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Abstract

Recent studies have indicated that DNA methylation plays an important role in the develop-
ment of alcohol abuse. 5-Aza-2’-deoxycytidine (5-Aza-dc), an inhibitor of DNA methyltrans-
ferases, was FDA approved for myelodysplastic syndrome treatment. However, it is unclear
whether 5-Aza-dc is involved in alcohol abuse. In this study, using a chronic alcohol expo-
sure model in rats, 5-Aza-dc was injected into the medial prefrontal cortex (mPFC). Alcohol-
drinking behavior and the anxiety related behavior were evaluated by two-bottle choice and
open field test. We found that 5-Aza-dc injection into the mPFC significantly decreased alco-
hol consumption and alcohol preference in alcohol-exposure rats, corresponding to the
reduced blood alcohol levels. Although 5-Aza-dc potentiated the anxiety-like behavior of
alcohol-exposure rats, it had no effect on the locomotor activity. Moreover, both of the
mRNA and protein levels of DNA Methyltransferase 3A (DNMT3A) and DNMT3B in the
mPFC were upregulated after 35 days of alcohol exposure and this upregulation could be
reversed by 5-Aza-dc treatment. Additionally, 5-Aza-dc reversed the alcohol-induced down-
regulation of neurotrophin-3 (Ntf3), correspondingly the expression of its receptor-TrkC was
reduced. These findings identified a functional role of 5-Aza-dc in alcohol-related behavioral
phenotypes and one of the potential target genes, Ntf3. We also provide novel evidence for
DNA methyltransferases as potential therapeutic targets in alcohol abuse.

Introduction

Alcohol abuse is a complex disorder that results in tolerance, withdrawal, relapse and cognitive
deficits such as learning and memory impairment[1, 2], which are based on long-lasting gene
expression and neuronal synaptic plasticity [3, 4]. DNA methylation can maintain long-term
stability of related phenotypes by regulating the permanent silencing of specific genes [5, 6].
While several studies support a role of DNA methylation in regulation of alcohol-related
behavior [7-9], but much less is known about the exact mechanism.

The prefrontal cortex (PFC) is associated with the regulation of cognitive, emotional, and
motivational processes [10-12]. We focused on the medial prefrontal cortex (mPFC) because
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of its prominent role in drug-induced neuroadaptation associated with drug seeking and alco-
hol abuse. Recent results have indicated a significant association between mPFC function and
drug addiction. For example, recordings of single mPFC neuronal activity during cocaine and
heroin self-administration reveal a strong behavioral association by which a substantial num-
ber of mPFC neurons are modulated (excited or inhibited) at different phases during drug
seeking behaviors [13]. Chronic alcohol consumption is associated with executive dysfunction
and with changes in grey and white matter volume in the mPFC [14]. In addition, escalated
alcohol intake was associated with increased DNA methylation and decreased expression of
genes encoding synaptic proteins involved in neurotransmitter release in the mPFC [15]. Con-
ditioned place preference (CPP) induced by cocaine decreased global DNA methylation in the
PFC [16]. However, further studies in animal models are still needed to better understand how
excessive and repeated episodes of alcohol consumption alter mPFC function and behavioral
control.

DNA methylation is a key epigenetic mechanism in the regulation of gene expression. DNA
methylation is catalyzed by DNA methyltransferases, which include DNMT1 and DNMT3A/3B.
DNMT]1 (maintenance DNMT) has a preference to methylate hemimethylated DNA. Hepatic
DNMTase activity was shown to be reduced upon chronic alcohol feeding, which correlated
with reduced expression of DNMT1 protein [17]. DNMT3A and DNMT3B regulate de novo
methylation. The expression of DNMT3A/3B mRNA was down-regulated in patients with alco-
hol dependence along with a 10% increase in genome-wide DNA methylation levels [18]. More-
over, systemic inhibition of DNMTs activity decreased excessive alcohol drinking and seeking
behaviors in rodents [19]. These studies suggest that DNA methylation may be involved in the
mechanisms underlying neural and behavioral responses to alcohol dependence.

Although previous studies have implied a role of DNA methylation in alcohol related-
behavior, the mechanisms by which DNA methylation contribute to long-term neuroadapta-
tions in alcohol abuse are presently unknown. Here, using a model of chronic alcohol exposure
rats, we first investigated potential roles of DNMTs in regulating the DNA methylation that
underlies alcohol effects. Then, we measured the possible contribution of 5-Aza-2’-deoxycyti-
dine (5-Aza-dc, an archetypal DNA methyltransferase inhibitor) on alcohol drinking behavior,
locomotor activity and anxiety-like behavior. Finally, we detected the effects of alcohol and
5-Aza-dc, alone and in combination, on Ntf3 and its preferred receptor TrkC expression in
the mPFC after long-term alcohol exposure. These results may contribute to the mechanism of
DNA methylation on the development of alcohol abuse and provide an initial rationale for
exploring the potential of 5-Aza-dc as a treatment for alcohol abuse.

Materials and methods
2.1 Animals

Male Sprague-Dawley rats obtained from the Laboratory Animal Center of Xi’an Jiaotong Uni-
versity were used. Animals were habituated 1 week before experimentation and housed on a
12-h light-dark cycle (light on at 08:00 AM) with access to food and water ad libitum. All ani-
mal experiments were approved by the Institutional Animal Care and Use Committees of
Xi’an Jiaotong University, and the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines were followed. Rats were aged 8-10 weeks at the beginning of the study.

2.2 Experimental procedures

2.2.1 Experiment 1: Chronic alcohol exposure. The general experimental design was
performed as described previously [20] with minor modifications (Fig 1A). Rats were assigned
randomly to two groups: an alcohol-exposure group (n = 12) and a water-exposure group
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Fig 1. General experimental design. In experiment 1 (A), rats were randomly divided into an alcohol-exposure group (n = 12) and a water-exposure group
(n = 12). After baseline drinking, alchol-exposure rats underwent TBCT for 5 consecutive days, and water-exposure rats underwent TBCT at the first and fifth
day. Alcohol-exposure group then received alcohol solution as the only liquid source for 5 weeks and water-exposure group received water ad libitum. Next,
rats were evaluated for alcohol drinking by TBCT for another 5 days. Then animals were decapitated immediately and brain tissues were collected. In
experiment 2 (B), all rats underwent the same protocol as which in experiment 1. Then, rats were randomly divided into four groups, Water+DMSO, Water
+5-Aza-dc, Alcohol+DMSO, and Alcohol+5-Aza-dc (n = 8/group) groups, and received mPFC stereotactic surgery followed by recovery for a total of 9 days.
Subsequently, rats underwent bilateral intra-mPFC injections of 5-Aza-dc or DMSO at days 1, 3, and 5 followed by 6% (v/v) alcohol or water exposure 30 min
later. Alcohol intake and TBCT were monitored every day. After the last TBCT, mPFC were collected.

https://doi.org/10.1371/journal.pone.0179469.g001

(n = 12). Anhydrous ethanol (Huada Pharmaceutical Factory, Guangdong, China) was dis-
solved in sterile water. Alcohol solution was administered at a concentration from 1% to 6%
(v/v) for adaptation during the first 6 d. On the next day, alcohol-exposure rats had 24-hour
concurrent access to 2 bottles, one with 6% alcohol and another with water for 5 days. Water-
exposure rats underwent the two bottle choice test (TBCT) on only the first and fifth days. On
each day, the placement of the two bottles was alternated to control for side preference. Alco-
hol and water consumption were recorded at 5:00 PM every day. Alcohol preference was
defined as the volume of alcohol consumption divided by total fluid volume consumed (alco-
hol + water) x100%. The volume of alcohol intake was converted to a value in g/kg/d and
expressed as the mean+SEM. Alcohol-exposure group then received alcohol solution as the
only liquid source for 5 weeks and water-exposure group received water ad libitum. The open
field test (OFT) and blood alcohol levels (BALs) were conducted after 7, 14, 21, 28 and 35d of
alcohol exposure. Then, rats were evaluated for alcohol drinking by the TBCT for another 5
consecutive days. After the last TBCT, mPFC were collected.

2.2.2 Experiment 2: Intra-mPFC 5-Aza-dc infusion. To examining behavioral and
molecular changes after intra-mPFC 5-Aza-dc infusion, rats were randomly divided into four
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groups depending on the different drug treatments: Water+ DMSO, Water+5-Aza-dc, Alcohol
+DMSO, Alcohol+5-Aza-dc (n = 8/group; Fig 1B). All rats underwent the same protocol as in
experiment 1. Then, rats received mPFC stereotactic surgery and recovery for a total of 9 days.
Subsequently, rats underwent bilateral mPFC microinjection of 5-Aza-dc or DMSO on days 1
(M1), 3 (M3) and 5 (M5), followed by 6% (v/v) alcohol or water exposure 30 min later. Alcohol
intake, TBCT and BALs were monitored every day. OFT were evaluated on the first and last
day after the intra-mPFC injection of 5-Aza-dc.

2.3 Open field test (OFT)

A black rectangular box was used (100 cmx100 cmx45 cm) for the OFT. The box was illumi-
nated with three 30 W fluorescent bulbs placed 2 m above the box. The experiment was carried
out in a sound-attenuating room at 8:00. Rats (n = 12/group) were placed in the corner of the
box and allowed 15 min of exploration. The total distance travelled and the percent of time in
the center were analyzed by a computerized video tracking system (SMART, Panlab SL, Barce-
lona, Spain).

2.4 Blood alcohol levels (BALs)

After the OFT, blood samples (0.4 ml) of alcohol-exposure rats (n = 12/group) were taken via
tail vein. 0.1ml of plasma was used to determine BALs using an EnzyChromTM Ethanol Assay
Kit (ECET- 100, BioAssay Systems, Hayward, CA, USA).

2.5 Surgery

Rats (n = 8/group) were anesthetized with sodium pentobarbital (65 mg/kg, i.p.) and secured
in a stereotaxic apparatus (RWD, Shenzhen, China). Under aseptic conditions, stainless steel
guide cannulas (26 gauge; Plastics One) were implanted bilaterally 1 mm above the region of
interest (mPFC stereotaxic coordinates: anteroposterior, +3.2 mm from bregma, +0.7 mm lat-
eral from midline and —4.0 mm from skull) [21]. A stainless steel obturator of the same length
was placed in each cannula to ensure clearance. Animals were allowed to recover for 7 days,
during which they received sodium penicillin (0.2 million U/day for 5 days, i.p.) to prevent
intracerebral infection. Following recovery, animals were habituated to dummy cannula
removal before drug infusions.

2.6 Drug and microinjection

The DNA methyltransferase inhibitor 5-Aza-dc (Sigma, USA) was diluted with 0.2% dime-
thylsulfoxide (DMSO, diluted with saline) at the concentration 2.0ug/ul [22, 23]. The vehicle
groups received isovolumetric 0.2% DMSO injections. Microinjections were performed using
a 1.0-pl Hamilton syringe connected to a 30-gauge injector that terminated 1 mm below

the tip of the guide cannula. 5-Aza-dc (0.5pl/side) or DMSO was infused into the mPFC bilat-
erally over 2 min. The injection cannulas were left in place for an additional 2 min to allow for
drug diffusion and to prevent backflow. Then, the obturators were reinserted into the guide
cannula.

2.7 RNA isolation, reverse transcription and gPCR

After the last TBCT, animals were decapitated immediately both in Experiment 1 and Experi-
ment 2 (Fig 1). Bilateral samples from the mPFC were dissected out. Half of mPFC were stored
at -80°C and used to extract the protein, and the other half were placed in Sample Protector
for RNA (TaKaRa, Japan) and used for RNA isolation. Total RNA was extracted using TaKaRa
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MiniBEST Universal RNA Extraction Kit following the manufacturer’s instructions. cDNA
was reverse transcribed from total RNA, and 5 ng cDNA was amplified using an iQ5 Real-
Time PCR Detection System (Bio-Rad, Hercules, CA). The primers (AuGCt, China) used to
analyze gene expression were as follows: DNMT1 gene, forward primer 5' GTTCCTTGTAGG
CGA GTGTG 3" and reverse primer 5' TTGCGTAGTCCTGGCTGTAC 3 '; DNMT3A gene, for-
ward primer 5' GCAAAGTGAGGACCATTACC 3", reverse primer 5' GCCAAACACCCTTT
CCAT 3'; DNMT3B gene, forward primer 5' GAATTTGAGCAGCCCAGGTTG 3", reverse
primer 5' TGAGAAGAGCCTTCC TGTGCC 3'; Ntf3 gene, forward primer 5' GGCAACAGA
GACGCTACAAT 3', reverse primer 5' TCCTCCGTGGTGATGTTCTA 3 '; TrkC gene, forward
primer 5' ACCATGGCATCACTACACCTTC 3 ',reverse primer 5' CTTAGATTGTAGCACTC
AG 3'; GAPDH gene, forward primer5' ATGGGGAAGGTGAAGGTCG 3 ', reverse primer
5' GGGGTCATTGATGGCAACAA 3'. PCR was performed in a 10pl reaction volume. cDNA
concentrations were calculated according to the AACt method, corrected for differences in
PCR efficiency, and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

2.8 Western blotting

Brain tissues were lysed in a pre-cooled RIPA buffer (50 mM Tris-HCI pH 7.4, 50 mM NaCl,
1% Triton X-100, 2 mg/ml protease inhibitors and 2 mg/ml phosphatase inhibitors), homoge-
nized with ultrasound homogenizer, incubated on ice for 30 min and centrifuged at 12,000¢
for 15 min at 4°C. The protein content was determined using the bicinchoninic acid (BCA)
method (PPLYGEN, Beijing, China). The protein samples were subjected to various concen-
trations of SDS-PAGE according to the different molecular weights (DNMT1 8%, DNMT3A,
DNMT3B and TrkC 10%, Ntf3 12%) and transferred to PVDF membranes. The membranes
were blocked with 5%(w/w) non-fat dried milk in Tris-buffered saline (TBS) (500 mM NaCl,
20 mM Tris-HCI pH 7.4) containing 0.05% Tween-20 for 1.5 h and incubated overnight with
one of the following antibodies at 4°C: anti-DNMT1 polyclonal antibody (1:1000; Epigentek),
anti-DNMT3A polyclonal antibody (1:400; Epigentek), anti-DNMT3B polyclonal antibody
(1:500; Epigentek), anti-Ntf3 polyclonal antibody (1:1000; Abcam), anti-TrkC monoclonal
antibody (1:1000, Cell Signaling Technology). The next day, the membranes were washed
three times with 0.1% Tween-20 TBS (pH 7.4) and incubated with horseradish peroxidasecon-
jugated anti-rabbit or anti-mouse secondary antibodies for 1.5 h. An enhanced chemilumines-
cence kit (Millipore, MA, USA) was used to detect immunoreactive protein bands. The band
intensities were analyzed using the Quantity One software (Bio-Rad, Hercules, USA) to calcu-
late the target protein vs. the inner control (B-actin 1:1000) for each protein. In order to elimi-
nate the interference of the background signal, normalisation was carried out with reference to
the total lane protein as determined using the stain-free technology by Bio-Rad.

2.9 Cannula verification

At the end of experiments, rats were anesthetized with sodium pentobarbital (65mg/kg) and
transcardially perfused. Cannula placements were assessed using Nissl staining with a section
thickness of 30 um under light microscopy. Rats with misplaced cannulas were excluded from
statistical analysis.

2.10 Statistics

All data were expressed as mean + S.E.M. Repeated measures (RM) one-way analysis of vari-
ance (ANOVA) was used to assess the alcohol intake, BALs and alcohol preference in Experi-
ment 1. The Sidak’s post hoc test was used when necessary. Body weight, the open-filed
behaviors in Experiment 1, and alcohol intake, total fluid intake, alcohol preference, BALs, the
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open-field behaviors in Experiment 2 were analyzed by using RM two-way ANOVA followed
by Sidak’s post hoc test. The mRNA and protein levels of DNMTs in Experiment 1 were deter-
mined by unpaired t-test. The mRNA and protein levels of DNMTs, Ntf3, TrkC in Experiment
2 were determined by two-way ANOVA followed by Newman-Keuls post hoc test. The
accepted level of significance for all tests was p < 0.05.

Results

3.1 Body weight, alcohol intake, BALs, TBCT and OFT after chronic
alcohol exposure

RM two-way ANOVA revealed no significant difference in weight gain between the water- and
alcohol-exposure groups [F aiconol (1, 22) = 0.649, p = 0.429]. All rats exhibited an increase in
body weight during the alcohol- or water-exposure period [F Time (s, 110) = 932.3, p < 0.0001]
(Fig 2A). Rats stably consumed an average of 6.47+ 1.08 g/kg/day of alcohol for 35 d [F(5 66 =
2.268, p = 0.121] (Fig 2B), which resulted in an average BALs of (83.54+1.24) mg/dl. RM one-
way ANOV A revealed that the BALs did not differ significantly over the alcohol exposure
period [F (4 55y =0.118, p = 0.936] (Fig 2C).

Before chronic alcohol exposure, RM one-way ANOVA showed a stable baseline alcohol
preference in the alcohol-exposure groups [F(4, s5) = 0.467, p = 0.721]. The average alcohol
preference of the alcohol groups was 17.12+1.50%. After alcohol exposure for 35 days, the
TBCT was performed again. RM one-way ANOVA revealed an effect of time on alcohol pref-
erence [F4, 55 = 3.905, p < 0.05] in alcohol-exposure rats. The post hoc test showed alcohol
preference was increased (p < 0.05) at 5d than which at 1d. In spite of this, the minimum alco-
hol preference in alcohol-exposure rats (43.10+5.54%) was much higher than the average value
before alcohol exposure (Fig 2D). Before alcohol exposure, there was no significant difference
in alcohol preference between the water- and alcohol-exposure groups at 1d and 5d of the
TBCT [1d: t(, 22y = 0.870, p = 0.394; 5d: t(;, 25) = 0.731, p = 0.473] (Fig 2E). However, after
long-term alcohol exposure, the alcohol-exposure groups had a significantly increased alcohol
preference than the water-exposure groups [1d: t, 22y = 3.786, p < 0.01; 5d: t(y, 22) = 7.994,

p < 0.0001] (Fig 2E).

The open-field behaviors were analyzed at 7, 14, 21, 28 and 35 days after chronic alcohol
exposure. As shown in Fig 2F, two-way ANOVA was conducted with treatment (alcohol or
water) as the between-subjects factor and time as the within-subjects factor. ANOV A revealed
a significant main effect of time [F (4, g3y = 24.150, p < 0.0001] but no significant effect of treat-
ment [F 1, 2) = 2.868, p = 0.113]. Compared with the water-exposure groups, there was an
increasing trend (WE:5457.75+192.75 cm VS AE:7017.95+213.73 c¢m) in the total distance
travelled of alcohol-exposure rats at 7 d, which indicated that short-term alcohol exposure
could induce locomotor stimulatory effects. However, at 14 d and 21 d, the total distance in
the water- and alcohol-exposure rats was similar, suggesting adaptation of the nervous system.
At 28 dand 35 d, a decreasing trend (WE:5824.94+144.86cm VS AE:4494.54+180.74 cm at
28d; WE:5602.01+222.11cm VS AE:3635.22+208.12cm at 35d) in the total distance was de-
tected in alcohol-exposure rats, which reflected the inhibitory effects of chronic alcohol ex-
posure. RM two-way ANOVA for % time in the center revealed a significant time effect
[F (4, s3) = 4.607, p < 0.05] but no treatment effect [F (1, 25) = 0.105, p = 0.751] (Fig 2G). The
exploration time in the center of the alcohol-exposure rats had an increasing trend than water-
exposure rats at 7d and 14 d (WE:8.38+1.10 VS AE:13.18+1.13 at 7d; WE:8.24+1.35 VS AE:
10.40+1.16 at 14d), which was similar between two groups at 21d. At 28d and 35d, there was a
decreasing trend in alcohol-exposure rats (WE:9.32+1.10 VS AE:4.93+0.89 at 28d; WE:9.64
+1.25 VS AE:6.87+1.13 at 35d), suggesting anxiogenic effects of long-term alcohol exposure.
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Fig 2. Effects of alcohol exposure on body weight, alcohol intake, BALs, TBCT and OFT. (A) Changes in body weight during the alcohol exposure
period (n = 12 per group). (B) Daily alcohol intake (g of pure alcohol per kg of body weight) during the 35-day alcohol exposure period (n = 12). (C) BALs (mg/dl,
n = 12) during the alcohol exposure period. (D) Alcohol preference (% of total fluid intake) in alcohol-exposure rats for 5 days before and after alcohol exposure
(n = 12/group). (E) The alcohol preference of the water- and alcohol-exposure rats at 1d and 5d of the TBCT before and after alcohol exposure (n = 12/group).
The total distance travelled (F) and %time in the center (G) (n = 12/group).The values represent the mean + SEM. ** p < 0.01, **** p <0.0001 vs. water-
exposure controls.

https://doi.org/10.1371/journal.pone.0179469.9002
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https://doi.org/10.1371/journal.pone.0179469.g003

3.2 The mRNA and protein levels of DNMTs after chronic alcohol
exposure

After 35 days of alcohol exposure, the mRNA and protein levels of DNMTs in the mPFC were
measured. As shown in Fig 3B, the mRNA levels of DNMT1 were not significantly changed
[t, 22) = 0.885, p = 0.391]. There was a significant increase in the mRNA expression of
DNMT3A [t(, 25y = 5.367, p < 0.0001] and DNMT3B [t(y, 22) = 4.652, p < 0.001] in the alcohol
groups compared with the water groups. As shown in Fig 3C, consistent with the results of
mRNA levels, DNMT1 protein level was not significantly changed [t(;, ) = 0.824, p = 0.424].
The protein levels of DNMT3A [t(;, 20y = 13.94, p < 0.0001] and DNMT3B [t(;, 52) = 9.8,

p < 0.0001] were upregulated following chronic alcohol exposure.

3.3 Intra-mPFC DNMTs inhibitor (5-Aza-dc) infusions modulate alcohol-
related behaviors

To investigate the role of 5-Aza-dc in alcohol-related behaviors, rats received intra-mPFC
5-Aza-dc infusions. Schematic illustrations and representative photomicrographs of the mPFC
cannulae fusion sites were presented in Fig 4A. For alcohol intake (Fig 4B), RM two-way
ANOVA, with treatment (5-Aza-dc or DMSO) as the between-subjects factor and time (M1,
M2, M3, M4 and M5) as the within-subjects factor, showed significant effect of treatment

[F (1, 14y = 9.707, p < 0.01] and treatmentxtime interaction [F (4, 55) = 2.540, p < 0.05]. The
post hoc analyses showed a significant decrease in alcohol intake in Alcohol+5-Aza-dc rats
than in Alcohol+DMSO rats at M4 (p = 0.048) and M5 day (p = 0.003). Alcohol+DMSO rats
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https://doi.org/10.1371/journal.pone.0179469.9004

had stable alcohol consumption (6.38+0.14 g/kg/d). In addition, 5-Aza-dc treatment signifi-
cantly lowered the alcohol preference of the alcohol-exposure rats (Fig 4C). Two-way ANOVA
was performed with treatment as the between-subjects factor and time as the within-subjects
factor. ANOV A revealed a significant effect of treatment [F ;, 14y = 17.430, p < 0.001] and
time [F (4, 56) = 6.588, p < 0.001] with a significant interaction [F (4, s¢) = 4.635, p < 0.01]. The
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post hoc tests showed a significant decreased alcohol preference in Alcohol+5-Aza-dc rats than
in Alcohol+DMSO rats (p < 0.05 at M3, p < 0.001 at M4 and p < 0.0001 at M5). Meanwhile,
the alcohol preference of all groups on M1 and M5 was evaluated (Fig 4D). At M1, two-way
ANOVA revealed a significant effect of alcohol [F (1, 25) = 153.1, p < 0.0001] but not 5-Aza-dc.
At M5, there were significant effects of both alcohol [F (;, 25y = 98.69, p < 0.0001] and 5-Aza-dc
[F (1, 26) = 4.901, p < 0.05], with a significant interaction between them [F (;, 25) = 6.757, p <
0.05]. The post hoc tests showed a significant increase in alcohol preference in alcohol-exposure
rats compared with water-exposure rats (p < 0.0001) and a significant decrease in alcohol pref-
erence in Alcohol+5-Aza-dc rats compared with Alcohol+DMSO rats (p < 0.05). During the 5
days of intra-mPFC 5-Aza-dc infusions, neither the administration of alcohol nor 5-Aza-dc
affected the total fluid intake (p > 0.05) (Fig 4E). To determine if BALs affected the effects of
5-Aza-dc on alcohol-related behavior, blood samples were taken after the TBCT, ANOVA re-
vealed a significant effect of treatment [F (, 14y = 35.160, p < 0.0001] and treatmentxtime inter-
action [F (4, s6) = 2.760, p < 0.05]. The post hoc tests showed significant decreased BALs in
Alcohol+5-Aza-dc rats than in Alcohol+DMSO rats (p < 0.05 at M3, p < 0.01 at M4 and

p < 0.001 at M5) (Fig 4F).

The open-field behavior was examined before and after 5-Aza-dc treatment. For total dis-
tance travelled, as shown in Fig 4G, chronic alcohol exposure for 35 days, consistent with the
results of Experiment 1, the locomotor activity of alcohol-exposure rats increased initially and
then decreased to the similar level as water-exposure rats, finally it showed a decreasing trend
(not fully shown in the figure). After 5-Aza-dc treatment, at M1, two-way ANOVA revealed a
significant alcohol effect [F (;, 55y = 25.46, p < 0.0001] but no 5-Aza-dc effect [F (;, 25) = 0.031,
p = 0.862]. Similarly, at M5, there was a significant effect of alcohol [F (1, 25) = 25.470, p <
0.0001] but no significant effect of 5-Aza-dc [F (1, 25) = 2.257, p = 0.146]. These results sug-
gested that 5-Aza-dc has no effect on alcohol-induced locomotor activity of rats. In addition,
we found 5-Aza-dc potentiate the anxiogenic effects of alcohol-exposure rats (Fig 4H). At the
35d of alcohol exposure, a decreasing trend in exploration time in the center was found for
alcohol-exposure rats than water-exposure rats. At the 1d of 5-Aza-dc treatment, two-way
ANOVA revealed a significant effect of alcohol [F (3, 25) = 15.650, p < 0.001] and alcoho-
Ix5-Aza-dc interaction [F (;, 25) = 4.286, p < 0.05], but there was no significant effect of 5-Aza-
dc [F (1, 28) = 0.608, p = 0.442]. The post hoc analysis confirmed that the exploration time in
the center of the Alcohol+5-Aza-dc rats significantly decreased (p < 0.05, compared to the
Water+DMSO groups; p < 0.01, compared to the Water+5-Aza-dc groups). At M5, two-way
ANOVA revealed significant effects of alcohol [F (, 25 = 15.490, p < 0.001] and 5-Aza-dc
[F (1, 28) = 5.313, p < 0.05], as well as an interaction between them [F (;, ,5) = 4.214, p < 0.05].
The post hoc analysis showed that 5-Aza-dc decreased the exploration time in the center of
alcohol-exposure rats (Water+DMSO vs. Alcohol+5-Aza-dc p < 0.001; Water+5-Aza-dc vs.
Alcohol+5-Aza-dc p < 0.01; Alcohol+DNMSO vs. Alcohol+5-Aza-dc p < 0.05).

3.4 Intra-mPFC DNMTs inhibitor (5-Aza-dc) infusions modulated the
expression of DNMTs associated with the changed Ntf3-TrkC signaling
pathway

To understand the mechanisms of 5-Aza-dc treatment underlying the behavioral response to
alcohol, we compared the protein levels of DNMTs in rats with 5-Aza-dc treatment to the ones
without 5-Aza-dc treatment. Representative blots and total protein blots are showed in Fig 5A.
As shown in Fig 5B, two-way ANOV A revealed significant effects of 5-Aza-dc [F (, 25) = 31.77,
p < 0.0001] but not alcohol [F (1, 25y = 1.855, p = 0.184] on DNMT1 expression. For DNMT3A
expression (Fig 5C), two-way ANOVA revealed significant effects of alcohol [F (1, 25, = 5.853,
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Fig 5. Effects of 5-Aza-dc and alcohol on DNMTs and Ntf3/TrkC expressions in the mPFC. Fig 5A shows representative immunoblots and
total protein image. 5-Aza-dc decreased the protein level of DNMT1 (B), whereas it reversed the alcohol-induced overexpression of DNMT3A (C)
and DNMT3B (D). 5-Aza-dc prevented the Ntf3 reduction induced by chronic alcohol exposure (E) but had no effect on TrkC (F). (G) Differential
expression of MRNA for DNMTs, Ntf3 and TrkC. * p <0.05, ** p <0.01, *** p < 0.001, differences compared to the Water+DMSO group;

#p <0.05, ## p < 0.01, ### p < 0.01, differences compared to the other corresponding groups; n = 8/group.

https://doi.org/10.1371/journal.pone.0179469.9005

p < 0.05] and a significant interaction between alcohol and 5-Aza-dc [F (1, 25y = 12.47,p <
0.01]. The post hoc analysis showed that alcohol significantly increased the levels of DNMT3A
(2.89-fold in the Alcohol+DMSO group, p < 0.01). Compared with Alcohol+DMSO groups,
5-Aza-dc reversed the high levels of DNMT3A (2.39-fold in the alcohol+5-Aza-dc group,

p < 0.05). There were significant effects of both alcohol [F (1, 25y = 7.242, p < 0.05] and 5-Aza-
dc [F (1, 28) = 8.262, p < 0.01] on DNMT3B expression, with no obvious interaction between
them (Fig 5D). Alcohol significantly increased the levelof DNMT3B (2.03-fold in the Alcohol+
DMSO group, p < 0.05). Compared with Alcohol+DMSO groups, 5-Aza-dc reversed the high
alcohol-induced levels of DNMT3B (2.12-fold in the Alcohol+5-Aza-dc group, p < 0.05).
Whereas B-actin levels were similar across all groups, indicating equivalent protein contents in
samples.
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To gain further insight into DNA methylation and related molecular alteration in the mPFC,
we analyzed the potential target genes expression (Ntf3 and its preferred receptor TrkC), which
have emerged as potent mediators of neuron development and synaptic plasticity. For Ntf3
expression (Fig 5E), two-way ANOVA revealed significant effects of alcohol [F (1, 25) = 21.10,

p < 0.0001] and 5-Aza-dc [F (5, 25) = 26.78, p < 0.0001] but failed to show a significant interac-
tion. The post hoc analysis revealed that Ntf3 expression (Water+DMSO vs. Alcohol+DMSO

p < 0.01) was downregulated following chronic alcohol exposure. The downregulation of Ntf3
was reversed by 5-Aza-dc administration (Alcohol+DMSO vs. Alcohol+5-Aza-dc p < 0.01).
For TrkC (Fig 5F), two-way ANOVA showed significant effects of alcohol x 5-Aza-dc [F (1, 29 =
19.44, p < 0.001]. Compared with the Alcohol+DMSO groups, the Alcohol+5-Aza-dc groups
had a decreased expression of TrkC (1.44-fold, p < 0.01). DNMTs, Ntf3 and TrkC mRNA levels
in the mPFC were in agreement with the protein expression results (Fig 5G).

Discussion

In the present study, we discovered three main findings. First, it was found that chronic alcohol
exposure had a significant effect on the expression of DNA methyltransferase in the mPFC.
Chronic alcohol exposure increased the mRNA and protein expression of DNMT3A and
DNMT3B. However, 5-Aza-dc could reverse the higher levels of DNMT3A and DNMT3B. Sec-
ond, 5-Aza-dc reduced both alcohol consumption and preference in alcohol-exposure rats, cor-
responding to the reduced blood alcohol levels. Interestingly, 5-Aza-dc tended to promote
anxiety-like behaviors but had no effect on locomotor activity in alcohol exposure rats. Third,
5-Aza-dc attenuated alcohol-induced downregulation of Ntf3. In accordance with the status of
Ntf3, the expression of TrkC in the same signaling pathway changed accordingly.

5-Aza-dc is a deoxycytidine analog that is incorporated into DNA, which prevents the reso-
lution of a covalent reaction intermediate [24] and leads to DNA methyltransferase being inac-
tivated in the form of a covalent protein-DNA adduct. As a result, cellular DNA
methyltransferase is rapidly depleted, and concomitantly genomic DNA is demethylated as a
result of continued DNA replication [25]. 5-Aza-dc is well known to be cytotoxic and its toxic-
ity depends on the dosage and exposure time [26]. Relevant research has shown that in the
concentration range of 0.1ug/ulto 2ug /ul in specific brain region [22, 23, 27, 28], 5-Aza-dc did
not interfere with the locomotor activities of rats, in line with our OFT results. In addition, our
results suggest that 5-Aza-dc (1pg /0.5ul/side) in the mPFC do not affect the total fluid intake
(Fig 4E) or body weight (S1 Fig) of rats. However, the optimal dose-schedule for 5-Aza-dc
with a novel mechanism of action remains to be determined [29], so in subsequent studies, it
is necessary to directly test whether 5-Aza-dc may cause a chemical lesion in nerve cells. To
elucidate whether 5-Aza-dc in the mPFC affected alcohol intake and alcohol preference, rats
were given repeated 5-Aza-dc microinjections into the mPFC after chronic alcohol exposure.
Our results showed that intra-mPFC injection of 5-Aza-dc do not influence the alcohol prefer-
ence of water-exposure rats. However, 5-Aza-dc significantly decreased alcohol intake and
alcohol preference of alcohol-exposure rats, indicating that methyltransferase inhibition in the
mPFC could impair alcohol drinking behavior, which was consistent with a previous study
that reported systemic administration of methyltransferase inhibitor reduced binge-like alco-
hol drinking in mice [19]. In addition, injections of the DNMTs inhibitor RG108 into the
mPFC prevented escalation of alcohol consumption, dependence-induced downregulation
synaptotagmin 2 (Syt2) gene expression and hypermethylation on CpG#5 of its first exon [15].

The OFT is commonly used to assess the sedative, toxic, or stimulant effects of compounds
[30, 31]. The duration of time spent and the measured activity in the central zone likely gage
some aspects of emotionality-like behavior, including anxiety and exploratory drive [32-34].
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In the present study, alcohol exerted locomotor stimulant and anxiolytic effects in rats follow-
ing 7 days of alcohol exposure, suggests that short-term exposure to low-dose alcohol tends
to increase locomotor activity and has, to some extent, anti-anxiety effects. However, these
behavioral differences between alcohol and water groups diminished in 14d and 21d. This
apparent discrepancy may due to an adaptation of the nervous system to the alcohol. Strik-
ingly, after 28 d of alcohol exposure, rats showed a decreasing trend on total distance and
exploration time in the center, reflecting the inhibitory effects of long-term alcohol exposure.
Similar to our findings, Boerngen-Lacerda indicated that the increase in locomotor activity
was only observed after 7 and 14 days of ethanol treatment in the OFT; however, ethanol
increased the open-arm time in the plus-maze, which exerted an anxiolytic effect, including
after acute and chronic administration of alcohol [35]. Because alcohol abuse is an extremely
complex progress, different methods have been employed to establish models of alcohol
dependence, and therefore, these inconsistent results are understandable.

In our study, 5-Aza-dc did not interfere with the locomotor activities of rats. In agreement
with our findings, Sales et al. noted that systemic administration or intra-hippocampal injec-
tion of DNMT inhibitors did not induce any locomotor effects in the OFT of rats [36]. Xing
et al. found that bilateral intra-VLO (ventrolateral orbital cortex) injections of 5-Aza-dc did
not cause general impairments in locomotor activity [28]. Recent studies have examined the
effect of DNA methyltransferase in regulating depression, stress, and anxiety-like behavior.
Interestingly, we found that in alcohol-drinking rats, 5-Aza-dc decreased their exploration
time in the center area, which suggests that 5-Aza-dc could potentiate anxiety-like behaviors.
In a previous study, knocking down mPFC-DNMT3A in naive mice induced anxiety-like
behavior while overexpressing this gene had an anxiolytic effect [37]. Additionally, systemic
and hippocampal inhibition of DNA methylation induced antidepressant-like effects in rats
[36], and 5-Aza-dc could potentiate the behavioral effects of antidepressant drugs in the forced
swimming test (FST) [38]. Moreover, both rodent models and human studies have demon-
strated that DNA methylation is involved in memory and emotion [39-41]. With the above
research, our data further support the hypothesis that DNMT3A and DNMT3B are important
regulators involved in the development of anxiety-like behavior.

Neurotrophins have been proposed as key regulators of long-term synaptic modifications
related to learning and memory maintenance[42]. In particular, Ntf3 and its preferred receptor
TrkC have been shown to enhance axonal outgrowth and regulate structural synaptic plasticity
in a number of cell types [43-45]. Repeated intra-VTA Ntf3 contributed to the initiation of
behavioral sensitization to cocaine by activating the Ras/MAPK signal transduction system in
rats [46]. Mice with a central nervous system-wide deletion of Ntf3 had attenuated opiate with-
drawal reactions which were restored by transgene-derived overexpression of Ntf3 in norad-
renergic neurons [47]. When rats received chronic ethanol treatment during gestation, the
neurotrophin receptors TrkA, TrkB, and TrkC levels in the hippocampus, septum, and cere-
bellum were significantly decreased in P10 fetal rats[48]. However, evidence of the effects of
Ntf3/TrkC on alcohol dependence is scarce. In our study, 5-Aza-dc micro-infusion into the
mPFC reversed alcohol-induced decreased Ntf3 protein levels by decreasing the levels of
DNMT3A and DNMT3B. These results suggested that Ntf3 seems to be directly regulated by
DNA Methyltransferase, although the methylation level of the CpG sites in the Ntf3 promoter
region was not significantly different (S1 Table). Maybe non-CpG methylation or gene body
methylation played a crucial role in the development of alcohol abuse [49]. Interestingly,
5-Aza-dc also increased the protein level of water-exposure rats, suggesting that the Ntf3
expression doesn’t appear to depend on the combination of administration and 5-Aza-dc
administration. This phenomenon may be because in the normal nerve cells, 5-Aza-dc also
captures DNA methyltransferase, resulting in the demethylation of Ntf3, and induces its gene
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expression. Strangely, alcohol or 5-Aza-dc alone had no effects on TrkC, whereas alcohol and
5-Aza-dc co-treatment decreased the expression of TrkC. On one hand, it is possible that the
increased Ntf3 levels could passivate TrkC, allowing TrkC to adapt to the combined effects of
alcohol and 5-Aza-dc on Ntf3. On the other hand, though Ntf3 binds to TrkC with high affinity,
it also binds to both TrkA and TrkB with lower affinity [42]. We cannot exclude that these recep-
tors played a role in the change of Ntf3. Moreover, the reported effects of alcohol exposure on
Trk receptors are complex and differ depending on the postnatal age of measurement, brain
region and sex of the animal [50, 51], making it difficult to generalize about possible relation-
ships between neurotrophin levels and receptor function. Nevertheless, it is reasonable to assume
that Ntf3 is a potential target of epigenetic modifications involved in alcohol-drinking behaviors.

In summary, our results demonstrated that 5-Aza-dc decreased both alcohol consumption
and alcohol preference in the chronic alcohol-exposure rats; meanwhile, it prevented alcohol-
induced Ntf3 reduction in the mPFC, probably by inhibition of DNMT3A and DNMT3B.
Thus, appropriate doses of DNMT inhibitors may have a pharmacy therapeutic potential for
alcohol abuse.

Supporting information

S1 Fig. The effects of 5-Aza-dc treatment on the body weight of four groups (n = 8/group).
(TIF)

S1 Methods. Bisulfite direct sequencing, quantitation of methylation levels and statistical
analysis.
(DOCX)

S1 Table. Methylation status of Ntf3 promoter region in the mPFC of rats (n = 7~8/
group). 0 = no methylation, 1 = <33% methylation.
(DOCX)

Acknowledgments

The authors would like to thank Dr. Yunpeng Wang for his suggestions on the experiment
design behavioral paradigms. We also thank Hao Guo for his help with alcohol-related behav-
ioral testing. The authors declare no conflict of interest.

Author Contributions
Conceptualization: XQ JL.
Data curation: XQ.

Formal analysis: XQ PY.
Funding acquisition: JL.
Investigation: FY Y] YL.
Methodology: FY Y]J.

Project administration: JL.
Resources: XQ YL.

Software: PY.

Supervision: JL.

PLOS ONE | https://doi.org/10.1371/journal.pone.0179469  June 14, 2017 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179469.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179469.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179469.s003
https://doi.org/10.1371/journal.pone.0179469

@° PLOS | ONE

5-Aza-dc regulates alcohol-related behavior

Validation: FY Y]J.

Visualization: XQ YL.

Writing - original draft: XQ.

Writing - review & editing: PY JL.

References

1.

10.

11.

12

13.

14.

15.

16.

White AM. What happened? Alcohol, memory blackouts, and the brain. Alcohol research & health: the
journal of the National Institute on Alcohol Abuse and Alcoholism. 2003; 27(2):186-96. Epub 2004/08/
12. PMID: 15303630.

Hasanein P, Seifi R, Hajinezhad MR, Emamjomeh A. Rosmarinic acid protects against chronic ethanol-
induced learning and memory deficits in rats. Nutritional neuroscience. 2016:1-8. https://doi.org/10.
1080/1028415X.2016.1203125 PMID: 27367870.

Kalsi G, Prescott CA, Kendler KS, Riley BP. Unraveling the molecular mechanisms of alcohol dependence.
Trends in genetics: TIG. 2009; 25(1):49-55. https://doi.org/10.1016/).tig.2008.10.005 PMID: 19010566.

Helms CM, Rossi DJ, Grant KA. Neurosteroid influences on sensitivity to ethanol. Frontiers in endocri-
nology. 2012; 3:10. Epub 2012/06/02. https://doi.org/10.3389/fendo.2012.00010 PMID: 22654852;
PubMed Central PMCID: PMCPMC3356014.

Keil KP, Abler LL, Laporta J, Altmann HM, Yang B, Jarrard DF, et al. Androgen receptor DNA methyla-
tion regulates the timing and androgen sensitivity of mouse prostate ductal development. Developmen-
tal biology. 2014; 396(2):237—-45. Epub 2014/12/03. https://doi.org/10.1016/j.ydbio.2014.10.006 PMID:
25446526; PubMed Central PMCID: PMCPMC4261055.

Alvarado S, Rajakumar R, Abouheif E, Szyf M. Epigenetic variation in the Egfr gene generates quantita-
tive variation in a complex trait in ants. Nature communications. 2015; 6:6513. https://doi.org/10.1038/
ncomms7513 PMID: 25758336.

Park BY, Lee BC, Jung KH, Jung MH, Park BL, Chai YG, et al. Epigenetic changes of serotonin trans-
porter in the patients with alcohol dependence: methylation of an serotonin transporter promoter CpG
island. Psychiatry investigation. 2011; 8(2):130-3. Epub 2011/08/20. https://doi.org/10.4306/pi.2011.8.
2.130 PMID: 21852989; PubMed Central PMCID: PMC3149107.

Harlaar N, Hutchison KE. Alcohol and the methylome: design and analysis considerations for research
using human samples. Drug and alcohol dependence. 2013; 133(2):305—16. Epub 2013/08/24. https://
doi.org/10.1016/j.drugalcdep.2013.07.026 PMID: 23968814.

Muschler MA, Hillemacher T, Kraus C, Kornhuber J, Bleich S, Frieling H. DNA methylation of the
POMC gene promoter is associated with craving in alcohol dependence. J Neural Transm. 2010; 117
(4):513-9. Epub 2010/03/02. https://doi.org/10.1007/s00702-010-0378-7 PMID: 20191296.

Tzschentke TM. The medial prefrontal cortex as a part of the brain reward system. Amino acids. 2000;
19(1):211-9. Epub 2000/10/12. PMID: 11026491.

Volkow ND, Morales M. The Brain on Drugs: From Reward to Addiction. Cell. 2015; 162(4):712-25.
https://doi.org/10.1016/j.cell.2015.07.046 PMID: 26276628.

Kroener S, Mulholland PJ, New NN, Gass JT, Becker HC, Chandler LJ. Chronic alcohol exposure alters
behavioral and synaptic plasticity of the rodent prefrontal cortex. PloS one. 2012; 7(5):e37541. Epub
2012/06/06. https://doi.org/10.1371/journal.pone.0037541 PMID: 22666364; PubMed Central PMCID:
PMCPMC3364267.

Chang JY, Janak PH, Woodward DJ. Comparison of mesocorticolimbic neuronal responses during
cocaine and heroin self-administration in freely moving rats. The Journal of neuroscience: the official
journal of the Society for Neuroscience. 1998; 18(8):3098—115. Epub 1998/04/29. PMID: 9526026.

Sullivan EV, Pfefferbaum A. Neurocircuitry in alcoholism: a substrate of disruption and repair. Psycho-
pharmacology (Berl). 2005; 180(4):583-94. Epub 2005/04/19. https://doi.org/10.1007/s00213-005-
2267-6 PMID: 15834536.

Barbier E, Tapocik JD, Juergens N, Pitcairn C, Borich A, Schank JR, et al. DNA methylation in the
medial prefrontal cortex regulates alcohol-induced behavior and plasticity. The Journal of neuroscience:
the official journal of the Society for Neuroscience. 2015; 35(15):6153—64. https://doi.org/10.1523/
JNEUROSCI.4571-14.2015 PMID: 25878287; PubMed Central PMCID: PMC4397609.

Tian W, Zhao M, Li M, Song T, Zhang M, Quan L, et al. Reversal of cocaine-conditioned place prefer-
ence through methyl supplementation in mice: altering global DNA methylation in the prefrontal cortex.
PloS one. 2012; 7(3):e33435. https://doi.org/10.1371/journal.pone.0033435 PMID: 22438930; PubMed
Central PMCID: PMC3306398.

PLOS ONE | https://doi.org/10.1371/journal.pone.0179469  June 14, 2017 15/17


http://www.ncbi.nlm.nih.gov/pubmed/15303630
https://doi.org/10.1080/1028415X.2016.1203125
https://doi.org/10.1080/1028415X.2016.1203125
http://www.ncbi.nlm.nih.gov/pubmed/27367870
https://doi.org/10.1016/j.tig.2008.10.005
http://www.ncbi.nlm.nih.gov/pubmed/19010566
https://doi.org/10.3389/fendo.2012.00010
http://www.ncbi.nlm.nih.gov/pubmed/22654852
https://doi.org/10.1016/j.ydbio.2014.10.006
http://www.ncbi.nlm.nih.gov/pubmed/25446526
https://doi.org/10.1038/ncomms7513
https://doi.org/10.1038/ncomms7513
http://www.ncbi.nlm.nih.gov/pubmed/25758336
https://doi.org/10.4306/pi.2011.8.2.130
https://doi.org/10.4306/pi.2011.8.2.130
http://www.ncbi.nlm.nih.gov/pubmed/21852989
https://doi.org/10.1016/j.drugalcdep.2013.07.026
https://doi.org/10.1016/j.drugalcdep.2013.07.026
http://www.ncbi.nlm.nih.gov/pubmed/23968814
https://doi.org/10.1007/s00702-010-0378-7
http://www.ncbi.nlm.nih.gov/pubmed/20191296
http://www.ncbi.nlm.nih.gov/pubmed/11026491
https://doi.org/10.1016/j.cell.2015.07.046
http://www.ncbi.nlm.nih.gov/pubmed/26276628
https://doi.org/10.1371/journal.pone.0037541
http://www.ncbi.nlm.nih.gov/pubmed/22666364
http://www.ncbi.nlm.nih.gov/pubmed/9526026
https://doi.org/10.1007/s00213-005-2267-6
https://doi.org/10.1007/s00213-005-2267-6
http://www.ncbi.nlm.nih.gov/pubmed/15834536
https://doi.org/10.1523/JNEUROSCI.4571-14.2015
https://doi.org/10.1523/JNEUROSCI.4571-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25878287
https://doi.org/10.1371/journal.pone.0033435
http://www.ncbi.nlm.nih.gov/pubmed/22438930
https://doi.org/10.1371/journal.pone.0179469

@° PLOS | ONE

5-Aza-dc regulates alcohol-related behavior

17.

18.

19.

20.

21.
22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Kutay H, Klepper C, Wang B, Hsu SH, Datta J, Yu L, et al. Reduced susceptibility of DNA methyltrans-
ferase 1 hypomorphic (Dnmt1N/+) mice to hepatic steatosis upon feeding liquid alcohol diet. PloS one.
2012; 7(8):e41949. Epub 2012/08/21. https://doi.org/10.1371/journal.pone.0041949 PMID: 22905112;
PubMed Central PMCID: PMCPMC3414497.

Bonsch D, Lenz B, Fiszer R, Frieling H, Kornhuber J, Bleich S. Lowered DNA methyltransferase
(DNMT-3b) mRNA expression is associated with genomic DNA hypermethylation in patients with
chronic alcoholism. Journal of neural transmission (Vienna, Austria: 1996). 2006; 113(9):1299-304.
Epub 2006/02/08. https://doi.org/10.1007/s00702-005-0413-2 PMID: 16463117.

Warnault V, Darcq E, Levine A, Barak S, Ron D. Chromatin remodeling—a novel strategy to control
excessive alcohol drinking. Translational psychiatry. 2013; 3:€231. https://doi.org/10.1038/tp.2013.4
PMID: 23423140; PubMed Central PMCID: PMC3591000.

ZhuY,Wang Y, Zhao B, Wei S, Xu M, Liu E, et al. Differential phosphorylation of GIuN1-MAPKs in rat
brain reward circuits following long-term alcohol exposure. PloS one. 2013; 8(1):e54930. Epub 2013/
02/02. https://doi.org/10.1371/journal.pone.0054930 PMID: 23372792; PubMed Central PMCID:
PMCPMC3553008.

Paxinos G WC. The rat brain, in stereotaxic coordinates, 2nd edn2005.

Liu P, Zhang J, Li M, Sui N. Distinctive Roles of 5-aza-2’-deoxycytidine in Anterior Agranular Insular and
Basolateral Amygdala in Reconsolidation of Aversive Memory Associated with Morphine in Rats. Fron-
tiers in behavioral neuroscience. 2016; 10:50. https://doi.org/10.3389/fnbeh.2016.00050 PMID:
27014010; PubMed Central PMCID: PMC4791382.

Han J, LiY, Wang D, Wei C, Yang X, Sui N. Effect of 5-aza-2-deoxycytidine microinjecting into hippo-
campus and prelimbic cortex on acquisition and retrieval of cocaine-induced place preference in
C57BL/6 mice. European journal of pharmacology. 2010; 642(1-3):93-8. Epub 2010/06/17. https://doi.
org/10.1016/j.ejphar.2010.05.050 PMID: 20550947.

Lyko F, Brown R. DNA methyltransferase inhibitors and the development of epigenetic cancer thera-
pies. Journal of the National Cancer Institute. 2005; 97(20):1498-506. https://doi.org/10.1093/jnci/
dji311 PMID: 16234563.

Szyf M. Epigenetics, DNA methylation, and chromatin modifying drugs. Annual review of pharmacology
and toxicology. 2009; 49:243—-63. Epub 2008/10/15. https://doi.org/10.1146/annurev-pharmtox-
061008-103102 PMID: 18851688.

Karahoca M, Momparler RL. Pharmacokinetic and pharmacodynamic analysis of 5-aza-2’-deoxycyti-
dine (decitabine) in the design of its dose-schedule for cancer therapy. Clinical epigenetics. 2013; 5
(1):3. Epub 2013/02/02. https://doi.org/10.1186/1868-7083-5-3 PMID: 23369223; PubMed Central
PMCID: PMCPMC3570332.

Fonteneau M, Filliol D, Anglard P, Befort K, Romieu P, Zwiller J. Inhibition of DNA methyltransferases
regulates cocaine self-administration by rats: a genome-wide DNA methylation study. Genes, brain,
and behavior. 2017; 16(3):313-27. https://doi.org/10.1111/gbb.12354 PMID: 27762100.

Xing B, Liu P, Xu WJ, Xu FY, Dang YH. Effect of microinjecting of 5-aza-2-deoxycytidine into ventrolat-
eral orbital cortex on depressive-like behavior in rats. Neuroscience letters. 2014; 574:11-4. Epub
2014/05/13. https://doi.org/10.1016/j.neulet.2014.04.050 PMID: 24813108.

Kantarjian HM, Issa J-PJ. Decitabine Dosing Schedules. Seminars in Hematology. 2005; 42, Supple-
ment 2:517-S22. http://dx.doi.org/10.1053/j.seminhematol.2005.05.006.

Stodulka J. Ethanol and physostigmine effects on open field behavior in Wistar rats. Acta Universitatis
Palackianae Olomucensis Facultatis Medicae. 1991; 131:39-81. Epub 1991/01/01. PMID: 1840358.

Oliveira de Almeida WA, Maculano Esteves A, Leite de Almeida-Junior C, Lee KS, Kannebley Frank M,
Oliveira Mariano M, et al. The effects of long-term dopaminergic treatment on locomotor behavior in
rats. Sleep Science. 2014; 7(4):203-8. https://doi.org/10.1016/j.slsci.2014.10.003 PMID: 26483930;
PubMed Central PMCID: PMC4608898.

Umriukhin PE, Grigorchuk OS. [OPEN FIELD BEHAVIOR AS A PREDICTIVE CRITERIA REFLECT-
ING RATS CORTICOSTERONELEVEL BEFORE AND AFTER STRESS]. Rossiiskii fiziologicheskii
zhurnal imeni IM Sechenova / Rossiiskaia akademiia nauk. 2015; 101(12):1366—71. Epub 2016/03/19.
PMID: 26987228.

Sayapina NV, Batalova TA, Chaika VV, Kuznetsov VL, Sergievich AA, Kolosov VP, et al. Multi-walled
carbon nanotubes increase anxiety levels in rats and reduce exploratory activity in the open field test.
Doklady biological sciences: proceedings of the Academy of Sciences of the USSR, Biological sciences
sections / translated from Russian. 2015; 464:223-5. Epub 2015/11/05. https://doi.org/10.1134/
s0012496615050026 PMID: 26530062.

Crawley JN. Exploratory behavior models of anxiety in mice. Neuroscience and biobehavioral reviews.
1985; 9(1):37—44. Epub 1985/01/01. 2858080. PMID: 2858080

PLOS ONE | https://doi.org/10.1371/journal.pone.0179469  June 14, 2017 16/17


https://doi.org/10.1371/journal.pone.0041949
http://www.ncbi.nlm.nih.gov/pubmed/22905112
https://doi.org/10.1007/s00702-005-0413-2
http://www.ncbi.nlm.nih.gov/pubmed/16463117
https://doi.org/10.1038/tp.2013.4
http://www.ncbi.nlm.nih.gov/pubmed/23423140
https://doi.org/10.1371/journal.pone.0054930
http://www.ncbi.nlm.nih.gov/pubmed/23372792
https://doi.org/10.3389/fnbeh.2016.00050
http://www.ncbi.nlm.nih.gov/pubmed/27014010
https://doi.org/10.1016/j.ejphar.2010.05.050
https://doi.org/10.1016/j.ejphar.2010.05.050
http://www.ncbi.nlm.nih.gov/pubmed/20550947
https://doi.org/10.1093/jnci/dji311
https://doi.org/10.1093/jnci/dji311
http://www.ncbi.nlm.nih.gov/pubmed/16234563
https://doi.org/10.1146/annurev-pharmtox-061008-103102
https://doi.org/10.1146/annurev-pharmtox-061008-103102
http://www.ncbi.nlm.nih.gov/pubmed/18851683
https://doi.org/10.1186/1868-7083-5-3
http://www.ncbi.nlm.nih.gov/pubmed/23369223
https://doi.org/10.1111/gbb.12354
http://www.ncbi.nlm.nih.gov/pubmed/27762100
https://doi.org/10.1016/j.neulet.2014.04.050
http://www.ncbi.nlm.nih.gov/pubmed/24813108
https://doi.org/10.1053/j.seminhematol.2005.05.006
http://www.ncbi.nlm.nih.gov/pubmed/1840358
https://doi.org/10.1016/j.slsci.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26483930
http://www.ncbi.nlm.nih.gov/pubmed/26987228
https://doi.org/10.1134/s0012496615050026
https://doi.org/10.1134/s0012496615050026
http://www.ncbi.nlm.nih.gov/pubmed/26530062
http://www.ncbi.nlm.nih.gov/pubmed/2858080
https://doi.org/10.1371/journal.pone.0179469

@° PLOS | ONE

5-Aza-dc regulates alcohol-related behavior

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Boerngen-Lacerda R, Souza-Formigoni ML. Does the increase in locomotion induced by ethanol indi-
cate its stimulant or anxiolytic properties? Pharmacology, biochemistry, and behavior. 2000; 67(2):225—
32. Epub 2000/12/22. PMID: 11124385.

Sales AJ, Biojone C, Terceti MS, Guimaraes FS, Gomes MV, Joca SR. Antidepressant-like effect
induced by systemic and intra-hippocampal administration of DNA methylation inhibitors. British journal
of pharmacology. 2011; 164(6):1711-21. https://doi.org/10.1111/j.1476-5381.2011.01489.x PMID:
21585346; PubMed Central PMCID: PMC3230817.

Elliott E, Manashirov S, Zwang R, Gil S, Tsoory M, Shemesh Y, et al. Dnmt3a in the Medial Prefrontal
Cortex Regulates Anxiety-Like Behavior in Adult Mice. The Journal of neuroscience: the official journal
of the Society for Neuroscience. 2016; 36(3):730—40. Epub 2016/01/283. https://doi.org/10.1523/
jneurosci.0971-15.2016 PMID: 26791204.

Sales AJ, Joca SR. Effects of DNA methylation inhibitors and conventional antidepressants on mice
behaviour and brain DNA methylation levels. Acta neuropsychiatrica. 2016; 28(1):11-22. Epub 2015/
06/27. https://doi.org/10.1017/neu.2015.40 PMID: 26112212.

Oliveira AM, Hemstedt TJ, Bading H. Rescue of aging-associated decline in Dnmt3a2 expression
restores cognitive abilities. Nature neuroscience. 2012; 15(8):1111-3. Epub 2012/07/04. https://doi.org/
10.1038/nn.3151 PMID: 22751036.

Miller CA, Gavin CF, White JA, Parrish RR, Honasoge A, Yancey CR, et al. Cortical DNA methylation
maintains remote memory. Nature neuroscience. 2010; 13(6):664—6. Epub 2010/05/25. https://doi.org/
10.1038/nn.2560 PMID: 20495557; PubMed Central PMCID: PMCPMC3043549.

Higuchi F, Uchida S, Yamagata H, Otsuki K, Hobara T, Abe N, et al. State-dependent changes in the
expression of DNA methyltransferases in mood disorder patients. Journal of psychiatric research. 2011;
45(10):1295-300. Epub 2011/05/20. https://doi.org/10.1016/j.jpsychires.2011.04.008 PMID:
21592522.

Reichardt LF. Neurotrophin-regulated signalling pathways. Philosophical transactions of the Royal
Society of London Series B, Biological sciences. 2006; 361(1473):1545-64. https://doi.org/10.1098/
rstb.2006.1894 PMID: 16939974; PubMed Central PMCID: PMC1664664.

Han KA, Woo D, Kim S, Choii G, Jeon S, Won SY, et al. Neurotrophin-3 Regulates Synapse Develop-
ment by Modulating TrkC-PTPsigma Synaptic Adhesion and Intracellular Signaling Pathways. The
Journal of neuroscience: the official journal of the Society for Neuroscience. 2016; 36(17):4816-31.
https://doi.org/10.1523/JNEUROSCI.4024-15.2016 PMID: 27122038.

Ramos-Languren LE, Escobar ML. Plasticity and metaplasticity of adult rat hippocampal mossy fibers
induced by neurotrophin-3. European Journal of Neuroscience. 2013; 37(8):1248-59. https://doi.org/
10.1111/ejn.12141 PMID: 23387385

Labelle C, Leclerc N. Exogenous BDNF, NT-3 and NT-4 differentially regulate neurite outgrowth in cul-
tured hippocampal neurons. Brain research Developmental brain research. 2000; 123(1):1-11. Epub
2000/10/06. PMID: 11020545.

Pierce RC, Pierce-Bancroft AF, Prasad BM. Neurotrophin-3 contributes to the initiation of behavioral
sensitization to cocaine by activating the Ras/Mitogen-activated protein kinase signal transduction cas-
cade. The Journal of neuroscience: the official journal of the Society for Neuroscience. 1999; 19
(19):8685—-95. Epub 1999/09/24. PMID: 10493769.

Akbarian S, Bates B, Liu RJ, Skirboll SL, Pejchal T, Coppola V, et al. Neurotrophin-3 modulates norad-
renergic neuron function and opiate withdrawal. Molecular psychiatry. 2001; 6(5):593—-604. Epub 2001/
08/30. https://doi.org/10.1038/s].mp.4000897 PMID: 11526474.

Moore DB, Madorsky |, Paiva M, Barrow Heaton M. Ethanol exposure alters neurotrophin receptor
expression in the rat central nervous system: Effects of prenatal exposure. Journal of neurobiology.
2004; 60(1):101-13. https://doi.org/10.1002/neu.20009 PMID: 15188276.

Song X, Huang F, Liu J, Li C, Gao S, Wu W, et al. Genome-wide DNA methylomes from discrete devel-
opmental stages reveal the predominance of non-CpG methylation in Tribolium castaneum. DNA
research: an international journal for rapid publication of reports on genes and genomes. 2017. Epub
2017/04/28. https://doi.org/10.1093/dnares/dsx016 PMID: 28449092.

Chao MV. Neurotrophins and their receptors: a convergence point for many signalling pathways. Nature
reviews Neuroscience. 2003; 4(4):299-309. Epub 2003/04/03. https://doi.org/10.1038/nrn1078 PMID:
12671646.

Somkuwar SS, Fannon MJ, Staples MC, Zamora-Martinez ER, Navarro Al, Kim A, et al. Alcohol de-
pendence-induced regulation of the proliferation and survival of adult brain progenitors is associated
with altered BDNF-TrkB signaling. Brain structure & function. 2016; 221(9):4319-35. Epub 2015/
12/15. https://doi.org/10.1007/s00429-015-1163-z PMID: 26659122; PubMed Central PMCID:
PMCPMC4903099.

PLOS ONE | https://doi.org/10.1371/journal.pone.0179469  June 14, 2017 17/17


http://www.ncbi.nlm.nih.gov/pubmed/11124385
https://doi.org/10.1111/j.1476-5381.2011.01489.x
http://www.ncbi.nlm.nih.gov/pubmed/21585346
https://doi.org/10.1523/jneurosci.0971-15.2016
https://doi.org/10.1523/jneurosci.0971-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/26791204
https://doi.org/10.1017/neu.2015.40
http://www.ncbi.nlm.nih.gov/pubmed/26112212
https://doi.org/10.1038/nn.3151
https://doi.org/10.1038/nn.3151
http://www.ncbi.nlm.nih.gov/pubmed/22751036
https://doi.org/10.1038/nn.2560
https://doi.org/10.1038/nn.2560
http://www.ncbi.nlm.nih.gov/pubmed/20495557
https://doi.org/10.1016/j.jpsychires.2011.04.008
http://www.ncbi.nlm.nih.gov/pubmed/21592522
https://doi.org/10.1098/rstb.2006.1894
https://doi.org/10.1098/rstb.2006.1894
http://www.ncbi.nlm.nih.gov/pubmed/16939974
https://doi.org/10.1523/JNEUROSCI.4024-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/27122038
https://doi.org/10.1111/ejn.12141
https://doi.org/10.1111/ejn.12141
http://www.ncbi.nlm.nih.gov/pubmed/23387385
http://www.ncbi.nlm.nih.gov/pubmed/11020545
http://www.ncbi.nlm.nih.gov/pubmed/10493769
https://doi.org/10.1038/sj.mp.4000897
http://www.ncbi.nlm.nih.gov/pubmed/11526474
https://doi.org/10.1002/neu.20009
http://www.ncbi.nlm.nih.gov/pubmed/15188276
https://doi.org/10.1093/dnares/dsx016
http://www.ncbi.nlm.nih.gov/pubmed/28449092
https://doi.org/10.1038/nrn1078
http://www.ncbi.nlm.nih.gov/pubmed/12671646
https://doi.org/10.1007/s00429-015-1163-z
http://www.ncbi.nlm.nih.gov/pubmed/26659122
https://doi.org/10.1371/journal.pone.0179469

