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Abstract
Alcohol exposure affects neuronal plasticity in the adult and developing brain. Astrocytes play a
major role in modulating neuronal plasticity and are a target of ethanol. Tissue plasminogen
activator (tPA) plays a major role in modulating neuronal plasticity by degrading the extracellular
matrix proteins including fibronectin and laminin and is upregulated by ethanol in vivo. In this
study we explored the hypothesis that ethanol affects DNA methylation in astrocytes thereby
increasing expression and release of tPA. It was found that ethanol increased tPA mRNA levels,
an effect mimicked by an inhibitor of DNA methyltransferase (DNMT) activity. Ethanol also
increased tPA protein expression and release, inhibited DNMT activity with a corresponding
decrease in DNA methylation levels of the tPA promoter. Furthermore, it was observed that
protein levels of DNMT3A, but not DNMT1, were reduced in astrocytes after ethanol exposure.
These novel studies show that ethanol inhibits DNA methylation in astrocytes leading to increased
tPA expression and release; this effect may be involved in astrocyte-mediated inhibition of
neuronal plasticity by alcohol.
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Introduction
Alcohol affects epigenetic mechanisms, including histone acetylation, DNA methylation,
and non-coding micro RNAs, in the developing and adult brain and in embryo and neural
stem cell cultures (Liu et al. 2009, Moonat et al. 2013, Sathyan et al. 2007, Zhou et al. 2011,
Govorko et al. 2012) indicating that the epigenetic dysregulation of gene expression plays a
role in the pathophysiology of alcoholism and fetal alcohol spectrum disorders (FASD).
Both these conditions, caused by ethanol abuse, result in structural brain abnormalities
associated with behavioral anomalies and psychiatric disorders (Boden and Fergusson 2011,
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Harper and Matsumoto 2005, He et al. 2005, Lebel et al. 2012, Riley et al. 2011, Streissguth
and O'Malley 2000).

Methylation of cytosine residues at the position C5 of CpG sites in the DNA is associated
with condensed chromatin and subsequent inhibition of gene transcription whereas low
DNA methylation is associated with open chromatin and increased transcription. DNA
methylation is catalyzed by DNA methyltransferases (DNMTs), which include DNMT1, 3A,
and 3B (MacDonald and Roskams 2009).

Ethanol delays the DNA methylation program, decreases promoter methylation, and
increases expression of genes involved in development in mouse embryos and neural stem
cells in vitro (Liu et al. 2009, Zhou et al. 2011).

Astrocytes play a major role in regulating neuronal plasticity both in the developing and
adult brain as they release factors that promote or inhibit neuronal development (Asher et al.
2000, Hamel et al. 2005, Tom et al. 2004). Our group and others have reported that neurite
outgrowth is modulated by the release of the neuritogenic extracellular matrix (ECM)
proteins laminin and fibronectin from astrocytes (Guizzetti et al. 2008, Martinez and Gomes
2002, Tom et al. 2004). We have also reported that ethanol reduces the extracellular levels
of laminin and fibronectin in astrocytes and inhibits neuritogenesis (Guizzetti et al. 2010).
Interestingly, alcohol abuse and prenatal alcohol exposure are associated with reduced
neuronal plasticity (Harper and Matsumoto 2005, He et al. 2005, Lebel et al. 2012).

The serine protease tissue plasminogen activator (tPA) promotes the formation of the
proteolytic enzyme plasmin from its zymogen plasminogen; plasmin is an extracellular
protease, which degrades ECM components including fibronectin and laminin (Dellas and
Loskutoff 2005, Irigoyen et al. 1999). Tissue-PA is upregulated by alcohol in the brain of
animal models of both alcoholism and FASD, where it reduces the levels of laminin and
causes neurodegeneration (Noel et al. 2011, Skrzypiec et al. 2009). Tissue-PA is highly
expressed by astrocytes and is upregulated by astrocyte activation (Ganesh and Chintala
2011).

In the present study we investigated the hypothesis that ethanol inhibits DNA methylation in
astrocytes and increases the expression and the release of tPA.

Materials and Methods
Materials

Tissue culture medium, fetal bovine serum (FBS), MethylMiner™ methylated DNA kit,
High-Capacity cDNA Reverse Transcription Kits were from Life Technology (Carlsbad,
CA). EpiQuik™ Nuclear Extraction Kit I and EpiQuik™ DNA Methyltransferase Activity/
Inhibition Assay Ultra Kit were from Epigentek (Brooklyn, NY). Time-pregnant Sprague-
Dawley rats were purchased from Charles River (Wilmington, MA). Rat tPA Total Antigen
Assay ELISA kit was from Innovative Research (Novi, MI). DNeasy Blood & Tissue Kit,
QIAquick PCR Purification Kit, and RNeasy Plus Mini Kit were purchased from Qiagen
(Valencia, CA). The protease inhibitor cocktail was from Roche (Indianapolis, IN). The
BCA Protein Assay Reagent was from Thermo Scientific (Rockford, IL). DNMT1,
DNMT3A, DNMT3B antibody were from Santa Cruz (Santa Cruz, CA). All other chemicals
were from Sigma Chemical Co. (St. Louis, MO).

Animals
Time-pregnant Sprague-Dawley rats were housed in a temperature-controlled room with a
12/12 hr light/dark cycle with food and water provided ad libitum. All rat procedures were
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performed in accordance with the National Institute of Health Guidelines for the Care and
Use of Laboratory Animals and approved by the Institutional Animal Care and Use
Committee.

Cell culture
Primary cortical astrocytes were prepared from E21 Sprague-Dawley fetuses, as previously
described (Guizzetti et al. 1996) and were shown to be >95% GFAP positive. Astrocytes
were grown in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% FBS,
100units/ml penicillin, and 100µg/ml streptomycin (FBS/DMEM medium). The treatments
were carried out in serum-free DMEM supplemented with 0.1% Bovine Serum Albumin
(BSA) and antibiotics.

Ethanol and 5-Aza-2′-deoxycytidine treatments
To reduce ethanol evaporation, ethanol incubations were carried out in sealed chambers,
under an atmosphere of 5% CO2 and 95% air as previously described (Guizzetti et al. 2007).

The alcohol concentrations used in this study (25, 50, and 75 mM corresponding to 0.115,
0.23, and 0.35 g/dl, respectively) are clinically relevant as they can be found in the blood of
individuals with problems of alcohol dependence (Adachi et al. 1991) and are within the
range of concentrations recommended for in vitro studies (Deitrich and Harris 1996).

Ethanol incubations were carried out continuously for 24 or 48 hours, which, in
differentiated cells in vitro, are considered protracted incubations resulting in homeostatic
responses (Lindsley and Mazurkiewicz 2013).

To inhibit DNMT activity, astrocytes were treated with 2.5 µM 5-Aza-2′-deoxycytidine (5-
AzaC) for 40 h.

DNA Methylation assay
DNA was isolated from cortical rat astrocytes using the DNeasy Blood & Tissue Kit,
fragmented by sonication, and subjected to MethylMiner™ methylated DNA kit enrichment
according to the manufacturer's protocol to precipitate methylated DNA and input samples
were collected before the precipitation. The precipitated, methylated DNA was further
purified using the QIAquick PCR Purification Kit. DNA methylation levels in the promoter
region of tPA were determined by quantitative PCR using the Stratagene MxPro-Mx3000P
Systems and SYBR green assay. Tissue-PA primers include forward,
AGCTTAGAGCCGCACATCCTTACA, and reverse, CTTGGCTTGACGCCAGCTTGATTA.
Data were calculated as 2−ΔΔCT (ΔCT= target gene CT – input CT) and expressed as fold
change over control as previously described (Livak and Schmittgen 2001).

RNA extraction and gene expression
RNA was isolated from astrocytes using the RNeasy Plus Mini Kit and transcribed into
cDNA using High-Capacity cDNA Reverse Transcription Kits and gene expression was
determined by quantitative real time PCR as previously described (Chen et al. 2013).
Primers for DNMT1 were: forward, CCATGTTGCCGGGGGCTGAG; reverse,
TCGGCTGGGTCTTGGGTGGG; for DNMT3A were: forward,
AGGAAGCCCATCCGGGTGCTA; reverse, AGCGGTCCACTTGGATGCCC; for DNMT3B
were: forward, TACCAAGTCTCGGAGGCGGCG; reverse,
AGCTCGATGCTGGCAGGGGA. Tissue- PA primers were: forward,
AGCAAGGCACGGGACACGGA; reverse, GGTCAGGCAACGTGAACGCC. Reference
gene β-actin primers were: GCGTCCACCCGCGAGTACAA (forward) and
TCCATGGCGAACTGGTGGCG (reverse). Data were calculated as 2−ΔΔCT (ΔCT= target
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gene CT –β-actin CT) and expressed as fold change over control as previously described
(Livak and Schmittgen 2001).

DNMT Activity
Nuclear protein fractions were prepared using a nuclear extraction kit and nuclear proteins
were quantified using the BCA Protein Assay measurement; 10 µg nuclear proteins were
used to measure DNMT activity by the EpiQuik™ DNA Methyltransferase Activity/
Inhibition Assay Ultra Kit following the manufacturer’s protocol. The results were
calculated as O.D./ µg/hr.

tPA ELISA
Tissue-PA protein levels were determined in the cell extracts and in the media of control and
ethanol-treated astrocytes using the rat tPA Total Antigen Assay kit following the
manufacture’s protocol.

Western Blot Analysis
After ethanol treatment, cells were lysed in cell lysis buffer supplemented with a protease
inhibitor cocktail; Western blot analysis was carried out as previously described (Guizzetti
et al. 2007). DNMT1, 3A, and 3B antibodies (dilution 1:500) were incubated overnight at
4°C; the HRP-conjugated secondary antibody (dilution 1:5,000) was incubated for 1 h at
room temperature.

Statistical Analysis
Student’s t-test (for one-to-one comparisons) or one-way ANOVA followed by Dunnett’s
Post Hoc test (for multiple comparisons to one control) were used to determine significant
differences from controls.

Results
In the present study we investigated the effect of ethanol on tPA mRNA and protein levels
in astrocytes. Ethanol treatment (24h) increased tPA mRNA levels in a dose-dependent
manner with the lowest effective concentration at 25 mM (Fig. 1 A). The subsequent
experiments were therefore carried out using a single ethanol concentration of 75 mM.
Alcohol significantly increased cellular levels of tPA protein expression, measured by
ELISA in cell lysate extracts (Fig. 1 B). Interestingly, ethanol also increased the levels of
released tPA quantified in astrocyte-conditioned medium (Fig. 1 C), a biologically relevant
finding since extracellular tPA can access and proteolytically activate the extracellular
protease plasmin.

Similarly to what was found with ethanol, the DNMT inhibitor 5-AzaC significantly
increased tPA mRNA levels in astrocytes (Fig. 1 D).

In order to investigate whether the effect of ethanol on tPA expression was indeed mediated
by DNA methylation, we measured DNMT activity in astrocytes treated with 75 mM
ethanol. DNMT activity was significantly inhibited after 24 and 48 h incubations, but not
after acute ethanol treatments (1 h incubations) (Fig. 2 A).

Furthermore, we tested the effect of ethanol on DNA methylation in the promoter region of
tPA, where we identified a region containing a high frequency of putative CpG sites (CpG
island) located from −295 to −60 with respect to the transcription initiation site. We
therefore designed a set of primers amplifying a 145 bp region from position −293 to −148
within the CpG island that included 5 CpG sites and also a cyclic adenosine monophosphate
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response element (CRE). Quantification of DNA methylation levels was carried out by using
the MethylMiner™ assay followed by qPCR quantification. We found that DNA
methylation in the promoter region of tPA was significantly reduced in ethanol-treated
astrocytes compared to control cells (Fig. 2 B).

These data indicate that ethanol increased the levels of tPA by inhibiting DNMT activity and
decreasing DNA methylation in the tPA promoter region.

We carried out Western blot analyses to investigate changes in DNMT isoform protein
levels in astrocyte cell lysates after 24 h exposure to ethanol (75 mM). DNMT1 (Fig. 3 A,
B) and DNMT3A (Fig. 3 C, D), but not DNMT3B (not shown) were detected by this method
in astrocytes. The protein levels of DNMT3A (Fig. 3 C, D), but not DNMT1 (Fig. 3 A, B),
were significantly reduced in astrocytes by ethanol exposure.

Lastly, we investigated the relative mRNA expression of the three DNMT isoforms. We
found that DNMT1 and DNMT3A were highly expressed in astrocytes, while DNMT3B
was expressed at a much lower level (Fig. 4 A), confirming the Western blot observation.
The three sets of primers used were over 90% efficient, therefore allowing for the
comparison of relative levels of expression of these genes in astrocytes. DNMT1 and 3A
mRNA levels were not affected by ethanol (Fig. 4 B-C).

Discussion
Astrocytes play a major role in regulating the composition of the ECM and in neuronal
plasticity (Asher et al. 2000, Hamel et al. 2005, Tom et al. 2004). Our working hypothesis is
that astrocytes respond to endogenous and exogenous stimuli by altering the release of pro-
neuritogenic and anti-neuritogenic factors and therefore have the ability to promote or
inhibit neuronal development. We have shown that ethanol inhibits carbachol-treated
astrocyte-mediated neuritogenesis in an astrocyte-neuron “sandwich” co-culture system in
which the two cell populations face each other without touching (Guizzetti et al. 2010);
ethanol also inhibits neuritogenesis mediated by astrocyte-neuron adhesion in a co-culture
model in which neurons are plated on top of treated astrocytes and the two cell types are
touching (Zhang et al, submitted). We also reported lower levels of neuritogenic
extracellular laminin, fibronectin, and PAI-1 levels in astrocytes after ethanol treatments
(Guizzetti et al. 2010).

In the present study, we investigated the effect of alcohol on the expression and release of
tPA, an activator of the extracellular proteolytic enzyme plasmin, which triggers the
degradation of ECM proteins (Dellas and Loskutoff 2005, Irigoyen et al. 1999). We found
that ethanol increased tPA expression and release through the inhibition of DNMT activity
and the decrease in DNA methylation at the tPA promoter in astrocyte cultures. The
involvement of DNMT inhibition in the regulation of tPA expression was corroborated by
the finding that the DNMT inhibitor 5-AzaC increased tPA mRNA levels in astrocytes (Fig.
1 D). The fact that tPA expression is regulated by DNA methylation in human cells
(Dunoyer-Geindre and Kruithof 2011) makes our studies translationally relevant.

The current study also characterized the DNMT isoforms expressed by astrocytes and
identified DNMT3A as the likely target of ethanol inhibition (Fig. 3 C, D). The effect of
ethanol on DNMT activity and DNMT3A protein levels does not appear to be mediated by
altered gene expression, as neither DNMT1 nor DNMT3A mRNA levels are affected (Fig. 4
A, B), and it may be due to increased DNMT3A protein degradation.

DNMT isoforms have overlapping roles in maintaining DNA methylation involved in
synaptic plasticity (Feng et al. 2010) and the silencing of a DNMT isoform may lead to
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compensatory upregulation of other isoforms (Kundakovic et al. 2009); however, ethanol-
induced reduction in DNMT3A protein levels did not cause a compensatory increase in
other DNMT isoforms therefore resulting in an overall decrease in DNMT activity, as
reported here.

In vivo, ethanol is reported to increase tPA levels and decrease laminin in the brain
parenchyma of adult mice following chronic exposure and in a mouse model of FASD (Noel
et al. 2011, Skrzypiec et al. 2009). The effect of alcohol on tPA and laminin has been
implicated in alcohol-induced neurodegeneration (Noel et al. 2011, Skrzypiec et al. 2009).
Recently, it became apparent that major proteolytic systems, including the plasminogen
activator system and matrix metalloproteases, are present in the brain parenchyma and,
because of their ability to modulate brain ECM, are involved in several brain pathologies
(Bonneh-Barkay and Wiley 2009).

In conclusion, this is the first study demonstrating that ethanol decreases DNMT activity and
DNA methylation in the promoter region of tPA, thereby increasing tPA expression in
astrocytes. Epigenetic changes induced by ethanol in astrocytes are likely to be involved in
the deleterious effects of alcohol in the developing and adult brain given the important role
played by these cells in regulating neuronal functions (Barres 2008).
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Abbreviation used

DNMT DNA methyltransferase

ECM extracellular matrix

FASD fetal alcohol spectrum disorders

PAI-1 plasminogen activator inhibitor-1

tPA tissue plasminogen activator
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Figure 1. Effect of ethanol and 5-AzaC on tPA expression in astrocytes
Primary rat cortical astrocytes were incubated in the presence or absence of 25, 50, or 75
mM ethanol for 24 h (A) or 2.5 µm 5-AzaC for 40 h (D). Total RNA was extracted and tPA
mRNA levels were quantified by qPCR. The results were normalized to β-actin mRNA and
expressed as fold change relatively to control. *: p < 0.05; **: p < 0.01; ***p < 0.001
compared with control by the Dunnett’s post-hoc test (A) or Student’s t-test (D) (n=4-6).
The cellular and released levels of tPA were measured by ELISA in astrocyte cell lysate (B)
and in astrocyte-conditioned medium (C) after 24 h incubations in the presence and in the
absence of 75 mM ethanol. *: p< 0.05; **: p< 0.01; compared with control by Student’s t
test (n=6).
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Figure 2. Effect of ethanol on nuclear DNMT activity and on DNA methylation in the promoter
region of tPA in astrocytes
A: DNMT activity was measured in the nuclear extracts of astrocytes treated with 75mM
ethanol for 1h, 24h, or 48 h (n=6). B: DNA was extracted from astrocytes treated with or
without 75 mM ethanol for 24 h. DNA methylation was determined by qPCR after
MethyMiner™ precipitation using specific primers described in the text, normalized to DNA
input, and expressed as fold change (n=5). **p< 0.0; ***p< 0.001 compared with control by
Student’s t test.
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Figure 3. Effect of ethanol on DNMT1 and DNMT3A proteins level in astrocytes
Primary rat cortical astrocytes were incubated for 24 h in the presence or absence of 75 mM
ethanol. Western blot analysis was carried out in the cell lysate of treated astrocytes. A, C:
Average optical density of DNMT1 and DNMT3A, respectively, normalized to β-actin and
expressed as percent of control. *p< 0.05 compared with control by Student’s t test (n=6).
Representative immunoblots of DNMT1 (upper image) and β-actin (lower image) (B) and
DNMT3A (upper image) and β-actin (lower image) (D) are shown.
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Figure 4. Relative expression of DNMT1, 3A, and 3B and effect of ethanol on DNMT1 and 3A
mRNA levels in astrocytes
A: Relative mRNA expression of DNMT1, 3A, and 3B in astrocytes. Data are expressed as
2−ΔCT (ΔCT= target gene CT -β-actin CT); shown is the mean (± SEM) of 6 independent
determinations. B: Primary rat cortical astrocytes were incubated for 24 h in the presence or
absence of 75 mM ethanol. Total RNA was extracted and DNMT1 and 3A mRNA levels
were quantified by qPCR. The results were normalized to β-actin mRNA and expressed as
fold change relatively to control (n=6).
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