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Abstract
Neuroadaptations associated with behavioral sensitization induced by repeated exposure to
methamphetamine (MA) appear to be involved in compulsive drug pursuit and use. Increased
histone acetylation, an epigenetic effect resulting in altered gene expression, may promote
sensitized responses to psychostimulants. The role of histone acetylation in the expression and
acquisition of MA-induced locomotor sensitization was examined by measuring the effect of
histone deacetylase inhibition by sodium butyrate (NaB). For the effect on expression, vehicle or
NaB (630 mg/kg, intraperitoneally) was administered 30 min prior to MA challenge in mice
treated repeatedly with MA (10 days of 2 mg/kg MA) or saline (10 days), and then locomotor
response to MA challenge was measured. NaB treatment increased the locomotor response to MA
in both acutely MA treated and sensitized animals. For acquisition, NaB was administered 30 min
prior to each MA exposure (10 days of 1 or 2 mg/kg), but not prior to the MA challenge test.
Treatment with NaB during the sensitization acquisition period significantly increased locomotor
activation by MA in sensitized mice only. NaB alone did not significantly alter locomotor activity.
Acute NaB or MA, but not the combination, appeared to increase striatal acetylation at histone H4.
Repeated treatment with MA, but not NaB or MA plus NaB, increased striatal acetylation at
histone H3. Although increased histone acetylation may alter the expression of genes involved in
acute locomotor response to MA and in the acquisition of MA-induced sensitization, results for
acetylation at H3 and H4 showed little correspondence with behavior.
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1. Introduction
Exposure to drugs of abuse has been shown to have lasting effects that increase the difficulty
of remaining abstinent. A positron emission tomography study of recovering
methamphetamine (MA) users has shown that cognitive deficits and a decrease in dopamine
transporters are correlated with previous MA abuse and are persistent over months of
abstinence [1]. One possible consequence of repeated psychostimulant exposure is
sensitization of neural processes that influence drug and/or drug-paired cue sensitivity [2–4].
Existing evidence suggests that cellular adaptations involving changes in gene regulation
underlie altered behavioral responses to repeated drug exposure [5, 6]. A behavioral measure
used in animals to demonstrate the sensitizing effects of repeated psychostimulant exposure
[7–10] is locomotor response to a drug challenge after one or more prior drug exposures [for
review see: 11]. Heightened locomotor response, or sensitization, is a common outcome that
reflects neuroadaptation to the drug.

Epigenetic mechanisms of gene regulation, including DNA methylation and histone
modification, may play an important role in cellular responses to environmental events,
including drug exposure. Drugs of abuse, including amphetamines, have been shown to
decrease DNA methyltransferase activity [12]. Hyperacetylation of histone protein tails has
been found after acute or chronic exposure to cocaine, amphetamines, and alcohol, in
addition to other drugs [13–16]. Histone-tail modification is thought to regulate gene
transcription by altering the charge of histone proteins that act to attract or repel DNA and
mechanically prevent expression of associated genes [For review see: 17]. Histone
acetylation has been shown to result in upregulation of associated gene expression [18, 19]
in localized regions of the brain [20]. Thus, neuroadaptation to drug exposure may involve
regulation of gene expression by histone-tail modification.

Administration of histone deacetylase (HDAC) inhibitors, such as sodium butyrate (NaB),
has been shown to increase histone acetylation in the central nervous system [13, 15, 16].
However, their effects when given in combination with psychostimulant drugs have not been
straightforward. Whereas the HDAC inhibitor, valproate, has been shown to reduce
psychomotor sensitization [13, 21] and NaB extinguished cocaine-induced conditioned place
preference [22], HDAC inhibitors have also been shown to increase behaviors induced by
psychostimulant exposure [23, 24]. Hyperacetylation resulting from both MA exposure and
HDAC inhibitor administration suggests the possibility that increased acetylation may be an
important mechanism involved in behavioral changes following MA exposure. Cellular
analyses have shown increased acetylation of histone H4 and phosphorylation of cAMP
responsive element binding protein induced by amphetamine and NaB coadministration
[16]. Acute administration of cocaine has been shown to increase histone H4 acetylation and
H3 phosphoacetylation at the c-fos promoter, but not genome-wide acetylation of H3 [14,
15].

Data examining whether sensitized locomotor responses to repeated MA treatment are
linked to histone acetylation are inconclusive. Further, no data have been collected that
clearly separate the effects of HDAC inhibitors on the acquisition of sensitization from the
expression of sensitization. We first investigated the effect of NaB on the expression of MA-
induced sensitization by administering NaB prior to MA challenge and locomotor testing in
mice receiving MA for the first time and in mice with a history of repeated MA exposures.
We next investigated the effect of NaB on the acquisition of MA-induced locomotor
sensitization by administering NaB prior to each saline or MA administration during the
acquisition period, but not prior to the final MA challenge test. Lastly, we investigated
whether acute or repeated MA and NaB exposure resulted in modification of acetylation of
histone 3 at lysine 14 (H3K14) or histone 4 at lysine 12 (H4K12) in the striatum, a key brain
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region underlying drug stimulant responses [8, 24–26]. Because both MA and HDAC
inhibitors have previously been shown to increase acetylation, we hypothesized that acute
exposure to NaB would augment the locomotor response to MA challenge, regardless of
history of MA exposure. With regard to chronic NaB effects, we hypothesized that NaB
given just prior to each MA treatment would enhance the sensitized response to MA
challenge, compared to a group repeatedly treated with vehicle and MA, but would not alter
the locomotor response to acute MA in mice that had received NaB only with repeated
saline. We based this prediction on the notion that NaB with MA would have sensitization-
relevant combined acetylation effects that are greater than those after MA alone, but that the
effects of the HDAC inhibitor alone would not be sufficient to induce sensitization to MA.
Lastly, based on previous results [14–16], we hypothesized that in the striatum, acute NaB
and MA would result in hyperacetylation of H4K12, whereas repeated NaB and MA would
result in hyperacetylation of H3K14.

2. Methods and Materials
2.1 Subjects

Male, 7-week-old B6D2F1/J mice purchased from The Jackson Laboratory (Sacramento,
CA) were derived from the cross of C57BL/6J (B6) females with DBA/2J (D2) males. Mice
were housed in the Portland Veterans Affairs Medical Center animal facility, 4 to a cage,
and testing was initiated when the mice were 50 to 60 days of age. They were housed in
acrylic plastic shoe-box cages (28 × 18 × 13 cm; l × w × h) that were lined with ECOfresh
bedding (Absorption Corp, Ferndale, WA) and fitted with wire tops. Colony room
temperature was 20 to 22 °C, and lights were maintained on a 12:12h light:dark schedule.
Food (Purina Laboratory Rodent Chow formulation 5001; Purina Mills, St. Louis, MO) and
water were available ad libitum except during locomotor testing, with testing occurring no
sooner than 2 h after lights on and ending no later than 2 h before lights off. All procedures
were performed in accordance with the VAMC Institutional Animal Care and Use
Committee, and National Institutes of Health guidelines for the care and use of laboratory
animals.

2.2 Apparatus
Locomotor activity was measured using AccuScan automated activity monitors, identical to
those described previously [7, 8, 25]. Interruption of photocell beams located 2 cm above the
chamber floor at 8 locations along each wall were recorded and used by AccuScan software
(VersaMax; V 1.80-1FFE) to calculate the horizontal distance traveled (in cm).

2.3 Drugs and reagents
All drugs for injection were prepared in 0.9% sterile saline (Baxter Healthcare, Deerfield,
IL) and given intraperitoneally (i.p.) in a volume of 10 ml/kg. (+)Methamphetamine (MA)
HCl (Sigma-Aldrich, St. Louis, MO) was administered at doses of 1 or 2 mg/kg, doses
previously used for studies of MA-induced sensitization in B6 and D2 strains or populations
derived from these strains [8, 25]. Sodium butyrate (NaB; Millipore, Billerica, MA) was
given 30 min prior to saline or MA treatment at a dose of 630 mg/kg. This dose and
pretreatment time were based on previous studies that examined the relationship between
inhibition of histone acetylation and psychostimulant-induced locomotor behavior [13, 16].
Pharmacokinetic parameters for NaB, such as peak plasma concentration, can be difficult to
predict at doses higher than this treatment dose, which may be due to saturable elimination
mechanisms [27]. However, doses near or below the dose of NaB used here likely approach
first-order elimination and produce more predictable maximum plasma concentrations [27].
Groups were administered vehicle (Veh) or saline (Sal) as controls for NaB and MA
injection, respectively. Both Veh and Sal injections consisted of only 0.9% saline; different
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names were given to make clear which control injection is under discussion in subsequent
sections. For anesthesia, a stock solution (Portland VAMC pharmacy) of ketamine (100 mg/
ml), xylazine (20 mg/ml), and acepromazine (10 mg/ml) was diluted 1:5 with 0.9% sterile
saline for an injection volume of 10 ml/kg (i.p.). All reagents used for perfusion and
immunohistochemistry were obtained from Sigma-Aldrich unless otherwise indicated.

2.4 Experiment1: Effect of NaB on the expression of sensitization to 2 mg/kg MA
To test for an effect of NaB on the expression of MA-induced locomotor sensitization, a 13-
day procedure adapted from one previously shown to induce locomotor sensitization to MA
was used [9]. This procedure examines non-associative drug sensitization because MA
treatment is not paired with the test environment. To induce sensitization, mice were
weighed and injected once per day for 10 days, with either saline or 2 mg/kg MA. Repeated
administration of 2 mg/kg MA has been shown to induce a sensitized response in mice [9].
Although we hypothesized an increase, based on previous reports that HDAC inhibitors
have been shown to both increase [13, 16] and decrease drug-induced behavior [13, 21, 23],
we anticipated the possibility that acute NaB could augment or attenuate the expression of
sensitization. Thus, a moderate dose of MA was chosen that was known to induce
significant sensitization, but would also allow for levels of locomotor activation to increase.

Locomotor testing began 24 h after the sensitization induction phase and was conducted
over a 3-day period (days 11–13), consistent with previous work examining drug effects on
locomotor behavior (e.g., [8, 28, 29]). Each day, mice were moved into the locomotor test
room and allowed to acclimate for at least 45 min before being handled. Mice received two
injections on each day. On days 11 and 12, mice were weighed, injected with vehicle, and
then placed in individual holding cages for a 30-min period. Mice were then injected with
saline and immediately placed in the center of the activity chamber, where locomotor
activity was recorded for 2 h in 5-min bins. When all mice had been tested, they were
returned to the colony room. Day 11 provided activity data in drug- and experiment-naïve
mice, and day 12 provided baseline activity data in drug-naive mice for which the test
environment and procedures were familiar. On MA challenge test day 13, procedures were
identical, except that mice were administered either vehicle or 630 mg/kg NaB before being
placed into the holding cages, and then received saline or 2 mg/kg MA prior to the 2-h
activity test. This NaB dose and pretreatment time were based on previous studies that
examined the relationship between inhibition of histone acetylation and psychostimulant-
induced locomotor behavior [13, 16]. This experiment was performed in 3 cohorts of 24–64
mice (112 mice total) that were tested over a 3-month period.

2.5 Experiment 2: Effect of NaB on the acquisition of sensitization to 1 mg/kg MA
Based on the results of Experiment 1, which showed that the locomotor response to MA was
augmented by NaB, a lower 1 mg/kg dose of MA was used in Experiment 2 to further
reduce the possibility that a ceiling effect would limit the extent of augmentation over time.
The 1 mg/kg dose of MA has been shown to result in a relatively greater magnitude of
sensitization, compared with 2 mg/kg MA, likely due to the smaller initial stimulant
response to the lower dose [8].

Similar to Experiment 1, mice were treated with saline or MA for 10 days to induce
sensitization. However, 30 min prior to each saline or MA injection, mice were treated with
vehicle or 630 mg/kg NaB. Mice were then tested for locomotor behavior using the 3-day
procedure described for Experiment 1, with the exception that, on day 13, all mice were
treated with vehicle (none received NaB) prior to MA treatment and testing. This provided
an assessment of the effect of NaB exposure during the sensitization acquisition period on
the acute stimulant response to MA and on the magnitude of sensitization. This experiment
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was performed in 3 cohorts of 16–22 mice (56 mice total) that were tested over a 2-month
period.

2.6 Experiment 3: Effect of NaB on the acquisition of sensitization to 2 mg/kg MA
Results from Experiment 2 showed that NaB given during the acquisition phase did not
affect the magnitude of sensitization to 1 mg/kg MA. Based on the possibility that there is a
threshold dose of MA needed to see an effect of NaB, and that a NaB effect on response to
the 2 mg/kg MA dose was seen in Experiment 1, this dose was used in Experiment 3.
Procedures were identical to those for Experiment 2 except for the increase in dose of MA.
This experiment was performed in 3 cohorts of 14–26 mice (56 mice total) that were tested
over a 2-month period.

2.7 Experiment 4: Histone H3, lysine k14 (H3K14) and Histone H4, lysine k12 (H4K12)
acetylation following acute NaB and MA exposure

2.7.1 Treatment and tissue preparation—Results from Experiment 1 indicated that
acute NaB accentuated locomotor behavior when administered prior to MA but not saline.
To test whether changes in histone acetylation under these treatment conditions correspond
with changes in behavior, mice received 2 injections that were spaced 30 min apart on 3
consecutive days, consistent with the test phase of Experiment 1. Vehicle and then saline
were given on days 1 and 2, and then mice were treated with either vehicle or 630 mg/kg
NaB and saline or 2 mg/kg MA on day 3. Following the second injection, brains were
perfused and removed for immunohistochemistry. There were 4 mice per treatment
condition.

Results from the behavioral experiments indicated that MA-induced locomotor stimulation
was greatest around 30 min after MA administration. Therefore, mice were deeply
anesthetized and then perfused 30 min post MA treatment, via the right atrium with 50 ml
ice-cold saline followed by 50 ml ice-cold 2% paraformaldehyde in 0.01M potassium-
buffered saline (PBS), pH 7.4. Brains were then removed and placed overnight at 4 °C into
vials containing 2% paraformaldehyde. The next day, they were placed in 30% sucrose and
0.1% sodium azide and stored at 4 °C until sliced.

2.7.2 Immunohistochemistry—Brains were frozen on dry ice and coronally sectioned
(30 microns) using a microtome (American Optical Corporation, Buffalo, NY). Sliced tissue
was returned to storage at 4 °C in 30% sucrose and 0.1% sodium azide until
immunohistochemistry could be performed. The immunohistochemistry procedure was
consistent with a previously described protocol [30]. Tissue was washed in PBS and then
exposed to 1.5% H2O2 in 0.01 M PBS solution to block endogenous peroxidase activity and
remove any residual blood. After additional PBS washes, tissue was rotated for 2 h at room
temperature in immunoreactive buffer comprised of normal goat serum (Vector
Laboratories, Burlingame, CA) 1:33 in PBS and 0.3% Triton X-100. Rabbit monoclonal
anti-acetyl-histone H3 (lys14) IgG (Cat. # 04-1044, Millipore, Billerica, MA, 1:1000
concentration in immunoreactive buffer solution) was then added, and tissue was rotated for
48 h at 4 °C. Following additional PBS washes and a 2-h rotation at room temperature in
PBS, normal goat serum (1:33 concentration in PBS), 0.3% Triton X-100, and the secondary
antibody, lyophilized biotinylated goat-anti rabbit IgG (Vector Laboratories, 1:200
concentration in secondary antibody solution) were added. Tissue was again washed in PBS,
and then rotated at room temperature in 0.3% Triton X-100, PBS, and A+ B compound of
the Vectastain ABC kit (Vector Laboratories) for 2 h. Tissue was washed in PBS and then
prepared in 0.1M Tris for 5 min, before being exposed to 3,3′-diaminobenzidine with 0.1M
Tris and 0.01% nickel ammonium sulfate solution for 5 min. Thirty percent H2O2 was added

Harkness et al. Page 5

Behav Brain Res. Author manuscript; available in PMC 2014 February 15.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



to react with horseradish peroxidase and expose the tissue. The reaction was stopped by
washing in Tris after 90 s.

Slices were mounted on positively-charged slides and dehydrated in decreasing
concentrations of ethanol and 100% CitriSolv (Fisher Scientific, Pittsburgh, PA), cover
slipped with Permount (Fisher Scientific, Pittsburgh, PA), and allowed to dry for 48 h.
Optical density was quantified using a Leica DFC 480 imaging system (Buffalo Grove, IL)
and Image Pro Plus 7.0 software (Media Cybernetics, Bethesda, MD) for images captured
by an Olympus BX60 light microscope (Center Valley, PA) at 10× and 40× objective
magnification. Representative sections of the ventral and dorsal striatum [Plate 25 from
Paxinos and Franklin; 31] were identified using standardized area of interest templates and
averaged for each animal from three proximal slices. The ventral and dorsal striatum were
chosen for their roles in the behavioral response to drug exposure [For review see: 32]and
because histone H3 and H4 acetylation in the striatum has been shown to be affected by
administration of psychostimulants and HDAC inhibitors [15, 16]. The experimenter was
blind to treatment group at the time of quantification.

2.8 Experiment 5: Histone H3, lysine k14 (H3K14) and Histone H4, lysine k12 (H4K12)
acetylation following repeated NaB and MA exposure

Results from Experiment 3 indicated that repeated NaB accentuated locomotor behavior
when administered concurrently with MA, but not saline. To test whether these treatments
resulted in changes in histone acetylation that corresponded with changes in behavior, mice
were treated as in Experiment 3, once daily with either vehicle or 630 mg/kg NaB, and 30
min later with saline or 2 mg/kg MA for 10 days. On the 3 days that corresponded with the
test phase of Experiment 3, mice were treated on 2 days with vehicle then saline spaced 30
min apart, and on the third day with vehicle followed 30 min later by 2 mg/kg MA. Mice
were perfused 30 min after MA treatment, and brains were removed for
immunohistochemistry. There were 4 mice per treatment condition. Immunohistochemistry
was performed as described for Experiment 4.

2.9 Statistics
Locomotor activity difference scores were used to index drug treatment effects. Difference
scores were calculated by subtracting distance traveled (cm) on baseline day 12 from
distance traveled (cm) on drug challenge day 13. This provides a measure that takes
individual differences in baseline activity into account, even in the absence of group
differences, and creates a drug response score that can be easily interpreted as increased
activity for values above 0 and decreased activity for values below 0. Difference score data
were analyzed across time using repeated measures ANOVA, with NaB dose (0 and 630 mg/
kg) and MA dose (0 and 1 or 2 mg/kg) as between-groups factors. Sources of significant
two-way interactions were examined using simple main effect analysis, and the Neuman-
Keuls test was used for post-hoc mean comparisons. Optical densities from
immunohistochemical stains in Experiment 4 were analyzed by ANOVA, with NaB dose
and MA dose as between-groups factors; follow-up analyses were performed as described
for the behavioral data. For Experiment 5, optical density data were examined for
acetylation changes from control using Dunnett’s test. Alpha level was set at 0.05, and
statistical analyses were performed using the Statistica 9.1 software package (StatSoft, Inc.,
Tulsa, OK).

3. Results
Data from 2 mice were removed from Experiment 2 prior to analysis because of procedural
errors that occurred during locomotor testing. Age and body weights were not found to
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significantly differ among groups on any test day in any experiment. Habituation to the test
procedure and environment was suggested by significantly lower levels of locomotor
activity on saline test day 12 (baseline) compared with day 11 (when the environment was
novel) in all experiments (data not shown). However, treatment groups did not significantly
differ in locomotor activity level on baseline day 12, indicating that repeated MA or NaB
treatment prior to this test did not have significant effects on basal activity levels.

3.1 Experiment1: Effect of NaB on the expression of sensitization to 2 mg/kg MA
Shown in Figure 1A are locomotor activity difference scores for all treatment groups over
the course of the 2-h activity session. Repeated measures ANOVA identified two significant
three-way interactions that included time (time × NaB dose on test day × MA dose on test
day, F[23, 2392]=4.78, p<0.0001; time × MA dose during acquisition × MA dose on test
day, F[23, 2392]=1.85, p<0.01). To examine time-dependent effects of particular treatments,
further analyses were conducted that included fewer factors.

The effect of 10 days of saline vs. MA pretreatment on response to saline or MA challenge
was examined, with data for the vehicle and NaB treatment groups combined. This analysis
provided evidence for significant MA-induced sensitization (see Figure 1B, MA
Sensitization). There was a significant interaction of time x MA dose during acquisition
(F[23, 1242]=5.30, p<0.0001); repeatedly MA-treated mice exhibited a larger response to
MA challenge than did repeatedly saline-treated mice, mostly at early time points.
Locomotor data after saline challenge are not shown, because there were no significant
differences among groups, indicating that prior MA treatment had no significant effect on
basal activity levels.

To examine the effect of vehicle vs. NaB treatment given prior to saline or MA challenge on
test day 13, data for the saline and MA acquisition treatment groups were combined (see
Figure 1B, NaB Effect). This was justified because there was no significant three-way
interaction of time x MA dose during acquisition x NaB dose on test day, indicating that the
effect of NaB on response to MA challenge was not dependent upon prior experience with
MA. There was a significant interaction of time x NaB challenge dose (F[23, 1242]=2.04,
p<0.005); NaB pretreatment was associated with significantly increased locomotor activity
at multiple time points after MA challenge. Locomotor data after saline challenge are not
shown, because there were no significant effects of NaB given prior to the saline test.

3.2 Experiment 2: Effect of NaB on the acquisition of sensitization to 1 mg/kg MA
Shown in Figure 2A are difference score data for the response to MA challenge in mice that
received vehicle or NaB prior to each repeated saline or 1 mg/kg MA treatment during the
sensitization acquisition period. The 1 mg/kg dose of MA induced significant sensitization
during earlier time periods, as indicated by a significant time x repeated MA treatment
interaction (F[23, 1196]=11.20, p<0.0001). However, the magnitude of acquired
sensitization was not affected by NaB exposure. Figure 2B shows data combined for the
vehicle and NaB treatment groups to more clearly illustrate the MA-induced sensitization.

3.3 Experiment 3: Effect of NaB on the acquisition of sensitization to 2 mg/kg MA
Shown in Figure 3A are difference score data for the response to MA challenge in mice that
received vehicle or NaB prior to each repeated saline or 2 mg/kg MA treatment during the
sensitization acquisition period. There was a significant three-way interaction (time x NaB
dose during acquisition x MA dose during acquisition; F[23,1196]=2.96, p<0.0001),
indicating that patterns of activity over time were dependent upon whether mice had
received repeated MA or saline and NaB or vehicle. To examine these effects further,
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patterns across time were analyzed in separate ANOVAs for NaB acquisition dose and for
MA acquisition dose.

Similar to the results for 1 mg/kg MA shown in Figure 2, mice repeatedly treated with 2 mg/
kg MA exhibited significant sensitization during earlier time periods after MA challenge
(Figure 3B, MA Sensitization). This was supported by a significant interaction of time x MA
dose during acquisition (F[23,1242]=7.26, p<0.0001). Unlike the results for 1 mg/kg MA,
NaB given during the acquisition period had a significant effect on magnitude of
sensitization (see white and black triangles in Figure 3A). This was supported by a
significant interaction of time x NaB dose within the repeated MA treatment group
(F[1,23]=2.73, p<0.0001), but not within the repeated saline treatment group (see white and
grey circles in Figure 3A).

3.4 Experiment 4: Immunohistochemistry after acute NaB and MA administration
Shown in Figure 4A are nuclear stain optical density data for the effects of NaB and MA on
acetylation of histone H3K14. There was a significant effect of NaB treatment on optical
density in both the ventral (F[1, 12]=4.77, p<0.05) and dorsal (F[1, 12]=5.48, p<0.05)
striatum that was not dependent on MA treatment. The acute injection of MA alone did not
have a significant effect on histone H3K14 acetylation in either region of the striatum.
However, as shown in Figure 5A, there was a significant NaB dose x MA dose interaction
(F[1, 12]=5.02, p<0.05) on acetylation of histone H4K12 in the ventral striatum. No
significant treatment effects were found for the dorsal striatum. Lastly, there were no effects
of NaB or MA treatment on immunoreactivity for histone H3 (Figure 5B), which suggests
that the difference detected in acetylated histone H3 (H3K14 in Figure 4A) between NaB
treated and non-treated mice was not due to variation in the level of the total H3 protein
present in the cell.

3.5 Experiment 5: Immunohistochemistry after repeated NaB and MA administration
Nuclear stain optical density data for the effects of repeated drug exposures on H3K14
acetylation are shown in Figure 6A. There was a significantly higher level of acetylation at
H3K14 in the ventral and dorsal striatum of mice in the repeated MA group compared with
non-drug-treated controls. There was no significant effect of NaB alone or NaB plus MA on
acetylation at H3K14 compared with controls, and no significant treatment effects on
acetylation at H4K12 were found (Figure 6B).

4. Discussion
Repeated treatment with 1 or 2 mg/kg MA resulted in significant locomotor sensitization to
MA challenge. Treatment with NaB during acquisition of MA-induced sensitization
augmented the sensitized response to 2 mg/kg MA, but not 1 mg/kg MA, and acute NaB
administered 30 minutes prior to MA challenge increased the locomotor response to MA,
regardless of history of previous MA exposure. A history of repeated NaB exposure did not
alter the stimulant response to MA challenge, when MA was given in the absence of NaB
pretreatment. Neither acute nor repeated administration of NaB significantly altered
locomotor activity levels in saline-treated mice. Thus, the increases in locomotor activity
following NaB in MA-pre-exposed and MA-challenged mice were not due to effects of NaB
alone on locomotor behavior. Lastly, results for histone acetylation at H3 and H4 showed
little correspondence with behavioral results, although there were significant independent
effects of NaB and MA exposure.

Studies examining the effects of the HDAC inhibitor valproate on MA-induced sensitization
have presented discrepant results, with both increases [13, 16], like those seen here with
NaB treatment, and decreases [13, 21, 23]. There are several factors that could contribute to
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these discrepancies. First, different HDAC inhibitors may have different effects. Like NaB,
valproate has been shown to inhibit histone deacetylase, such as HDAC 1 [33]. However,
while neither valproate [34] nor NaB [35] work exclusively to prevent deacetylation of
histones, a major action of valproate is to increase GABAergic activity [36, 37].
Mechanisms other than HDAC inhibition may contribute to the behavioral effects of these
drugs. GABAB agonists have been shown to inhibit amphetamine-induced sensitization [38],
and others have suggested that valproate may inhibit MA-induced sensitization via
stimulation of GABAergic processes [27].

Additional factors that could contribute to discrepancies across studies are the study design,
the particular psychostimulant under examination, and the genotype of mouse used. Two
papers [13, 16] reported an increase in locomotor activation following combined
administration of valproate (175 mg/kg) and amphetamine compared with amphetamine
alone, whereas two other papers [21, 23] reported an effect in the opposite direction
following valproate (150 mg/kg) and MA compared with MA alone. These divergent
findings may indicate that behavior resulting from MA exposure responds differently to
HDAC inhibitors than behavior resulting from amphetamine exposure. Alternatively, the
studies that utilized amphetamine [13, 16] used inbred C57BL/6 mice, whereas the MA
studies [21, 23] used outbred Kunming mice and CD-1 mice, respectively. This raises the
possibility of genotype-dependent actions of HDAC inhibitors on the effects of these
psychostimulants.

An important distinction between the current and previous similar studies is the separation
of effects of the HDAC inhibitor on the acquisition of sensitization (effects of repeated
HDAC exposure) from the expression of sensitization (effects of an acute exposure). If acute
and chronic exposures to HDAC inhibitors and psychostimulant drugs affect histone
modifications and cellular cascades differently, as suggested by Maze et al. [39], then these
processes should be examined independently. To test whether histone acetylation affects
acquisition of MA-induced behavioral sensitization, it is important to administer the
inhibitor concurrently with repeated MA exposure but not prior to MA challenge on the test
day. To examine effects on expression only, NaB should be administered only on the MA
challenge day and not during acquisition. Previous studies administered an HDAC inhibitor
plus amphetamine both during repeated administration of amphetamine and on the test day
[13, 16]. Independent effects of the HDAC inhibitor on acquisition and expression of drug-
induced sensitization cannot be determined using this design. In another experiment, Kalda
et al. [13] administered amphetamine to animals for 8 days without an HDAC inhibitor and
then administered an HDAC inhibitor without amphetamine for 6 days followed by
amphetamine challenge in the absence of the HDAC inhibitor on the locomotor test day.
This experiment is difficult to interpret with regard to possible effects of the HDAC
inhibitor on either the acquisition or expression of amphetamine-induced sensitization. Part
of the time, amphetamine was given without the HDAC inhibitor, so sensitization may have
already developed before the inhibitor was ever administered. The results of the experiment
suggested that repeated administration of an HDAC inhibitor, following the acquisition of
sensitization, can decrease the locomotor response to amphetamine challenge.

In the current study, acute NaB increased H3K14 acetylation in both the ventral and dorsal
striatum, indicating that this dose of NaB had detectable effects. However, acute MA did not
affect H3K14 acetylation alone, and the effect of NaB was not influenced by acute MA
administration. On the other hand, repeated exposure to MA increased H3K14 acetylation in
both the ventral and dorsal striatum, but effects of NaB were not seen when it was given
repeatedly during the MA exposure period, rather than shortly before tissue was taken for
immunohistochemistry. Further, the effect of repeated MA was seen only when given
without prior administration of NaB. For H4K12 acetylation, a statistical interaction
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appeared to indicate independent increasing effects of acute NaB and acute MA in the
ventral striatum that were absent when both drugs were administered. Effects on H4K12
acetylation from the repeated drug administration study showed non-significant and non-
specific higher acetylation levels in all drug-treated groups in both brain regions compared
with the non-drug-treated control. These results are not straightforward, and do not show a
clear correspondence with the behavioral results. However, modification at specific histones
or lysines on histones may be temporally specific to MA exposure, and this will require
further investigation.

The difference in the effect of acute vs. chronic MA on H3K14 acetylation is consistent with
previous results showing that cocaine has varying effects on histones, depending on whether
exposure was acute or chronic [For review see: 39, 40]. For example, previous work [15]
reported increased acetylation at histone H4 at the fosB promoter after acute cocaine
administration, whereas chronic cocaine administration led to increased acetylation at H3
histones proximal to the cyclin-dependent kinase 5 (cdk5), brain-derived neurotrophic factor
(bdnf), and fosB gene promoters. Additionally, previous studies reported that repeated
exposure to amphetamine altered acetylation at H4K12 [13], and chronic cocaine
administration induced acetylation at the H3, fosB promoter [41]. However, these findings
were for psychostimulants other than MA, and it remains to be seen whether MA has similar
or different epigenetic effects in relation to specific genes.

Although repeated MA increased H3K14 acetylation, this effect was not seen when MA was
combined with NaB pretreatment. These results do not correspond with the locomotor data;
mice repeatedly treated with NaB plus MA exhibited higher levels of MA-induced
stimulation compared with mice that had been repeatedly treated with MA alone (Figure 6).
It is likely that NaB and MA have interactive or independent effects that mask global
changes in H3 and/or H4 acetylation. Increased acetylation at some loci may be
counteracted by decreases at others. Immunohistochemistry techniques present a problem in
that they are sensitive to genome-wide changes in average acetylation patterns. The
chromatin immunoprecipitation (ChIP) method may be more sensitive to gene-specific
changes in acetylation patterns that are not detected in global acetylation assays.
Investigations involving ChIP analysis could be considered for future work. It is also
possible that increased histone acetylation at H3 or H4 corresponding with increased
locomotor stimulation following NaB and MA may be seated in other brain regions such as
the nucleus accumbens or prefrontal cortex [6, 42, 43].

4.1 Conclusions
To our knowledge, this is the first study to report an increase in the magnitude of MA-
induced locomotor sensitization following chronic, concomitant administration of NaB and
MA, and to independently examine effects of an HDAC inhibitor on the acquisition and
expression of MA-induced sensitization. We report here that acute NaB administered prior
to MA challenge increased the locomotor response to MA regardless of history of previous
MA exposure, and repeated treatment with NaB during acquisition of MA-induced
sensitization augmented the sensitized response, but not acute response, to 2 mg/kg MA.
While there were significant independent effects of NaB and MA exposure, results for
histone acetylation at H3 and H4 showed little correspondence with behavioral results.
Future studies of MA-induced histone modification should consider chronic drug effects on
histone acetylation sites associated with specific genes; such targets could be identified
using ChIP. The use of more specific HDAC inhibitors, such as suberoylanilide hydroxamic
acid, may also be beneficial. The identification of specific genes that are regulated by
associated histone modifications will allow for a meaningful interpretation of the pathways
underlying epigenetic effects of MA.
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MA methamphetamine

HDAC histone deacetylase

NaB sodium butyrate

Veh vehicle

Sal saline

H3K12 histone H3 at lysine K12

H3K14 histone H3 at lysine K14

PBS potassium-buffered saline

GABA gamma-aminobutyric acid

ChIP chromatin immunoprecipitation
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Research Highlights

• Repeated methamphetamine (MA) resulted in a sensitized response to MA
challenge.

• Acute sodium butyrate (NaB) prior to MA increased the locomotor response to
MA.

• NaB during acquisition of MA sensitization augmented the response to MA
challenge.

• Acute MA increased acetylation in the striatum at histone H4K12.

• Repeated MA increased acetylation in the striatum at histone H3K14.
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Figure 1.
Acute NaB enhances the stimulant response to MA. Mice were treated with saline (Sal) or
MA 2 mg/kg (Acq Tmt) on 10 consecutive days prior to locomotor testing. A. Shown are
mean ± SEM activity difference scores created by subtracting baseline day (day 12) data
(cm traveled) from challenge day (day 13) data for each individual animal that received a
MA 2 mg/kg challenge. On the challenge day, vehicle (Veh) or NaB 630 mg/kg was
administered, 30 min prior to Sal or MA 2 mg/kg (Test Drugs). B Left panel. Shown is
sensitization to MA. Mice treated with MA during the sensitization acquisition period
exhibited a significantly larger locomotor response to MA challenge largely at early time
points, compared to mice treated with Sal during the acquisition period. Data are collapsed
on the Veh vs. NaB treatment factor to clearly illustrate the sensitized response. * p<0.05 for
the difference between Sal and MA treatment conditions. B Right panel. Shown is the
effect of NaB treatment given on MA challenge day. Pretreatment with NaB increased the
locomotor response to MA, at some time points. Data are collapsed on the Sal vs. MA Acq
Tmt factor to clearly demonstrate the effect of NaB. * p<0.05 for the difference between
Veh and NaB treatment conditions.
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Figure 2.
NaB given during the sensitization acquisition period does not alter the sensitized response
induced by repeated MA 1 mg/kg treatment. Mice were treated with Veh or NaB 630 mg/kg,
30 min before Sal or MA 1 mg/kg (Acq Tmt) on 10 consecutive days prior to locomotor
testing. A. Shown are mean ± SEM activity difference scores for all groups on challenge
day, when all mice were treated with MA 1 mg/kg (Test Drug), 30 min after Veh injection,
and then immediately placed into the locomotor chambers. B. Shown is sensitization to MA.
Mice treated with MA during the sensitization acquisition period exhibited a significantly
larger locomotor response to MA challenge at early time points, compared to mice treated
with Sal during the acquisition period. Data are collapsed on the Veh vs. NaB treatment
factor to clearly illustrate the sensitized response. * p<0.05 for the difference between Sal
and MA Acq Tmt conditions.
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Figure 3.
Repeated NaB enhances locomotor sensitization induced by repeated MA 2 mg/kg
treatment. Mice were treated with Veh or NaB 630 mg/kg, 30 min before Sal or MA 2 mg/
kg (Acq Tmt) on 10 consecutive days prior to locomotor testing. On challenge day, all mice
were treated with MA 2 mg/kg (Test Drug), 30 min after Veh injection, and then
immediately placed into the locomotor chambers. A. Shown are mean ± SEM activity
difference scores for all groups. * p<0.05 for the difference between repeated NaB + MA
and Veh + MA in response to MA 2 mg/kg challenge. There was no time x NaB dose
interaction for the groups that received Sal during the acquisition period. B. Shown is
sensitization to MA. Mice treated with MA during the sensitization acquisition period
exhibited a significantly larger locomotor response to MA challenge at early time points,
compared to mice treated with Sal during the acquisition period. Data are collapsed on the
Veh vs. NaB treatment factor to clearly illustrate the sensitized response. * p<0.05 for the
difference between Sal and MA treatment conditions.
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Figure 4.
Acute NaB increases acetylation at histone H3 in the dorsal and ventral striatum. Mice were
treated with Veh or NaB 630 mg/kg, 30 min prior to Sal or MA 2 mg/kg. Tissue was
perfused 30 min after the final treatment and stained for acetylation at histone H3K14. A.
Shown are optical density data (mean ± SEM from 3 averaged samples per individual),
reflecting acetylation of H3K14 for the ventral and dorsal striatum. * p<0.05 for the main
effect of NaB. B. Representative images of nuclear stains for dorsal striatal sections from (1)
Veh + Sal, (2) NaB + Sal, (3) Veh + MA, and (4) NaB + MA groups. Images were captured
with identical camera and software settings, converted to be monochromatic, and calibrated
for standard optical density before analysis. Representative images included in the figure
have been identically adjusted for maximum and minimum intensity to better illustrate
treatment group differences in nuclear staining. (C) Higher magnification (40× objective)
images of nuclear-stained sections from regions indicated by boxes in (B).
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Figure 5.
Effects of acute MA and NaB on acetylation at histone H4K12 in the ventral and dorsal
striatum. Mice were treated with Veh or NaB 630 mg/kg, 30 min prior to Sal or MA 2 mg/
kg. Tissue was perfused 30 min after the final treatment and stained for acetylation at
histone H4K12 or non acetyl-specific H3. A. Shown are optical density data (mean ± SEM
from 3 averaged samples per individual), reflecting acetylation of H4K12 for the ventral and
dorsal striatum. * p<0.05 for the NaB dose x MA dose interaction. B. Shown are optical
density data (mean ± SEM from 3 averaged samples per individual), reflecting concentration
of total H3 protein for the ventral and dorsal striatum.
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Figure 6.
Repeated MA increases acetylation at histone H3K14 in the ventral and dorsal striatum.
Mice were treated with either NaB 630 mg/kg or Veh, 30 min prior to MA 2 mg/kg or saline
(Acq Tmt) for 10 days, then received two injections of saline on two consecutive days.
Finally, all groups except controls (Sal) were administered MA 2 mg/kg on day 13 (Test
Drug). Tissue was perfused 30 min after the final Sal or MA treatment and stained for
acetylation at histone H3K14 and H4K12. A. Shown are optical density data (mean ± SEM
from 3 averaged samples per individual), reflecting acetylation of H3K14 for the ventral and
dorsal striatum. * p<0.05 for the difference between the indicated repeated MA treatment
group (Veh + MA, MA 2 mg/kg) and control group (Veh + Sal, Sal). B. Shown are optical
density data (mean ± SEM from 3 averaged samples per individual), reflecting acetylation of
H4K12 for the ventral and dorsal striatum.
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