-S vs. E-S). (e) HDAC4 (two-way ANOVA with Tukey’s post hoc test, sensitizing effect: F(2, 42) = 78.964, P < 0.001; 
P = 0.001, S-S vs. C-C; P = 0.001, S-S vs. C-E; P < 0.001, S-S vs. C-S). (f) HDAC4 (two-way ANOVA with Tukey’s post hoc test, sensitizing 
effect: F(2, 42) = 59.083, P < 0.001; P = 0.006, S-S vs. E-C; P = 0.003, S-S vs. E-E; P = 0.001, S-S vs. E-S). (g) HDAC5 (two-way ANOVA 
with Tukey’s post hoc test, sensitizing effect: F(2, 42) = 33.143, P < 0.001; P = 0.008, S-S vs. C-C; P = 0.010, S-S vs. C-E; P = 0.003, S-S 
vs. C-S). (h) HDAC5 (two-way ANOVA with Tukey’s post hoc test, sensitizing effect: F(2, 42) = 29.936, P < 0.001; P = 0.006, S-S vs. E-C; 
P = 0.018, S-S vs. E-E; P = 0.008, S-S vs. E-S). *P < 0.05, vs. S-S control subgroup.
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apparatus (Activity Monitor 5.0; Med Associates, St. 
Albans, Vermont, USA) located in a sound-attenuated 
test cubicle. Each rat was placed in the box and allowed 
to habituate for 30 min. Then the animal was challenged 
with saline or the designated drug, and locomotor activ-
ity was recorded in 5 min bins for an additional 30 min 
period.

Quantitative real-time PCR
Total RNA was extracted from frozen tissues using TRI 
reagent (Molecular Research Center, Cincinnati, Ohio, 
USA), as previously described [12]. Then, 1 µg total RNA 
was reverse-transcribed to cDNA using the Superscript 
II RT system (Invitrogen, Carlsbad, California, USA). 
Quantitative real-time PCR was performed using an ABI 
PRISM 7000 instrument (Applied Biosystems, Foster 
City, California, USA) with the SYBR Green real-time 
PCR master mix (Toyobo, Osaka, Japan) according to the 
manufacturer’s instructions. The reaction was first incu-
bated at 50°C for 2  min, then at 95°C for 10  min, fol-
lowed by 35 cycles at 95°C for 15 s and 60°C for 1 min. 
All assays were performed in triplicate, and relative 

amounts of all mRNAs were calculated using the compar-
ative Ct method using the 2−ΔΔCt equation, as previously 
described [36]. The primer sequences for quantitative 
real-time PCR are shown in Table 1.

Statistical analysis
Data were analyzed using two-way analyses variance 
(ANOVA) tests followed by post hoc Tukey tests. All 
tests were performed using the version 22.0 SPSS soft-
ware package for Windows (SPSS Inc., Chicago, Illinois, 
USA). A P value <0.05 was considered to indicate statis-
tical significance.

Results
Behavioral cross-sensitization between cocaine and 
ethanol
Locomotor activity significantly increased following 
repeated treatment and acute challenge with cocaine and 
ethanol [interaction between sensitization and challenge: 
F(2, 42) = 6.164, P = 0.005, Fig. 2a; interaction between 
sensitization and challenge: F(2, 42) = 3.535, P = 0.038, 
Fig. 2b]. Post hoc tests revealed that a single injection of 

Fig. 4

mRNA levels of HDAC1, HDAC2, HDAC4 and HDAC5 in the dorsal striatum following reciprocal cross-sensitization between cocaine (15 mg/kg) 
and ethanol (0.5 g/kg). Fold changes in gene expression compared to the control group were normalized to β-actin expression (mRNA). Data are 
expressed as means ± SE (N = 6 or 7 rats/group). (a) HDAC1 (two-way ANOVA with Tukey’s post hoc test, sensitizing effect: F(2, 42) = 5.648, 
P = 0.025; P = 0.021, S-S vs. S-C; P = 0.513, C-S vs. C-C; P = 0.048, S-S vs. C-S; P = 0.954, C-S vs. C-E). (b) HDAC1 (two-way ANOVA 
with Tukey’s post hoc test, challenge effect: F(2, 42) = 8.003, P = 0.002; P = 0.032, E-S vs. E-C; P = 0.915, S-S vs. S-E; P = 0.650, S-S vs. 
E-E). (c) HDAC2 (two-way ANOVA with Tukey’s post hoc test, challenge effect: F(2, 42) = 6.595, P = 0.005; P = 0.004, S-S vs. S-C; P = 0.040, 
C-S vs. C-C; P = 0.903, S-S vs. C-S). (d) HDAC2 (two-way ANOVA with Tukey’s post hoc test, challenge effect: F(2, 42) = 4.046, P = 0.031; 
P = 0.031, E-S vs. E-C; P = 0.682, S-S vs. E-S; P = 0.769, S-S vs. S-E; P = 0.379, S-S vs. E-E). (e) HDAC4 (two-way ANOVA with Tukey’s post 
hoc test, sensitizing effect: F(2, 42) = 35.507, P < 0.001; P = 0.748, C-S vs. C-C; P = 0.551, C-S vs. C-E; P = 0.002, S-S vs. C-S). (f) HDAC4 
(two-way ANOVA with Tukey’s post hoc test, sensitizing effect: F(2, 42) = 48.976, P < 0.001; P = 0.756, E-S vs. E-C; P = 0.980, E-S vs. E-E; 
P < 0.001, S-S vs. E-S). (g) HDAC5 (two-way ANOVA with Tukey’s post hoc test, sensitizing effect: F(2, 42) = 19.015, P < 0.001; P = 0.373, 
C-S vs. C-C; P = 0.890, C-S vs. C-E; P = 0.002, S-S vs. C-S). (h) HDAC5 (two-way ANOVA with Tukey’s post hoc test, sensitizing effect: F(2, 
42) = 24.245, P < 0.001; P = 0.877, E-S vs. E-C; P = 0.776, E-S vs. E-E; P = 0.002, S-S vs. E-S). *P < 0.05, vs. S-S control subgroup.
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cocaine increased locomotor activity (P = 0.001, S-S vs. 
S-C, Fig.  2a) in naïve animals, whereas ethanol had no 
effect on locomotor activity (P = 0.290, S-S vs. S-E, Fig. 2a). 
The locomotor activity of the naïve group in experiment 
2 was similar to that in experiment 1 (P < 0.001, S-S vs. 
S-C; P = 0.516, S-S vs. S-E, Fig. 2b, respectively). Neither 
cocaine (C-S) nor ethanol (E-S) sensitization per se 
affected locomotor activity compared to the naïve (S-S) 
group (P = 0.169, S-S vs. C-S, Fig. 2a; P = 0.116, S-S vs. 
E-S, Fig. 2b). However, the behavioral responses to the 
cocaine and ethanol challenges were greater in sensitized 
animals than in naïve animals challenged with the same 
drugs (P < 0.001, S-E vs. C-E, Fig. 2a; P = 0.036, S-C vs. 
E-C, Fig. 2b), thus confirming the behavioral sensitiza-
tion to each drug and the cross-sensitization between 
cocaine and ethanol.

mRNA expression of histone deacetylases in the 
prefrontal cortex following cocaine and/or ethanol 
sensitization
The mRNA levels of HDAC1 [challenge effect: F(2, 
42)  =  7.462, P  =  0.003, Fig.  3a; challenge effect: F(2, 
42) = 8.149, P = 0.002, Fig. 3b] and HDAC2 [challenge 
effect: F(2, 42)  =  5.551, P  =  0.010, Fig.  3c; challenge 
effect: F(2, 42) = 8.356, P = 0.002, Fig. 3d], two isoforms 
of class I HDACs were changed significantly by acute 
challenge with cocaine in the prefrontal cortex. Post hoc 
tests revealed that acute cocaine challenge decreased the 
mRNA expression of HDAC1 (P  =  0.003, S-S vs. S-C, 
Fig.  3a; P  =  0.001, S-S vs. C-C, Fig.  3a; P  =  0.049, S-S 
vs. E-C, Fig.  3b) and HDAC2 (P  =  0.009, S-S vs. S-C, 
Fig. 3c; P = 0.016, S-S vs. C-C, Fig. 3c; P = 0.021, S-S vs. 
E-C, Fig. 3d), whereas ethanol challenge did not affect 
the mRNA expression of HDAC1 (P = 0.842, S-S vs. S-E, 
Fig. 3a; P = 0.438, S-S vs. C-E, Fig. 3a; P = 0.546, S-S vs. 
E-E, Fig. 3b) and HDAC2 (P = 0.720, S-S vs. S-E, Fig. 3c; 
P = 0.652, S-S vs. C-E, Fig. 3c; P = 0.664, S-S vs. E-E, 
Fig.  3d). Neither cocaine (C-S) nor ethanol (E-S) sen-
sitization alone altered the expression of either HDAC 
compared to corresponding naïve (S-S) state (HDAC1: 
P  =  0.558, S-S vs. C-S, Fig.  3a; P  =  0.650, S-S vs. E-S, 
Fig. 3b; HDAC2: P = 0.801, S-S vs. C-S, Fig. 3c; P = 0.867, 
S-S vs. E-S, Fig. 3d). In short, the two isoforms of class I 
HDACs was not affected by the sensitization but acutely 
responded to cocaine challenge.

The mRNA levels of HDAC4 [sensitizing effect: F(2, 
42) = 78.964, P < 0.001, Fig. 3e; sensitizing effect: F(2, 
42) = 59.083, P < 0.001, Fig. 3f] and HDAC5 [sensitizing 
effect: F(2, 42) = 33.143, P < 0.001, Fig. 3g; sensitizing 
effect: F(2, 42) = 29.936, P < 0.001, Fig. 3h], two isoforms 
of class II HDACs, changed significantly following sen-
sitization to cocaine and ethanol in the prefrontal cortex. 
Post hoc tests revealed that the mRNA levels of HDAC4 
(P = 0.001, S-S vs. C-C, Fig. 3e; P = 0.001, S-S vs. C-E, 
Fig. 3e; P = 0.006, S-S vs. E-C, Fig. 3f; P = 0.003, S-S vs. 
E-E, Fig. 3f) and HDAC5 (P = 0.008, S-S vs. C-C, Fig. 3g; 

P = 0.010, S-S vs. C-E, Fig. 3g; P = 0.006, S-S vs. E-C, 
Fig. 3h; P = 0.018, S-S vs. E-E, Fig. 3h) were note altered 
by acute cocaine or ethanol challenge despite sensiti-
zation status. However, the sensitization itself reduced 
both mRNAs compared to corresponding naïve states 
(HDAC4: P < 0.001, S-S vs. C-S, Fig. 3e; P = 0.001, S-S 
vs. E-S, Fig. 3f; HDAC5: P = 0.003, S-S vs. C-S, Fig. 3g; 
P = 0.008, S-S vs. E-S, Fig. 3h). Thus, the two isoforms 
of class II HDACs were affected by the sensitization but 
not by the acute challenge with drugs.

mRNA expression of HDACs in the dorsal striatum 
following either or both of cocaine and ethanol 
sensitization
The mRNA level of HDAC1 in the dorsal striatum 
changed significantly following either acute or chronic 
treatment with cocaine and ethanol [sensitizing effect: 
F(2, 42) = 5.648, P = 0.025, Fig. 4a; challenge effect: F(2, 
42) = 8.003, P = 0.002, Fig. 4b]. Post hoc tests revealed that 
acute challenge with cocaine (-C) decreased the mRNA 
expression of HDAC1 in the dorsal striatum compared to 
corresponding control (-S) in the naïve (P = 0.021, S-S vs. 
S-C, Fig. 4a) and ethanol-sensitized (P = 0.032, E-S vs. 
E-C, Fig. 4b) state but not in the cocaine-sensitized state 
(P = 0.513, C-S vs. C-C, Fig. 4a). This may be because 
cocaine sensitization itself already reduced the HDAC1 
mRNA (P  =  0.048, S-S vs. C-S, Fig.  4a). The cocaine 
(-C) and ethanol (-E) challenge had little effect on 
HDAC1 mRNA levels in the cocaine-sensitized animals 
(P = 0.954, C-S vs. C-E, Fig. 4a). Neither acute ethanol 
(-E) challenge nor ethanol-induced sensitization (E-) had 
an effect on the mRNA expression of HDAC1 (P = 0.915, 
S-S vs. S-E; P = 0.650, S-S vs. E-E, Fig. 4b, respectively).

The effects of acute and chronic drug treatment on 
HDAC2 mRNA levels in the dorsal striatum were similar 
to those found in the prefrontal cortex [challenge effect: 
F(2, 42) = 6.595, P = 0.005, Fig. 4c; challenge effect: F(2, 
42) = 4.046, P = 0.031, Fig. 4d]. That is, acute cocaine (-C) 
challenge decreased the mRNA expression of HDAC2 
(P = 0.004, S-S vs. S-C, Fig. 4c; P = 0.040, C-S vs. C-C, 
Fig. 4c; P = 0.031, E-S vs. E-C, Fig. 4d) in both sensitized 
and naïve animals (C-, E-, S-); however, neither cocaine 
(C-) nor ethanol (E-) sensitization alone altered HDAC2 
mRNA levels (P = 0.903, S-S vs. C-S, Fig. 4c; P = 0.682, 
S-S vs. E-S, Fig.  4d). The effects of acute and chronic 
ethanol (E-, -E) treatment on HDAC2 mRNA levels 
were not significantly different from those of the corre-
sponding controls (P = 0.769, S-S vs. S-E; P = 0.379, S-S 
vs. E-E, Fig. 4d, respectively).

The mRNA levels of HDAC4 [sensitizing effect: F(2, 
42) = 35.507, P < 0.001, Fig. 4e; sensitizing effect: F(2, 
42) = 48.976, P < 0.001, Fig. 4f] and HDAC5 [sensitizing 
effect: F(2, 42) = 19.015, P < 0.001, Fig. 4g; sensitizing 
effect: F(2, 42) = 24.245, P < 0.001, Fig. 4h] in the dor-
sal striatum were similar to those in the prefrontal cortex. 
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Post hoc tests revealed that the mRNA levels of HDAC4 
(P = 0.748, C-S vs. C-C, Fig. 4e; P = 0.551, C-S vs. C-E, 
Fig. 4e; P = 0.756, E-S vs. E-C, Fig. 4f; P = 0.980, E-S vs. 
E-E, Fig. 4f) and HDAC5 (P = 0.373, C-S vs. C-C, Fig. 4g; 
P = 0.890, C-S vs. C-E, Fig. 4g; P = 0.877, E-S vs. E-C, 
Fig. 4h; P = 0.776, E-S vs. E-E, Fig. 4h) were not altered 
by cocaine (-C) or ethanol (-E) challenge; however, both 
cocaine (C-) and ethanol (E-) sensitization reduced them 
(HDAC4: P = 0.002, S-S vs. C-S, Fig. 4e; P = 0.001, S-S 
vs. E-S, Fig. 4f; HDAC5: P = 0.002, S-S vs. C-S, Fig. 4g; 
P = 0.002, S-S vs. E-S, Fig. 4h). In short, the patterns of 
changes in HDAC mRNA levels induced by cocaine and 
ethanol treatments were similar in the prefrontal cortex 
and dorsal striatum with the exception that changes in 
HDAC1 expression induced by cocaine sensitization 
were observed only in the dorsal striatum.

Discussion
Our findings suggest that behavioral sensitization 
induced by different addictive drugs may share common 
cellular mechanisms related to the epigenetic control of 
behavioral phenotypes. This commonality would underly 
cross-sensitization: individuals sensitized to one type of 
drug exhibit sensitized behavior to another type of drug 
with no previous exposure to that drug. Our main findings 
were that the mRNA levels of class II HDACs (HDAC4 
and HDAC5) were attenuated in the prefrontal cortex 
and dorsal striatum of animals sensitized to cocaine or 
ethanol after repeated treatment. The effect of cocaine 
sensitization on the expression of class II HDACs is well 
known: chronic cocaine treatment decreases the nuclear 
export of HDAC5 and histone hyperacetylation, which 
are associated with enhanced behavioral responsiveness 
[37,38]. Furthermore, chronic cocaine treatment has been 
shown to decrease the mRNA levels of HDAC4 in the 
nucleus accumbens, which contributes to the mainte-
nance of addictive behaviors [25,39]. Here, we report the 
first evidence that ethanol-induced behavioral sensitiza-
tion decreases class II HDAC mRNA levels. The epige-
netic regulation of gene expression by altering HDAC 
expression may explain why behavioral sensitization or 
addictive behaviors induced by abusive drugs persist 
long after drug-use ceases.

It is worth noting that while several studies have shown 
that the acute administration of HDAC inhibitors 
enhances the locomotor response to psychoactive drugs 
[22–25], others have reported that the chronic adminis-
tration of HDAC inhibitors suppresses behavioral sensi-
tization to addictive drugs [27,28]. This discrepancy can 
be explained by different durations of drug treatment. 
HDAC inhibitors increase global histone acetylation 
and thereby promote gene expression. Chronic admin-
istration of an HDAC inhibitor may activate homeostatic 
processes to compensate for the already heightened tran-
scriptional activity and behavioral response. We found 

that chronic, but not acute, administration of addictive 
drugs decreased the mRNA levels of class II HDACs in 
the prefrontal cortex and dorsal striatum. These findings 
suggest that cocaine and ethanol are not themselves reg-
ulators of HDACs, but rather HDAC regulation is the 
final integrated neural response to repeated drug use. 
This systemic response leads to the downregulation of 
HDAC and behavioral sensitization, which is unlikely to 
be further regulated by homeostatic feedback, resulting 
in persistent behavioral change.

Although locomotor activity was less pronounced in 
the ethanol sensitization paradigm than in the cocaine 
sensitization paradigm, the decrease in the expres-
sion of class II HDACs was not significantly differ-
ent between the drugs. This finding suggests that the 
HDAC response was not a consequence of repeated 
locomotor activity; rather, it was related to the common 
mechanism underlying sensitization. Alcohol consump-
tion enhances compulsive cocaine self-administration by 
mediating the degradation of HDAC4 and HDAC5 in 
the nucleus accumbens [40], suggesting that cross-sen-
sitization, at the level of drug-use behavior, is related to 
the downregulation of class II HDACs; our findings are 
consistent with this notion. However, in some experi-
mental paradigms, the sensitization-related behaviors 
of HDAC4 and HDAC5 were different from each other; 
for example, repeated treatment with cocaine promoted 
dephosphorylation and nuclear localization of HDAC5 
in the striatum while it promoted phosphorylation and 
cytoplasmic localization of HDAC4 [38,41]. Thus, spe-
cific roles of each isoform in drug-induced sensitization 
should be investigated further.

We found that the mRNA levels of HDAC1/2 class I 
HDAC isoforms decreased in the prefrontal cortex and 
dorsal striatum following the acute administration of 
cocaine regardless of sensitization status. This finding 
is consistent with that of a previous study, which found 
that the inhibition of class I HDACs contributed to the 
enhanced behavioral response to acute cocaine treatment 
[42]. Thus, cocaine may be an acute regulator of class I 
HDACs; however, the behavioral correlation is less clear. 
Cocaine-induced sensitization itself decreased HDAC1 
level; thus, the acute challenge did not further decrease 
the isoform levels. Moreover, in the sensitized state, 
HDAC1 expression was not altered by cocaine challenge, 
whereas the behavioral response markedly increased.

A previous study found that HDAC1 mRNA levels 
increased in the mouse striatum after acute or repeated 
(10 injections) ethanol administration (1 or 2 g/kg) [43]. 
By contrast, another study found that global HDAC activ-
ity was reduced after acute administration of ethanol (2 g/
kg) [44]. While our findings showing that repeated etha-
nol treatment reduced class II HDACs levels and acute 
ethanol treatment had no effect are not consistent with 
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those results, this disparity may be explained by method-
ological differences. We focused on the sensitizing effect 
of ethanol, and the ethanol dose administered (0.5 g/kg) 
was significantly lower than those of the previous studies. 
At this lower dose, symptoms of acute ethanol intoxica-
tion, that is, lethargy and loss of the righting reflex were 
absent, and the behaviors of the rats in our study were 
grossly normal.

In conclusion, we found that HDAC expression was 
dynamically regulated by cocaine- or ethanol-induced 
behavioral sensitization in the rat prefrontal cortex 
and dorsal striatum. The acute behavioral response to 
cocaine was accompanied by the downregulation of class 
I HDACs, whereas behavioral sensitization was associ-
ated with the downregulation of class II HDACs. Thus, 
the role-player is shifted from class I to class II with the 
development of sensitization. The specific changes in the 
mRNA expression of the HDAC 4/5 isoforms in the pre-
frontal cortex and dorsal striatum suggest that a common 
epigenetic mechanism may be involved in behavioral 
sensitization induced by a variety of substances, includ-
ing cocaine and ethanol.
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