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A B S T R A C T

Alcohol use disorder is one of the most disabling diseases worldwide. Glial-cell derived neurotrophic factor
(Gdnf) shows promising results concerning the inhibition of alcohol consumption in rodent models. We in-
vestigated the epigenetic regulation of Gdnf following ethanol consumption and withdrawal in a rat model. 32
Wistar rats underwent 7 weeks of intermittent access to alcohol in a 2-bottle choice (IA2BC). Whole blood,
Nucleus Accumbens (NAc) and Ventral Tegmental Area (VTA) were collected immediately after the last 24 h of
an alcohol-drinking session (alcohol group, AG) or 24 h after withdrawal (withdrawal group, WG). MRNA levels
were measured using real-time quantitative PCR. Bisulfite-conversion of DNA and capillary sequencing was used
to determine methylation levels of the core promoter (CP) and the negative regulatory element (NRE). The CP of
the AG in the NAc was significantly less methylated compared to controls (p < 0.05). In the NAc, mRNA ex-
pression was significantly higher in the WG (p < 0.05). In the WG, mRNA expression levels in the VTA were
significantly lower (p < 0.05) and showed significantly less methylation in the NRE in the VTA (p < 0.001)
and the NAc (p < 0.01) compared to controls. Changes in the cerebral mRNA expression correspond to al-
terations in DNA methylation of the Gdnf promoter in a rodent model. Our results hold clinical relevance since
differences in Gdnf mRNA expression and DNA methylation could be a target for pharmacological interventions.

1. Introduction

According to the World Health Organization (WHO), 237 million
men and 46 million women are affected by harmful alcohol use.
Especially in the high-income countries the average alcohol consump-
tion was 33g per day in 2018 (Global status report on a, 2018). 21,000
people die each year as a result of harmful alcohol consumption in
Germany (Die Drogenbeauftragte der Bundesregierung [Editor], 2018).
Additionally to the psychosocial burden such as society's stigma and
blame in cases of increased alcohol consumption and alcohol depen-
dence (Hammarlund et al., 2018; Giandinoto et al., 2018), there are
somatic complications such as Polyneuropathy, Wernicke's encephalo-
pathy, amnestic syndrome, liver disease and cirrhosis (Holst et al.,
2017). Efforts to lower alcohol consumption and its associated

consequences have largely failed so far. In America, three drugs are
approved for the treatment of alcohol dependence (disulfiram, nal-
trexone and acamprosate) (Kranzler and Soyka, 2018). Further options
for pharmacological relapse prevention are urgently needed.

Glial cell line-derived neurotrophic factor (Gdnf) is a homodimeric,
glycosylated protein of approximately 39 kDa, which is primarily
known for its critical role in the development and survival of dopami-
nergic neurons (DA) (Lin et al., 1993; Baecker et al., 1999; Airaksinen
and Saarma, 2002; Pascual et al., 2008; Kramer and Liss, 2015). Gdnf is
also crucial for other neuronal populations throughout the central and
peripheral nervous system (Paratcha and Ledda, 2008), such as hip-
pocampus, cortex, thalamus, striatum (dorsal striatum and nucleus
accumbens) (Springer et al., 1994; Choi-Lundberg and Bohn, 1995;
Nosrat et al., 1996; Pochon et al., 1997; Trupp et al., 1997; Golden
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et al., 1998, 1999; Barroso-Chinea et al., 2005; Ledda et al., 2007),
motoneurons (Henderson et al., 1994), and catecholaminergic neurons
(Pascual et al., 2011). Gdnf can be transported reciprocally by dopa-
minergic neurons of the substantia nigra pars compacta, the ventral
tegmental area (VTA), and the nucleus accumbens (NAc) (Barroso-
Chinea et al., 2005; Tomac et al., 1995; Lapchak et al., 1997; Kordower
et al., 2000; Ai et al., 2003; Wang et al., 2010). Wang and colleagues
demonstrated that when transported retrogradely, NAc-derived Gdnf
enhances the spontaneous firing rate of dopaminergic neurons in the
VTA and thus the activity of the mesocorticolimbic DA system (Wang
et al., 2010).

The mesolimbic pathway, projecting from the ventral tegmental
area (VTA) to limbic regions including the nucleus accumbens (NAc), is
a critical neural circuitry implicated in reward and drug/alcohol-
seeking behaviors (Koob and Volkow, 2010). Drugs of abuse, including
alcohol, elevate extracellular DA in the striatum (Di Chiara and
Imperato, 1988; Volkow et al., 2004), and striatal DA transmission
regulates drug/alcohol-seeking behaviors (Barak et al., 2011a; Bossert
et al., 2005; Everitt et al., 2008; Hyman et al., 2006; Koob et al., 1998;
Robbins et al., 2008; Shalev et al., 2002). Infusion of Gdnf into the VTA
of rodents increases dopamine levels in the NAc (Wang et al., 2010) and
reduces alcohol intake, reward and relapse after withdrawal (Barak
et al., 2011a, 2011b, 2015, 2018; Carnicella et al., 2008, 2009a, 2009b;
Ron and Barak, 2016). Furthermore, Barak and colleagues were able to
show that Gdnf reverses DA deficiency associated with alcohol with-
drawal in a rodent model, without being rewarding (Barak et al.,
2011a). Finally, Gdnf has been shown to be a negative modulator in
addiction in animal models (Carnicella and Ron, 2009; Ghitza et al.,
2010; Davies et al., 2013).

Rodent studies indicate that the endogenous Gdnf levels fluctuate in
response to alcohol exposure. Thus, one week of alcohol consumption
in the intermittent access to alcohol in 2-bottle choice (IA2BC) proce-
dure increased Gdnf mRNA levels in the VTA of rats when assessed at
the end of the last drinking session, relative to water-drinking controls
(Ahmadiantehrani et al., 2014). However, Gdnf levels in the VTA were
reduced below baseline in response to 7 weeks of IA2BC, when tested
after a 24-h withdrawal period (Ahmadiantehrani et al., 2014). To-
gether, these findings suggest that Gdnf is an alcohol-responsive gene
upregulated during short-term alcohol intake but downregulated during
withdrawal from excessive alcohol intake (Barak et al., 2018).

There are merely two studies concerning Gdnf and alcohol addiction
in humans. Decreased serum levels of Gdnf have been reported to be
associated with alcohol-dependence in humans (Heberlein et al., 2010).
Additionally, Lhullier and colleagues conducted a study concerning the
early stages of alcohol misuse, and found that Gdnf serum levels were
significantly higher in a group that was positively screened for alcohol
misuse and dependence (Lhullier et al., 2015). These findings go in line
with the rodent data described above, showing an elevated Gdnf ex-
pression in the first week of ethanol-drinking (Ahmadiantehrani et al.,
2014).

Recent research emphasizes the importance of epigenetic mechan-
isms in the regulation of neurotrophic factors, such as brain-derived
neurotrophic factor (Bdnf) in alcohol use disorder (Bird, 1986;
Wolstenholme et al., 2011; Palmisano and Pandey, 2017). Epigenetic
regulation (e.g. DNA methylation) of neurotrophic factors, such as the
nerve growth factor (Ngf) and Bdnf are suggested to contribute to al-
cohol dependence and withdrawal (Heberlein et al., 2011, 2015). There
are repeatedly reported associations between alterations of DNA me-
thylation and the symptomatology of alcohol dependence, alcohol
withdrawal and craving (Heberlein et al., 2013, 2015; Bleich et al.,
2006; Hillemacher et al., 2009). Additionally, Wolstenholme and col-
leagues found a correlation between the expression of genes involved in
methylation and the alcohol intake of rodents (Wolstenholme et al.,
2011). Nevertheless, little is known about the underlying epigenetic
regulation of Gdnf and alcohol consumption, withdrawal, and relapse.
Rodent models show that early life stress leads to increased DNA

methylation in blood and striatal tissue along with decreased Gdnf
-gene expression (Mpofana et al., 2016; Uchida et al., 2011). Here, we
analyzed alterations in the Gdnf mRNA expression and promoter me-
thylation in alcohol-drinking rats after alcohol consumption and after
withdrawal. We hypothesized that Gdnf expression changes will cor-
respond to alterations in DNA methylation during alcohol consumption.

2. Methods

2.1. Animals

11 male and 13 female Wistar rats (175–200 g at the beginning of
experiments) were bred in Tel-Aviv University animal facility and
housed under a 12-h light/dark cycle (lights on at 7:00 a.m.) with food
and water available ad libitum. Animals were individually housed. All
experimental protocols conformed to the guidelines of the Institutional
Animal Care and Use Committee of Tel Aviv University and the NIH. All
efforts were made to minimize the number of animals and their suf-
fering.

2.2. Intermittent-access to 20% alcohol in a 2-bottle choice drinking
procedure

After one week of habituation for individual housing, rats were
trained to consume alcohol in the IA2BC procedure as previously de-
scribed (Carnicella et al., 2014; Even-Chen et al., 2017). Briefly, rats
received three 24-h sessions of free access to 2-bottle choice per week
(tap water and 20% alcohol v\v) on Sundays, Tuesdays, and Thursdays,
with 24 or 48 h of alcohol-deprivation periods between the alcohol-
drinking sessions. During the withdrawal periods, animals received
only water. The position (left or right) of each solution was alternated
between each session to control for side preference. Water and alcohol
bottles were weighed before and after each alcohol-drinking session,
consumption levels were normalized to body weight. Training lasted
seven weeks prior to the brain tissue collection.

2.3. Quantitative reverse transcriptase polymerase chain reaction (qRT-
PCR)

Following brain dissection, tissue samples were immediately snap-
frozen in liquid nitrogen and stored at −80 °C until use. Frozen tissues
were mechanically homogenized in TRIzol reagent, and total RNA was
isolated from each sample according to the manufacturer's re-
commended protocol. mRNA was reverse transcribed to cDNA using the
Reverse Transcription System and RevertAid kit. Plates of 96 wells were
prepared for the SYBR green cDNA analysis using Fast SYBR Master
Mix. Samples were analyzed in triplicate with a Real-Time PCR System
(StepOnePlus™; Applied Biosystems, Foster City, CA, USA), and quan-
tified against an internal control gene, Gapdh. We used the following
reaction primers sequences: Gdnf forward: 5′- GAC GTC ATG GAT TTT
ATT CAA GCC-3’; reverse: 5′- CCG GTT CCT CTC TCT TCGAG-3’; Gapdh
forward: 5′- GCA AGA GAG AGG CCC TCAG-3’; reverse: 5′- TGT GAG
GGA GAT GCT CAGTG-3’. Thermal cycling was initiated with incuba-
tion at 95 °C for 20 s (for SYBR Green activation), followed by 40 cycles
of PCR with the following conditions: heating at 95 °C for 3 s and then
30 s at 60 °C. Relative quantification was calculated using the ΔΔCt
method.

2.4. Bisulfite-sequencing of the Gdnf core promoter and the negative
regulatory element

The genomic organization of the rat Gdnf gene was obtained from
GenBank (Chromosome 2q16; GenBank access number: AJ011432.1;
Fig. 1). Lamberti and colleagues identified the core promoter which is
highly conserved between rat, mouse, and human (Lamberti and Vicini,
2014). A negative regulatory element (NRE) was first described by
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Tanaka and colleagues and also showed high conservation (Tanaka
et al., 2000). Genomic DNA was extracted using the Nucleomag Blood
DNA Purification Kit (Macherey and Nagel, Düren, Germany) from NAc,
VTA, and whole blood according to manufacturer's protocol. Genomic

DNA was then sodium bisulfite-converted to deaminate unmethylated
cytosines to uracils using the EpiTect Bisulfite Kit (QIAGEN) according
to the manufacturer's protocol. Primer sequences were designed to
amplify CpG-sites within the core promoter (284bp) and the NRE

Fig. 1. Extract of the genomic Gdnf-DNA with marked CpG's in red, the NRE, Core Promoter, Transcriptional Start Site (TSS), a TATA-Box and the putative cAMP-
responsive element (CRE)-sites. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Gdnf primers for Core Promoter and Negative Regulatory Element.

Primer Name Primer Sequence 5‘-3‘ Position counting from TSS in bp 5’ to 3′

Core Promoter (−184bp/+100bp)
GDNF_rat Prom1 F1 TTTTAAAAATTTTGAATAAAGGTAGGT −385/−358
GDNF_rat Prom1 F2 TGATTTTGAATGTATGTGTTTATTTTA −300/−273
GDNF_rat Prom1 R CTCTATCTACTAAAAACTACCT +185/+163
Negative Regulatory Element (+304/+808)
GDNF_rat nProm A F1 GAGGTAGTTTTTAGTAGATAGA +162/+184
GDNF_rat nProm A F2 ATTGTTTTTTTGGGTTGTTGTGA +225/+248
GDNF_rat nProm A R CCTCACTCTACACCTCCT +664/+646
GDNF_rat nProm B F1 GTTTTTATGTTTTTAAGGGATTGT +527/+551
GDNF_rat nProm B F2 GAGGAGGTGTAGAGTGAG +645/+663
GDNF_rat nProm B R CCATCCAAAAAACCCATCC +985/+966
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(504bp) of Gdnf (for primer sequences see Table 1). The primers were
designed using the Software Geneious (Pro 5.4.6, Biomatters Ltd.,
Auckland, New Zealand). To check for melting temperatures, hairpins
and self-dimers, the biocalculator from metabion (http://www.
metabion.com/support-and-solution/biocalculator/) and Netprimer
(http://www.premierbiosoft.com/NetPrimer/AnalyzePrimer.jsp) were
used. To test for single nucleotide polymorphisms (SNPs), SNPcheck3
(https://secure.ngrl.org.uk/SNPCheck/snpcheck.htm) was conducted.
For amplification of the product, semi-nested PCR's were performed.
Agencourt AMPure XP (Beckman Coulter GmbH, Krefeld, Germany)
was applied to purify the PCR product. To visualize each product,
standard 2.0% agarose gel was used. After the sequencing-PCR (Big-
Dye_Terminatorv3.1 Cycle Sequencing Kit, Life Technologies, Foster
City, CA, USA) another purification of the PCR product performed with
Agentcourt CleanSEQ (Beckman Coulter GmbH, Krefeld, Germany) was
conducted. Sequencing in reverse direction was performed with a
maximum of 30 ng of purified PCR product with the 3500xl Genetic
Analyzer (Life Technologies) according to the manufacturer's instruc-
tions.

2.5. Experimental design and statistical analysis

To assess the mRNA expression and the DNA methylation of the
Gdnf gene, we trained rats to drink alcohol in the IA2BC procedure for 7
weeks. Age-matched rats consumed water only (“Control” group). The
NAc and VTA of the rats were dissected at 2 time points in the drinking
protocol, for which we randomly assigned rats to 2 experimental
groups: "Alcohol" group – where rats were euthanized immediately after
a 24-h drinking session; and "Withdrawal" group – where rats were
euthanized immediately after the last 24-h withdrawal period (Fig. 2).

2.6. Gdnf mRNA expression

In this experiment, we tested the effects of voluntary alcohol con-
sumption on Gdnf expression in the VTA and NAc. The mRNA expres-
sion of Gdnf was normalized to Gapdh expression (Even-Chen et al.,
2017; Zipori et al., 2017; Ziv et al., 2018), which we found to be un-
affected by alcohol in this drinking protocol (see (Even-Chen et al.,
2017)). Expression in each brain region was further normalized to its
own control, water-treated group. Data were analyzed by one-way
ANOVA, in a between-subjects factor of Group. ANOVA was followed
by Fisher LSD post hoc tests. Sex distributed approximately equally
across groups, and was initially analyzed as a factor; however, all
analyzes did not yield a main effect of sex or any interaction with other
factors (all p > 0.05). Therefore, data were collapsed across this factor.

2.7. Gdnf DNA methylation

For analyzing the vast majority of regulative cytosine methylation
of CpG's and CpG-Islands, Epigenetic Sequencing Methylation (ESME)
Analysis Software (Lewin et al., 2004) was used. With ESME, levels of
methylated and unmethylated CpG sites are put in relation, resulting in
a percentage value between 0 and 1. Analysis of the CP and the NRE
was performed using mixed linear models (fixed factors and their in-
teraction with covariates: CpG-Position, group, and sex). For group

comparison, a one-way ANOVA was used. P-values were derived from
Dunnet's post hoc test after mixed linear modelling.

To test the potential association of methylation with the relative
expression of Gdnf mRNA and the different alcohol intake during the
trial, we used loglikelihood ratio tests comparing the different pre-
dictors against an empty model (including only CpG position as re-
peated measure and animal id as subject). Predictors were included one
at a time to avoid overfitting of the models. Only for the association
between mRNA expression and methylation we also tested for con-
founding effects of the factors group and sex. The results are presented
as mean ± standard error of the mean (SEM). P-values of less than
0.05 (two-tailed) were considered to indicate statistical significance.
The parameters were analyzed employing IBM SPSS Statistics for
Windows, Version 21.0. (Armonk, NY: IBM Corp.). Graph Pad Prism 7
(Graph Pad Inc., San Diego, CA) was used for data presentation.

3. Results

3.1. Alcohol withdrawal alters the expression of Gdnf in the VTA

First, we set out to replicate the results of Ahmadiantehrani and
colleagues (Ahmadiantehrani et al., 2014). Rats were trained in the
IA2BC procedure for seven weeks (average alcohol consumption in the
last drinking session: Alcohol group= 3.92 ± 0.61 g/kg; Withdrawal
group=3.74 ± 0.53 g/kg). We found that withdrawal from long-term
voluntary alcohol drinking was associated with a reduction in Gdnf
expression in the VTA (Fig. 3). The levels of Gdnf mRNA in the VTA
were upregulated back to baseline levels after a 24-h alcohol drinking
session (Main effect of Group: F (2, 17)= 5.35, p < 0.05). Post-hoc
analysis revealed that, compared to the Control group, the levels of
Gdnf mRNA were reduced in the Withdrawal group (all p < 0.05), but
not in the Alcohol group (p > 0.05).

Next, we assessed the levels of Gdnf expression in the NAc (Fig. 4).
We found that Gdnf expression in the NAc was upregulated following
the withdrawal from alcohol drinking, whereas the resumption of al-
cohol drinking rapidly downregulated the levels of Gdnf mRNA back to
the baseline level (Main effect of Group: F(2, 18)= 7.03, p < 0.01. Post-
hoc analysis: difference between Control and Withdrawal (p < 0.01),
but not between Control and Alcohol group (p > 0.05)). Our findings
suggest that acute withdrawal from alcohol following a prolonged
period of voluntary alcohol-drinking is characterized by fluctuations in
the Gdnf expression: downregulation in the VTA, and upregulation in
the NAc, whereas resumption of alcohol drinking regulates Gdnf ex-
pression back to the baseline levels in both regions.

3.2. Alcohol withdrawal alters the DNA methylation of the Gdnf gene

3.2.1. Gdnf promoter: negative regulatory element (NRE)
When unmethylated, the NRE acts as a repressor of the Gdnf tran-

scription and lies within exon 1 of the Gdnf genome (Tanaka et al.,
2000).

Methylation of the NRE significantly differed between the groups in
both brain tissues but not in the blood: VTA: F (2, 19)= 21.16;
p < 0.0001; NAc: F (2, 19)= 12.55; p < 0.0001; blood: F (2,

19)= 2.439; p= 0.085.

Fig. 2. Alcohol group (rats were euthanized immediately after a 24 h drinking session); Withdrawal group (rats were euthanized immediately after the last 24 h
withdrawal period).

H.B. Maier, et al. Journal of Psychiatric Research 121 (2020) 1–9

4

http://www.metabion.com/
http://www.metabion.com/
http://www.premierbiosoft.com/NetPrimer/AnalyzePrimer.jsp
https://secure.ngrl.org.uk/SNPCheck/snpcheck.htm


In the NAc, the NRE of the withdrawal group also showed sig-
nificantly lower methylation compared to the control group: with-
drawal vs. control q (19) = 3.606 p < 0.01 (Fig. 5).

In the VTA, the NRE of the withdrawal group was less methylated
compared to the control group: withdrawal vs. control q (19)= 5.677
p < 0.0001 (Fig. 6).

3.2.2. Gdnf: core promoter
The core promoter (CP) upstream of exon 1 initiates the transcrip-

tion of the Gdnf gene (Lamberti and Vicini, 2014). Methylation of the
core promoter significantly differed between the groups in both brain
tissues and also in blood: VTA: F (2, 10)= 4.19; P=0.015; NAC: F (2,

16)= 4.09; p=0.016; blood: F (2, 16)= 4.36; p=0.012. In the posthoc
tests, we only detected a significant difference between the alcohol
group and the control group in the NAc: q (16) = 3.421; p < 0.01
(Fig. 5).

3.3. Association between expression and methylation

In control animals, we found a negative association between me-
thylation of the core promoter and the mRNA expression in the VTA
(parameter estimates: β=−0.64; T(18)= 3.50; p=0.003) and in the
NAc (parameter estimate: β= -0.442; T(18)= 2.36; p= 0.027), as well
as a positive association between Gdnf expression in the NAc and me-
thylation of the core promoter in the VTA (parameter estimate:
β=0.632; T(13)= 2.94; p= 0.011). Furthermore, we found a negative
association between methylation of the NRE in the VTA with mRNA
expression in the VTA (parameter estimate: β=-0.414; T(68)= 3.75;
p=0.0003) and a positive association between NRE methylation and
mRNA expression in the NAc (parameter estimate: β=0.177;
T(68)= 2.204; p= 0.029).

In the alcohol group, we found a negative association between
methylation of the NRE in the VTA and Gdnf expression in the VTA
(parameter estimate: β= -0.267; T(68)= 2.932; p=0.004).
Additionally, we found a negative association between the methylation
of the NRE in the VTA and the Gdnf expression in the NAc (parameter
estimate: β=-0.611; T(68)= 8.164; p < 0.0001).

In the withdrawal group, we found a positive association between
the NRE methylation and the Gdnf expression in the NAc (parameter
estimate: β=0.464; T(68)= 6.455; p < 0.0001).

4. Discussion

Our study aimed to analyze alterations in Gdnf promoter methyla-
tion and Gdnf mRNA expression in alcohol-drinking rats during alcohol
consumption and withdrawal. In the NAc, a 24-h withdrawal period led
to a significant increase in the expression of Gdnf mRNA and a decrease
in methylation of the negative regulatory element (NRE). In the VTA,
withdrawal led to a significant decrease of GdnfmRNA expression and a
reduction in the methylation of the NRE.

Demethylation of the NRE with subsequent binding of repressor
elements usually leads to a suppression of mRNA expression (Lamberti
and Vicini, 2014; Tanaka et al., 2000). Indeed, the Gdnf mRNA ex-
pression in the VTA of the withdrawal group was reduced compared to

Fig. 3. Fig. 3 shows the mRNA expression in the VTA. Error bars show the
standard error of the mean (SEM), * indicates p < 0.05 in posthoc analysis.

Fig. 4. Fig. 4 shows the mRNA expression in the NAc. Error bars show the
standard error of the mean (SEM), * indicates p < 0.05 in posthoc analysis.

Fig. 5. Fig. 5 shows the estimated marginal means of the DNA methylation (CP
= Core Promoter; NRE = negative regulatory element) levels of all three
groups and the NAc. Error bars show the standard error of the mean (SEM), *
indicates p < 0.05 in posthoc analysis.

Fig. 6. Fig. 6 shows the estimated marginal means of the DNA methylation (CP
= Core Promoter; NRE = negative regulatory element) levels of all three
groups and the VTA. Error bars show the standard error of the mean (SEM), *
indicates p < 0.05 in posthoc analysis.
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controls, an effect expected following reduced methylation in the NRE
of the promoter. Moreover, the reduced Gdnf mRNA expression in the
VTA after withdrawal is in line with previous findings (Barak et al.,
2018; Ahmadiantehrani et al., 2014). This deficient Gdnf mRNA ex-
pression in the VTA was shown to cause increases in alcohol con-
sumption (Barak et al., 2018; Ahmadiantehrani et al., 2014).

We found that Gdnf mRNA expression in the NAc was significantly
higher after a 24-h withdrawal period when compared to water-
drinking controls. Conversely, the methylation rate of the NRE was
significantly lower in the withdrawal group, and there was no differ-
ence in the methylation rate of the core promoter. This discrepancy
between the increased Gdnf mRNA expression and the decreased me-
thylation rate in the NRE could reflect compensatory mechanisms
during withdrawal to reverse the DA deficiency through Gdnf mRNA
expression. Furthermore, our results may suggest that methylation of
specific elements of the promoter region of the Gdnf gene are associated
with opposite effects, since the reduced methylation of the NRE in both
brain regions in the withdrawal group led to opposing mRNA expres-
sion levels.

We found that in the control group, the core promoter methylation
was negatively correlated with the Gdnf mRNA expression in both the
NAc and VTA - suggesting a regulatory mechanism of core promoter
methylation on expression levels in different regions (Fig. 7, for further
details see Supplementary Fig. S1). One possible regulation mechanism
could be the impairment through alcohol consumption: in the group
taken after an alcohol-drinking session, the core promoter was sig-
nificantly less methylated in the NAc, which would suggest higher Gdnf
expression compared to the control group instead of same level. A po-
tential mediator for the regulative effects of alcohol on the core pro-
moter of Gdnf is cAMP-Responsive Element Binding Protein (CREB),
one of the crucial transcription factors for the activation of gene tran-
scription. In its phosphorylated state, CREB can bind to cAMP-Re-
sponsive Elements (CRE) in a gene's promoter and initiate its tran-
scription (Rani et al., 2005; Bito, 1998; Weeber and Sweatt, 2002;
Shaywitz and Greenberg, 1999). Additionally, CREB1 can bind to spe-
cific methylated non-CpG sites and activate the transcription of genes
(Syed et al., 2016). Alcohol is known to interfere with CRE (Palmisano
and Pandey, 2017), of which at least three putative sites exist in the
core promoter of Gdnf, (Lamberti and Vicini, 2014). For example, Rani
and colleagues showed an increase in CREB activity during long-term
alcohol treatment in vitro (Rani et al., 2005), whereas Pandey and
colleagues reported a significant decrease in phosphorylated CREB
during withdrawal in specific brain regions (Pandey et al., 2001a,
2001b). Moreover, a decrease in the likelihood of forming of the CREB-
CRE complex was reported in G108-15 cells incubated in alcohol con-
centrations which are occurring in the blood of intoxicated humans
(Osugi et al., 1991). Finally, acute exposure to alcohol increased CREB
phosphorylation in the rat cerebellum, while no effect following
chronic alcohol exposure was observed (Yang et al., 1996). In a later
experiment, Yang and colleagues found that the CREB phosphorylation
is altered by chronic alcohol exposure in the rat striatum, potentially

impairing gene transcription (Yang et al., 1998). Thus, it is possible that
the effects of alcohol on Gdnf expression are mediated by the effects of
alcohol on CREB (Fig. 7).

Therefore, during alcohol consumption the usual pathway of Gdnf
transcription via core promoter might be blocked and the NRE me-
thylation seems to become the main regulatory route for Gdnf expres-
sion. Underlining this hypothesis, we found an association between
Gdnf mRNA expression and lower methylation of the NRE in the VTA.
Consequently, repressor elements can bind in the VTA, leading to a
decreased Gdnf expression. Furthermore, we found a strong association
between the Gdnf mRNA expression in the NAc and the reduced me-
thylation of the NRE in the VTA. Since Gdnf was suggested to be
transported retrogradely from the NAc to the VTA (Wang et al., 2010),
our findings could point to a negative feedback loop within the VTA and
the NAc-derived Gdnf during alcohol consumption (see Supplementary
Figs. S2A and S2B). Additionally, Gdnf mRNA expression in the NAc
was increased significantly in the withdrawal group, presumably due to
the reduced core promoter methylation during alcohol consumption,
and the loss of the blocking alcohol effect. It is possible that the ret-
rograde transport of NAc-derived Gdnf to the VTA (Wang et al., 2010)
leads to a downregulation of the methylation of the NRE in the VTA
which therefore downregulates Gdnf mRNA expression in the VTA. We
conclude from our findings that Gdnf transcription is most likely
regulated via the core promoter, while alcohol consumption leads to a
regulation via NRE through changes in the methylation pattern. These
alterations are reversed after alcohol consumption is terminated. Fur-
thermore, our findings could suggest the possibility of a negative
feedback loop between the increase of Gdnf expression in the NAc and
the decrease of methylation of the NRE in the VTA during withdrawal.
However, our results are only preliminary, and further mechanistic
studies are required.

Interestingly, Barak and colleagues demonstrated a positive auto-
regulation of Gdnf levels locally in the VTA (Barak et al., 2011b). In that
study, Barak and colleagues injected recombinant Gdnf into the VTA of
male Long-Evans rats and were able to show the maintenance of de
novo protein synthesis. Furthermore, they could even show a long-
lasting suppression of alcohol consumption (Barak et al., 2011b). They
also stated, that the positive feedback cycle must be terminated at some
point and that a positive and negative feedback loop must co-exist for
the regulation of Gdnf. Thus, it is possible that the negative regulatory
mechanisms we suggested here may be the mechanism that stops the
positive autoregulation of Gdnf in the VTA.

It is also possible that this difference could be due to the different rat
strains (Long-Evans vs. Wistar) as we did not assess the protein com-
plexes needed for transcription: Uchida and colleagues for example
showed that chronic mild stress increased the DNA-methylation in two
different mouse strains. Interestingly, the mouse strain that developed
depressive behavior had decreased Gdnf expression levels. The other
mouse strain – not susceptible to depressive behavior – had normal
Gdnf expression levels. Uchida and colleagues furthermore hypothe-
sized that Gdnf expression in the mouse strain not susceptible for

Fig. 7. Normal Regulation of the Gdnf gene with its core promoter (CP) and the Negative Regulatory Element (NRE) is shown.
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depressive behavior was induced by the complex of MeCP2 (methyl
CpG binding protein 2) - CREB (cAMP response element-binding pro-
tein) binding to the methylated CpG site. On the other hand; the re-
pression of Gdnf in the mouse strain susceptible for depression could be
caused by MeCP2 – HDAC2 (Histone deacetylase 2) (Uchida et al.,
2011). MeCP2 was long thought of as a transcriptional repressor. In line
with the findings of Uchida and colleagues, Chahrour and colleagues
showed in their study that MeCP2 is associated with CREB and acti-
vated genes in an in vivo mouse model (Chahrour et al., 2008) and
additionally they propose a negative regulatory loop in between MeCP2
and CREB (MeCP2 activates CREB1; CREB1 induces miR132 leading to
a decrease of MeCP2). MeCP2 has multifunctional roles concerning
gene expression and can operate as a transcription activator or re-
pressor dependent from its environment (Li et al., 2014).

In the IA2BC procedure, typically 60–70 percent of the rats become
excessive drinkers, but others maintain moderate alcohol consumption
(low drinkers) (Ahmadiantehrani et al., 2014; Carnicella et al., 2014).
Low alcohol-drinking rats show higher levels of Gdnf expression in the
VTA (Barak et al., 2018; Ahmadiantehrani et al., 2014). In the present
study, the Wistar rats did not reach excessive alcohol drinking levels
comparable to those of the Long-Evans rats in the previous study by
Ahmadiantehrani and colleagues (Ahmadiantehrani et al., 2014). In
fact, the rats in the present study are more likely to resemble the low
drinker group of the aforementioned study (Ahmadiantehrani et al.,
2014). An intriguing possibility is that the reason for the relatively low
alcohol drinking in the present study lies in the NAc as the primary
source of Gdnf in the mesolimbic system. Specifically, as Gdnf is already
available during withdrawal (significantly higher mRNA expression in
the NAc compared to controls), the Wistar rats in the present study
drank lower quantities of alcohol compared to those consumed by the
Long-Evans rats in the study by Ahmadiantehrani and colleagues
(Ahmadiantehrani et al., 2014).

Gdnf was suggested as an alcohol-responsive gene, which is upre-
gulated in response to short-term alcohol intake but downregulated
during withdrawal (Barak et al., 2018). This hypothesis is supported by
our DNA methylation results, as we found lower methylation in the NRE
in the VTA of the withdrawal group compared to controls. We found
that a 24-h alcohol-drinking session after withdrawal led to a restora-
tion of Gdnf mRNA expression in the VTA to levels similar to those of
water-drinking controls. This finding is in line with the previous report
of Ahmadiantehrani and colleagues (Ahmadiantehrani et al., 2014).
These fluctuations in Gdnf expression during intermittent alcohol
drinking were suggested to reflect a progressive dysregulation in the
expression of Gdnf, in response to excessive alcohol drinking, and to
contribute to the escalation in drinking (Barak et al., 2018). Thus, at the
beginning of the alcohol-drinking protocol, alcohol intake leads to an
elevation of Gdnf expression in the VTA, and presumably to protection
from alcohol drinking escalation. However, the progressively increasing
amounts of alcohol consumption are followed by downregulation in
Gdnf expression in this brain region during withdrawal. Finally, Gdnf
expression levels are restored to basal levels through excessive alcohol
consumption (Barak et al., 2018).

Deprivation of alcohol is a stressor for alcohol addicted humans and
rodents. It has been shown that Gdnf expression and its promoter me-
thylation is altered due to chronic stress in rodent models (Mpofana
et al., 2016; Uchida et al., 2011) and in humans with alcohol exposure
(Nesic and Duka, 2006) and without alcohol exposure (Lin and Tseng,
2015). Additionally, the mesolimbic dopamine system is likely involved
in the formation of susceptibility and resistance responses to chronic
stress (Uchida et al., 2011) and is known to play a vital role in alcohol
addiction (Di Chiara and Imperato, 1988; Volkow et al., 2007).
Therefore, the alteration of Gdnf expression and the epigenetic changes
found in our study could indicate that there is interplay between stress
and alcohol-induced modifications.

We found no significant differences between the groups in the
peripheral blood DNA methylation rates of the Gdnf gene promoter in

neither of the fragments (data not shown). Unfortunately, there are no
studies concerning the assessment of the Gdnf methylation and its re-
lationship to peripheral Gdnf expression in humans. Interestingly, al-
tered Gdnf serum levels in humans with alcohol addiction were re-
ported (Heberlein et al., 2010; Lhullier et al., 2015), Importantly, the
levels of alcohol consumed in the present study cannot reflect levels of
consumption in alcohol use disorder, and it is possible that blood DNA
methylation changes could only be detected at very high alcohol intake
levels seen in alcohol addiction, rather than in moderate alcohol con-
sumption. Additionally, it remains elusive whether the peripheral me-
thylation rate reflects the brain Gdnf methylation rate, as the primary
source of peripheral Gdnf are white blood cells (Otsuki et al., 2008).
Besides, it is unclear whether plasma or serum Gdnf concentrations
correlate with brain Gdnf concentrations. A clinical study examining
patients with Alzheimer's disease indicates that peripheral and cerebral
Gdnf levels in healthy controls do correlate, but not in patients with
Alzheimer's disease (Straten et al., 2009). It is important to note that we
did not assess the peripheral Gdnf mRNA levels or cerebrospinal fluid
Gdnf mRNA levels so that this association remains elusive. Besides,
changes in mRNA levels do not fully reflect changes in protein levels.
Additionally, only a weak correlation between DNA methylation and
gene-expression is possible. Another limitation of our study is the non-
specific bisulfite conversion as we cannot assess 5-hydro-
xymethylcytosine (5hmC) which is known as a precursor to demethy-
lation. 5hmC levels range from approximately 0.4–0.7% of the total
cytosine content in the brain (Kriaucionis and Heintz, 2009; Globisch
et al., 2010; Munzel et al., 2010; Song et al., 2011). The function of
5hmC in gene regulation remains largely unknown (Guo et al., 2011).

Taken together, our results indicate that the alteration of meso-
limbic Gdnf mRNA expression during intermittent alcohol consumption
and withdrawal correlates, and is possibly mediated by epigenetic
changes in the DNA methylation at the core promoter and the NRE of
the Gdnf gene. Moreover, our results point to a possible negative
feedback loop within the VTA and NAc during alcohol consumption and
withdrawal, although further studies are necessary to confirm these
preliminary findings. Additionally, clinical studies are essential to in-
vestigate the role of Gdnf DNA methylation in individuals at risk of
developing alcohol use disorder. Finally, our findings further mark Gdnf
as a promising target for pharmacological intervention for people suf-
fering from alcohol addiction.
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