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Gamma-aminobutyric acid (GABA)-Aα5 is considered to be associated with

alcohol-induced memory deficits. However, whether it participates in the formation

of alcohol addiction or in the regulation of its susceptibility is unknown. Here, we used

a chronic alcohol treatment model to obtain alcohol-addicted Wistar rats. Long-term

alcoholism increased the expression of prefrontal cortex GABA-Aα5 by inducing its

histone H3K4 trimethylation, and these changes could be hereditary and lead to

increased vulnerability to alcohol addiction in offspring. This study indicates the risk of

long-term alcoholism in future generations, emphasizes the importance of GABA-Aα5

in the formation of alcohol addiction and the regulation of its susceptibility, and provides

new evidence regarding the mechanisms underlying alcohol addiction.
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INTRODUCTION

Although it is a substance that elicits dependency, alcohol has legitimacy and widespread social
acceptance. In 2015, a study showed that ∼18.3% of adults experienced drunkenness 1 month
before the investigation, and 843.2 per 100,000 people were suffering from alcohol addiction (1).
The World Health Organization’s global status report on alcohol and health in 2014 also indicated
that in 2012, 3.3 million people worldwide died due to harmful alcohol use, and this number
exceeded the total number of deaths caused by AIDS, tuberculosis, and violence, accounting for
5.9% of all deaths worldwide (2). However, owing to the unknownmechanism of alcohol addiction,
there is a lack of curative and prophylactic treatments.

At present, research on the biological mechanism of mental addiction to addictive substances
indicates that the dopamine (DA) system at the edge of the midbrain, which is also known
as the “reward system,” plays a key role (3). This theory is consistent with the idea that
“there is no addiction without rewards.” Gamma-aminobutyric acid (GABA) is the major
inhibitory neurotransmitter in the central nervous system and can participate in reward
response by inhibiting the DA system of the midbrain (4). In addition, in alcohol addiction,
GABA (A) receptors are associated with alcohol tolerance, dependence, and withdrawal (5).

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://doi.org/10.3389/fpsyt.2018.00468
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyt.2018.00468&domain=pdf&date_stamp=2018-10-24
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:18186210619@163.com
mailto:weihao57@163.com
https://doi.org/10.3389/fpsyt.2018.00468
https://www.frontiersin.org/articles/10.3389/fpsyt.2018.00468/full
http://loop.frontiersin.org/people/549699/overview
http://loop.frontiersin.org/people/540345/overview


Zeng et al. Alcohol Treatment Increase Offspring GABA-Aα5

As an important subunit of GABA-A, the GABA-Aα5 subunit
is thought to be closely related to cognitive impairment.
Lack of GABA-Aα5 receptors in mice induces spatial memory
and learning impairment in a water maze (6). A significant
increase in memory was observed in wild type mice treated
with GABA-Aα5 selective inverse agonists (7). In a study of
addictive behavior, the use of GABA-Aα5 inhibitors reduced
alcohol-induced memory loss (8), while prenatal chronic alcohol
exposure resulted in dysregulated expression of GABA-Aα5 and
impaired learning and memory in offspring (9). Thus, GABA-
Aα5 plays a very important role in the regulation of alcohol-
dependent cognitive impairment. However, whether GABA-
Aα5 is involved in the formation of alcohol addiction is
unknown.

In this study, we used a chronic alcohol treatment model to
ascertain the relationship between alcohol addiction and GABA-
Aα5. We found that increased prefrontal cortex (PFC) GABA-
Aα5 expression and its histone H3K4 trimethylation caused by
chronic alcohol treatment could be inherited by the offspring,
increasing the vulnerability of the offspring to alcohol addiction.
Our results provide new evidence regarding the mechanisms of
alcohol addiction.

MATERIALS AND METHODS

Animals and Treatments
All Wistar rats were provided by the Henan animal experimental
center. Laboratory animals were kept in special well-ventilated
animal houses with a 12-h light cycle (8 a.m. to 8 p.m.) at a
room temperature of 25 ± 0.5◦C and ∼55% humidity. Rats
weighed 190–225 g at the beginning of the experiment, and
3–4 rats were housed in each cage (clean grade) with free
access to food and water. Rats were allowed to adapt to the
environment in the animal house 1 week before the experiment.
For the first 3 days of the experiment, the operator touched
and grasped the animals briefly (3 min/rat/day) to promote
adaptation to this brief grip. All experiments were carried out
during the day (8 a.m. to 8 p.m.). The experiment was conducted
in accordance with the animal experiment regulations of Xiangya
Medical School and Xinxiang Medical College of Central South
University.

Parental Generation
A total of 24Wistar rats, including 12 males and 12 females, were
randomly divided into two groups of six rats for each gender
as follows: male ethanol treatment group (ME), female ethanol
treatment group (FE), male saline treatment group (MS), and
female saline treatment group (FS). All rats were subjected to
conditioned place preference (CPP) testing. However, for the ME
and FE groups, pure alcohol was diluted to 10% alcohol with
saline, and 0.5 g/kg was administered by intraperitoneal injection
every day for 15 days during the training period. For the MS and
FS groups, the same amount of saline was injected. The rats were
paired as ME + FE, ME + FS, FE +MS, and FS +MS to obtain
offspring, and they were sacrificed to obtain brain tissue 1 month
later (Figure 1).

FIGURE 1 | The timeline schematic of rats treatment.

Offspring
All offspring were grouped by their parents as ME+ FE (MEFE),
ME + FS (MEFS), FE + MS (FEMS), and FS + MS (FSMS).
At 2 months of age, six rats in each group were sacrificed to
obtain brain tissue, and the remaining six were tested by CPP
with chronic alcohol treatment during the training period.

Chemicals
Anhydrous ethanol was purchased from Tianjin De En Chemical
Reagent Co., Ltd. (Tianjin, China). Sodium pentobarbital was
purchased from Sigma (USA).

Conditioned Place Preference (CPP)
Rats were randomly divided into four groups of six animals
as mentioned above. We used nonequilibrium training
(convergence process). An automated computer monitoring
system was used for records.

CPP Preadaptation (Days 1–3)
To promote adaptation to the experimental environment, rats
were placed in a CPP box with free access to the black and white
sides for a period of 60min every day for 3 days.

CPP Baseline Value Determination (Days 4–5)
Rats were placed in the CPP box for 15min, and the time spent
on the black or white sides of the box was recorded. Detection is
performed twice in a day. The mean of the baseline values of the
two tests is the CPP baseline value(s), and the side on which the
rats spent less time (<450 s) was used as the side for CPP training
with addictive drugs.

CPP Training (Days 6–20)
A clapboard was used to separate the CPP boxes. We placed
10% alcohol on the side of the CPP box for addictive drugs,
and rats were trained for 60min in the morning. Normal saline
was placed on the other side of the CPP box, and rats were
trained for another 60min in the afternoon. The next day, the
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training sequence was reversed; this process was continued for
15 consecutive days.

CPP Test (Day 21)
Twenty-four hours after the last training, rats were placed in the
box without the clapboard and with free access to the black and
white sides for 15min. The time spent on each side was recorded.

Quantitative RT-PCR (Real-Time
Polymerase Chain Reaction)
Total RNA from brain tissue was extracted using TRIzol
Reagent (Invitrogen, Waltham, MA, USA). First strand
complementary DNA (cDNA) was synthesized from 500 ng
total RNA using a high capacity cDNA reverse transcription
kit (Applied Invitrogen, Shanghai). Quantitative polymerase
chain reaction (PCR) was performed in a 10 µL standard PCR
mixture prepared in duplicates using an Applied Biosystems
7900 Prism Real-Time PCR system and SYBR Premix Ex Taq
(TaKaRa, Dalian, Japan) in accordance with the manufacturer’s
protocol. Quantitative PCR primers for GABA-Aα5 were
as follows: 5′-AAGATGAAAGGCTGCGGTTTA-3′ and 5′-
CCATGAGGTGGTACTGGTTGA-3′. PCR primers of GAPDH
were 5′-ACGTAGCTCAGGCCTCTGCGCCCTT-3′ and 5′-
CTGGCACTGCACAAGAAGATGCGGCTG-3′. The forward
primer binding site is located on the sixth exon, and the reverse
primer binding site is located on the ninth exon. The size of
the PCR product is 372 bp, and the PCR cycling conditions
were 95◦C for 5min, 95◦C for 30 s, 60◦C for 45 s, 72◦C for 45 s,
and 72◦C for 5min for 35 cycles. Subsequently, the products
were maintained at 4◦C. After the amplification reaction was
completed, the solution curve was produced by gradually
increasing the temperature and monitoring the fluorescence
signal at each step to determine the response specificity. The
cDNA amplification reaction was performed in the presence
of SYBR Green in triplicates. The Ct value of each sample was
obtained using the FTC-2000 software. To avoid differences in
the initial total copy number due to differences in the amount of
cDNA in each sample, we used the normal housekeeping gene
GAPDH as an internal reference to normalize each sample. By
using the delta-delta CT method, multiple changes in the mRNA
levels and control values were calculated to compare the relative
expression results among different treatments. The relative
expression of mRNA in the experimental group compared with
that in the control group was calculated using the 2−11CT

method. 1CT = CT (GABA-Aα5) – CT (GAPDH), 11CT =

1CT (experimental group) – 1CT (control group).

Chromatin Immunoprecipitation (ChIP)
This procedure was performed based on the instructions of
a chromatin immunoprecipitation (ChIP) kit (number 17-371,
Millipore, Massachusetts, USA) with a few modifications. Frozen
PFC tissue was sectioned into pieces and immediately cross-
linked in formaldehyde for 10min. Glycine was added to quench
the cross-linking reaction, and the tissue was subsequently
washed with PBS containing proteinase inhibitor, followed by
chromatin extraction by SDS lysis buffer. With the optimal

conditions for sonication, chromatin was sheared to 200–
1,000 bp, concentrating on 400–500 bp. We centrifuged the
homogenate and moved the supernatant to fresh microfuge
tubes. The tubes were designated as positive control (anti-
RNA Polymerase II), negative control (normal mouse IgG),
and anti-acetylation; ChIP dilution buffer containing protease
inhibitor was added to each tube to dilute the chromatin
lysate. We precleared the chromatin solution with salmon sperm
DNA/protein G agarose, followed by brief centrifugation. We
removed 10µl of the supernatant as input for the purpose of
performing normalization later. We collected the remaining
supernatant for immunoprecipitation overnight at 4◦C with
antibodies directed against H3 acetylation on Lys9 (kit number
9671, Cell Signaling Technology), tri-methyl-H3 (Lys4) (kit
number 9727, Cell Signaling Technology), RNA polymerase II,
and normal mouse IgG. After immunoprecipitation, we collected
the DNA-histone complex with salmon sperm DNA/protein G
agarose beads. The beads were washed with low salt buffer,
high salt buffer, LiCl buffer, and TE buffer. The DNA-histone
complex was eluted from the beads with elution buffer in
fresh tubes. All tubes including inputs and immunoprecipitates
were incubated at 65◦C for 5 h. RNase A was then added and
incubated at 37◦C for 30min. Next, we added proteinase K,
0.5M EDTA, and 1M Tris-HCl for 1-h incubation at 45◦C.
The DNA associated with acetylated histones was purified
and collected in elution buffer. Most ChIP experiments were
performed twice on two independent tissue samples for
confirmation.

Statistical Analysis
All data are presented as the mean ± SD. Two-way analysis of
variance (ANOVA) followed by the least significant difference
(LSD) as post-hoc test was used to analyze the data in all figures.
P < 0.05 indicates a significant difference. All statistical analyses
were performed using SPSS 19.0.

FIGURE 2 | Chronic alcohol treatment increased the conditioned place

preference in rats. Rats were divided into four groups. Rats injected with saline

or ethanol were denoted as Saline or Ethanol, and each group was divided

into male and female by gender. CPP baseline value and CPP test value were

recorded. The data are expressed as the mean ± SD (n = 6). *p < 0.05 vs.

Saline, two-way ANOVA.
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RESULTS

Chronic Alcohol Treatment Increases the
Conditioned Place Preference in Rats
Conditioned place preference is often used to detect incentive
motivation and can partly represent the degree of drug
dependence (10). The results of the CPP test in the four groups
of rats are shown in Figure 2. There was no significant difference
in CPP baseline values between the four groups, and the values
were comparable. The CPP test values were significantly higher
than CPP baseline values after chronic alcohol treatment in
both the male and female groups (P < 0.05), whereas there was
no significant difference between the CPP test values and CPP
baseline values in the groups treated with saline, indicating that
the two groups of rats formed a clear CPP for alcohol.

Chronic Alcohol Treatment Increases
GABA-Aα5 mRNA Levels in the PFC
In Wistar rats, GABA-Aα5 was previously reported to be
positively correlated with spontaneous alcohol consumption, but

FIGURE 3 | Chronic alcohol treatment increased GABA-Aα5 mRNA levels in

the PFC. The relative level of GABA-Aα5 mRNA in the PFC was detected by

RT-PCR. The data are expressed as the mean ± SD (n = 6). *p < 0.05 vs.

Saline, two-way ANOVA.

the relationship between GABA-Aα5 and alcohol addiction is
unknown (5, 11). To investigate this relationship, we evaluated
the expression of GABA-Aα5 mRNA by RT-PCR. The results of
RT-PCR revealed that the levels of GABA-Aα5 mRNA in the PFC
of the male and female alcohol-exposed groups were significantly
higher than those in the PFC of the normal control group (P <

0.05; Figure 3). In contrast, there was no significant difference in
the expression level of GABA-Aα5 in the PFC between the male
alcohol exposure group and the female alcohol exposure group
(P > 0.05; Figure 3).

Chronic Alcohol Treatment Increases
GABA-Aα5 Histone H3K9 Acetylation and
H3K4 Trimethylation in the PFC
Histone H3K9 acetylation and H3K4 trimethylation are
considered as important regulatory pathways for gene
expression (12, 13). To explore the mechanism leading to
the increased GABA-Aα5 mRNA levels caused by chronic
alcohol treatment, we measured the level of GABA-Aα5 histone
H3K9 acetylation and H3K4 trimethylation in the PFC by ChIP-
PCR (Figures 4A,B). In addition, the levels of PFC GABA-Aα5
histone H3K9 acetylation and H3K4 trimethylation in the male
and female alcohol-exposed groups were significantly higher
than those in the normal control group (P< 0.05), indicating that
the epigenetic changes caused by chronic alcohol treatment may
also account for the increase in GABA-Aα5 mRNA (P < 0.05).

Increased PFC GABA-Aα5 Histone H3K4
Trimethylation Caused by Chronic Alcohol
Treatment can be Inherited by the
Offspring
Partial epigenetic changes can be inherited by the offspring
(14). To investigate whether the increases in PFC GABA-Aα5
histone H3K9 acetylation and H3K4 trimethylation caused by
chronic alcohol treatment can be inherited by the offspring,
we used rats for breeding after chronic alcohol treatment and
then measured PFC GABA-Aα5 histone H3K9 acetylation and
H3K4 trimethylation during adulthood (2 months). The results

FIGURE 4 | Chronic alcohol treatment increased GABA-Aα5 histone H3K9 acetylation and H3K4 trimethylation in the PFC. ChIP-PCR was used to detect the relative

level of GABA-Aα5 histone H3K9 acetylation and H3K4 trimethylation. (A) The relative level of GABA-Aα5 histone H3K9 acetylation in the PFC. (B) The relative level of

GABA-Aα5 histone H3K4 trimethylation in the PFC. The data are expressed as the mean ± SD (n = 6). *p < 0.05 vs. Saline, two-way ANOVA.
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showed no significant difference between the levels of H3K9
acetylation in all eight subgroups (Figure 5A), whereas the levels
of H3K4 trimethylation in the PE, FE, and ME subgroups
were significantly higher than those in the male and female PS
subgroups (P < 0.05; Figure 5B).

PFC GABA-Aα5 mRNA Is Elevated in
Offspring With an Alcohol Genetic
Background
To investigate whether the increase in PFC GABA-Aα5 histone
H3K4 trimethylation caused by an alcohol genetic background
can induce PFC GABA-Aα5 expression, we detected the level of
PFC GABA-Aα5 mRNA in offspring by RT-PCR (Figure 6). In
male offspring, the expression of PFC GABA-Aα5 in the MEFE,
MEFS, and MSFE groups was significantly higher than that in
the MSFS group (P < 0.05). Similarly, in female offspring, the
expression of PFC GABA-Aα5 mRNA in the MEFE, MEFS, and
MSFE groups was significantly higher than that in the MSFS
group (P < 0.05).

Vulnerability to Alcohol Addiction ls
Induced in Offspring With an Alcohol
Genetic Background
To investigate whether the offspring with an alcohol genetic
background were more vulnerable to alcohol addiction, we
treated them with chronic alcohol during the training period
andmeasured alcohol-related CPP (Figure 7). All the groups had
significantly higher CPP test values than CPP baseline values (P
> 0.05), whereas no difference in CPP baseline values was found
between all the groups. The MEFE, MEFS, and MSFE groups had
significantly higher CPP test values than the male and female
rats in the MSFS group (P < 0.05). Again, sex did not show
any influence as no significant difference was found between
the offspring of different sexes from the same treated parents.
Additionally, there was no significant difference between the
MEFE, MEFS, and MSFE groups (P > 0.05). This indicates that

offspring with an alcohol genetic background have an increased
vulnerability to alcohol addiction.

DISCUSSION

Studying biochemical mechanisms such as neurotransmitters,
receptors, and signal transduction systems has been one of
the focuses of research on drug addiction, including alcohol
addiction (15–18). The relationship between GABA-A and
alcohol addiction has always been appreciated. Evidence shows
that GABA-A knockout mice have a significant reduction in

alcohol consumption (double bottle method) (19). The frequency
of GABA-A receptor-mediated inhibitory post-synaptic currents
was depressed in the medium spiny neurons of ethanol drinking
mice (20). It was reported that GABA-A/Glu coadjust DA
to regulate alcohol addiction (21). In Wistar rats, GABA-Aα5
is a GABA-A receptor subunit that is positively correlated

FIGURE 6 | PFC GABA-Aα5 mRNA levels increased in offspring with an

alcohol genetic background. The relative level of GABA-Aα5 mRNA in the PFC

of offspring was detected by RT-PCR. The data are expressed as the mean ±

SD (n = 6). *p < 0.05 vs. FSMS, two-way ANOVA.

FIGURE 5 | PFC GABA-Aα5 histone H3K4 trimethylation increased in offspring with an alcohol genetic background. ChIP-PCR was used to detect the relative level of

GABA-Aα5 histone H3K9 acetylation and H3K4 trimethylation in the PFC of offspring. (A) The relative level of GABA-Aα5 histone H3K9 acetylation in the PFC of

offspring. (B) The relative level of GABA-Aα5 histone H3K4 trimethylation in the PFC of offspring. The data are expressed as the mean ± SD (n = 6). *p < 0.05 vs.

MSFS, two-way ANOVA.
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FIGURE 7 | CPP test value increased in offspring with an alcohol genetic

background. The offspring were treated with chronic alcohol during the training

period and alcohol-related CPP was measured. CPP baseline value and CPP

test value were recorded. The data are expressed as the mean ± SD (n = 6).

*p < 0.05 vs. CPP baseline value, #p < 0.05 vs. MSFS, two-way ANOVA.

with spontaneous alcohol consumption (22). However, the
relationship between GABA-Aα5 and alcohol addiction is
currently unclear.

In this study, after 15 days of chronic alcohol treatment,
the CPP test values in the male and female alcohol exposure
groups were significantly higher than the CPP baseline values.
In contrast, there was no significant difference between the
test values and the CPP baseline values in the groups treated

with saline, suggesting that alcohol exposure results in the
formation of an alcohol reward memory in rats. Furthermore,
PFC GABA-Aα5 mRNA levels were significantly higher in

the male and female alcohol-exposed animals than in the
control animals, indicating that chronic alcohol treatment might
increase PFC GABA-Aα5 expression. This finding suggests that
increased expression of PFC GABA-Aα5 may result from alcohol
treatment.

Epigenetic modulation is an important way to regulate protein
expression. Drug addiction can cause many epigenetic changes
(23). In our study, both GABA-Aα5 histone H3K9 acetylation
and H3K4 trimethylation increased in the PFC after chronic
alcohol treatment, suggesting that chronic alcohol treatment
might increase GABA-Aα5 expression through the upregulation
of histone H3K9 acetylation and H3K4 trimethylation.

In the case of addiction, the epigenetic mechanism regulated
by environmental stimuli can make individuals adapt to dynamic
changes in the surrounding environment; this mechanism can
also be partially inherited by future generations (24). Qiumin
Le et al. [2017] found that cocaine treatment causes increased
susceptibility to cocaine addiction in offspring (25). Our study
also showed that PFC GABA-Aα5 mRNA and its histone
H3K4 trimethylation were elevated in offspring with an alcohol
genetic background. Simultaneously, the vulnerability to alcohol
addiction was induced in offspring with an alcohol genetic
background. These findings further suggest that GABA-Aα5
and its histone H3K4 trimethylation may participate in the

regulation of the vulnerability to alcohol addiction and indicate
that long-term alcoholism will make future generations more
likely to be addicted to alcohol. This result may partly explain
the following interesting phenomenon: if parents have moderate
or high alcohol consumption, then their children are more likely
to drink (26).

In conclusion, this study demonstrated that chronic alcohol
treatment increases the expression of PFC GABA-Aα5 by
inducing its histone H3K4 trimethylation. These changes could
be hereditary and might be one of the reasons for increased
vulnerability to alcohol addiction in offspring. If this conjecture
is confirmed, PFC GABA-Aα5 could be a molecular target
for prophylactic or curative treatment of alcohol addiction,
providing new clues for drug development. However, this area of
study is still in its infancy as the specific molecular mechanisms
underlying the involvement of GABA-Aα5 in the formation of
alcohol addiction are unclear. Additionally, whether inhibition
of GABA-Aα5 expression will reduce alcohol addiction in long-
term drinkers or if the difference in GABA-Aα5 expression alone
will affect the susceptibility of different individuals to alcohol
has not yet been elucidated. Furthermore, the mechanisms by
which parental and offspring GABA-Aα5 expression in the
PFC is increased by chronic alcohol treatment remain to be
studied.

DATA ACCESSIBILITY

The raw data of the current study can be obtained from the
corresponding author XL.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of Wuhan Mental Health Center Ethics
Committee. The protocol was approved by the Wuhan
Mental Health Center Ethics Committee.

AUTHOR CONTRIBUTIONS

XL and WH designed the study and provided most of the funds.
KZ and AX supervised the study and wrote the manuscript. XZ
analyzed the data. BZ analyzed and interpreted the data, revised
the manuscript and provided part of the funds.

FUNDING

This studywas funded by theWuhanHealth and Family Planning
Commission (WG16A02, Bao-Liang Zhong, PI; WX17A07, XL,
PI), Hubei Natural Science Foundation (2018CFB334, KZ, PI)
and Ministry of Public Security, the Key Program of the National
Natural Science of China (81130020, WH, PI), and the National
973 Program (2015CB553500, WH, PI).

ACKNOWLEDGMENTS

Thanks for the selfless help of my colleagues in the lab.

Frontiers in Psychiatry | www.frontiersin.org 6 October 2018 | Volume 9 | Article 468

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Zeng et al. Alcohol Treatment Increase Offspring GABA-Aα5

REFERENCES

1. Peacock A, Leung J, Larney S, Colledge S, Hickman M, Rehm J, et al. Global

statistics on alcohol, tobacco and illicit drug use: 2017 status report. Addiction

(2018) 113:1905–26. doi: 10.1111/add.14234

2. WHO. Global Status Report on Alcohol and Health 2014 (2014). Available

online at: http://www.who.int/substance_abuse/publications/global_alcohol_

report/en/

3. Volkow ND, Wang GJ, Fowler JS, Tomasi D, Telang F. Addiction: beyond

dopamine reward circuitry. Proc Natl Acad Sci USA. (2011) 108:15037–42.

doi: 10.1073/pnas.1010654108

4. van Zessen R, Phillips JL, Budygin EA, Stuber GD. Activation of VTA

GABA neurons disrupts reward consumption. Neuron (2012) 73:1184–94.

doi: 10.1016/j.neuron.2012.02.016

5. EnochMA. The role of GABA(A) receptors in the development of alcoholism.

Pharmacol Biochem Behav. (2008) 90:95–104. doi: 10.1016/j.pbb.2008.

03.007

6. Pickering C, Avesson L, Lindblom J, Liljequist S, Schioth HB.

Identification of neurotransmitter receptor genes involved in alcohol

self-administration in the rat prefrontal cortex, hippocampus and

amygdala. Prog Neuropsychopharmacol Biol Psychiatry (2007) 31:53–64.

doi: 10.1016/j.pnpbp.2006.06.010

7. Huston JP, Silva MA, Topic B, Muller CP. What’s conditioned in

conditioned place preference? Trends Pharmacol Sci. (2013) 34:162–6.

doi: 10.1016/j.tips.2013.01.004

8. Chester JA, Cunningham CL. GABA(A) receptor modulation of the

rewarding and aversive effects of ethanol. Alcohol (2002) 26:131–43.

doi: 10.1016/S0741-8329(02)00199-4

9. Srivastava S, Bhowmick K, Chatterjee S, Basha J, Kundu TK, Dhar SK. Histone

H3K9 acetylation level modulates gene expression and may affect parasite

growth in human malaria parasite Plasmodium falciparum. FEBS J. (2014)

281:5265–78. doi: 10.1111/febs.13067

10. Davie JR, Xu W, Delcuve GP. Histone H3K4 trimethylation: dynamic

interplay with pre-mRNA splicing. Biochem Cell Biol. (2016) 94:1–11.

doi: 10.1139/bcb-2015-0065

11. Huang B, Jiang C, Zhang R. Epigenetics: the language of the cell? Epigenomics

(2014) 6:73–88. doi: 10.2217/epi.13.72

12. Robinson BG, Khurana S, Kuperman A, Atkinson NS. Neural adaptation

leads to cognitive ethanol dependence. Curr Biol. (2012) 22:2338–41.

doi: 10.1016/j.cub.2012.10.038

13. Russo SJ, Mazei-Robison MS, Ables JL, Nestler EJ. Neurotrophic factors

and structural plasticity in addiction. Neuropharmacology (2009) 56:73–82.

doi: 10.1016/j.neuropharm.2008.06.059

14. Korpi ER, den Hollander B, Farooq U, Vashchinkina E, Rajkumar R, Nutt DJ,

et al. Mechanisms of action and persistent neuroplasticity by drugs of abuse.

Pharmacol Rev. (2015) 67:872–1004. doi: 10.1124/pr.115.010967

15. Mendez M, Morales-Mulia M. Role of mu and delta opioid receptors

in alcohol drinking behaviour. Curr Drug Abuse Rev. (2008) 1:239–52.

doi: 10.2174/1874473710801020239

16. Trudell JR, Messing RO, Mayfield J, Harris RA. Alcohol dependence:

molecular and behavioral evidence. Trends Pharmacol Sci. (2014) 35:317–23.

doi: 10.1016/j.tips.2014.04.009

17. Wilcox MV, Cuzon Carlson VC, Sherazee N, Sprow GM, Bock R, Thiele TE,

et al. Repeated binge-like ethanol drinking alters ethanol drinking patterns

and depresses striatal GABAergic transmission. Neuropsychopharmacology

(2014) 39:579–94. doi: 10.1038/npp.2013.230

18. Tiwari V, Veeraiah P, Subramaniam V, Patel AB. Differential effects of ethanol

on regional glutamatergic and GABAergic neurotransmitter pathways in

mouse brain. J Neurochem. (2014) 128:628–40. doi: 10.1111/jnc.12508

19. Collinson N, Kuenzi FM, Jarolimek W, Maubach KA, Cothliff

R, Sur C, et al. Enhanced learning and memory and altered

GABAergic synaptic transmission in mice lacking the alpha 5

subunit of the GABAA receptor. J Neurosci. (2002) 22:5572–80.

doi: 10.1523/JNEUROSCI.22-13-05572.2002

20. Dawson GR, Maubach KA, Collinson N, Cobain M, Everitt BJ, MacLeod

AM, et al. An inverse agonist selective for alpha5 subunit-containing GABAA

receptors enhances cognition. J Pharmacol Exp Ther. (2006) 316:1335–45. dol:

10.1124/jpet.105.092320

21. Mohler H. Role of GABAA receptors in cognition. Biochem Soc Trans. (2009)

37:1328–33. doi: 10.1042/BST0371328

22. Toso L, Roberson R, Woodard J, Abebe D, Spong CY. Prenatal alcohol

exposure alters GABA(A)alpha5 expression: a mechanism of alcohol-

induced learning dysfunction. Am J Obstet Gynecol. (2006) 195:522–7.

doi: 10.1016/j.ajog.2006.01.098

23. Godino A, Jayanthi S, Cadet JL. Epigenetic landscape of amphetamine

and methamphetamine addiction in rodents. Epigenetics (2015) 10:574–80.

doi: 10.1080/15592294.2015.1055441

24. Nagy C, Turecki G. Transgenerational epigenetic inheritance: an open

discussion. Epigenomics (2015) 7:781–90. doi: 10.2217/epi.15.46

25. Le Q, Yan B, Yu X, Li Y, Song H, Zhu H, et al. Drug-seeking motivation level in

male rats determines offspring susceptibility or resistance to cocaine-seeking

behaviour. Nat Commun. (2017) 8:15527. doi: 10.1038/ncomms15527

26. Mahedy L, MacArthur GJ, Hammerton G, Edwards AC, Kendler KS, Macleod

J, et al. The effect of parental drinking on alcohol use in young adults: the

mediating role of parental monitoring and peer deviance. Addiction (2018).

doi: 10.1111/add.14280

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Zeng, Xie, Zhang, Zhong, Liu and Hao. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Psychiatry | www.frontiersin.org 7 October 2018 | Volume 9 | Article 468

https://doi.org/10.1111/add.14234
http://www.who.int/substance_abuse/publications/global_alcohol_report/en/
http://www.who.int/substance_abuse/publications/global_alcohol_report/en/
https://doi.org/10.1073/pnas.1010654108
https://doi.org/10.1016/j.neuron.2012.02.016
https://doi.org/10.1016/j.pbb.2008.03.007
https://doi.org/10.1016/j.pnpbp.2006.06.010
https://doi.org/10.1016/j.tips.2013.01.004
https://doi.org/10.1016/S0741-8329(02)00199-4
https://doi.org/10.1111/febs.13067
https://doi.org/10.1139/bcb-2015-0065
https://doi.org/10.2217/epi.13.72
https://doi.org/10.1016/j.cub.2012.10.038
https://doi.org/10.1016/j.neuropharm.2008.06.059
https://doi.org/10.1124/pr.115.010967
https://doi.org/10.2174/1874473710801020239
https://doi.org/10.1016/j.tips.2014.04.009
https://doi.org/10.1038/npp.2013.230
https://doi.org/10.1111/jnc.12508
https://doi.org/10.1523/JNEUROSCI.22-13-05572.2002
https://doi.org/10.1042/BST0371328
https://doi.org/10.1016/j.ajog.2006.01.098
https://doi.org/10.1080/15592294.2015.1055441
https://doi.org/10.2217/epi.15.46
https://doi.org/10.1038/ncomms15527
https://doi.org/10.1111/add.14280
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	Chronic Alcohol Treatment-Induced GABA-Aα5 Histone H3K4 Trimethylation Upregulation Leads to Increased GABA-Aα5 Expression and Susceptibility to Alcohol Addiction in the Offspring of Wistar Rats
	Introduction
	Materials and Methods
	Animals and Treatments
	Parental Generation
	Offspring

	Chemicals
	Conditioned Place Preference (CPP)
	CPP Preadaptation (Days 1–3)
	CPP Baseline Value Determination (Days 4–5)
	CPP Training (Days 6–20)
	CPP Test (Day 21)

	Quantitative RT-PCR (Real-Time Polymerase Chain Reaction)
	Chromatin Immunoprecipitation (ChIP)
	Statistical Analysis

	Results
	Chronic Alcohol Treatment Increases the Conditioned Place Preference in Rats
	Chronic Alcohol Treatment Increases GABA-Aα5 mRNA Levels in the PFC
	Chronic Alcohol Treatment Increases GABA-Aα5 Histone H3K9 Acetylation and H3K4 Trimethylation in the PFC
	Increased PFC GABA-Aα5 Histone H3K4 Trimethylation Caused by Chronic Alcohol Treatment can be Inherited by the Offspring
	PFC GABA-Aα5 mRNA Is Elevated in Offspring With an Alcohol Genetic Background
	Vulnerability to Alcohol Addiction ls Induced in Offspring With an Alcohol Genetic Background

	Discussion
	Data Accessibility
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


