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Abstract
Previous studies have demonstrated that alcohol use disorders (AUDs) are regulated by multiple
mechanisms such as neurotransmitters and enzymes. The neurotransmitter, serotonin (5-
hydroxytryptamine, 5-HT) may contribute to alcohol effects and serotonin receptors, including 5-
HT3, play an important role in AUDs. Recent studies have also implicated histone deacetylases
(HDACs) and acetyltransferases (HATS) in regulation of drug addiction, and HDAC inhibitors
(HDACi) have been reported as transcriptional modulators of monoaminergic neurotransmission.
Therefore, we hypothesize that HDACs may play a role in ethanol induced serotonergic
modulation. The effects of ethanol on serotonin and 5-HT3, and the role HDACs, HDAC activity
and the HDACi, trichostatin A (TSA), play in alcohol- induced serotonergic effects were studied.
Human SK-N-MC and neurons, were treated with ethanol (0.05, 0.1 and 0.2%), and/or TSA (50
nM), and 5-HT3 levels were assessed at 24-72 hrs. Gene expression was evaluated by qRT-PCR
and protein by western blot and flow cytometry. Serotonin release was assessed by ELISA and
HDAC activity by fluorometric assay. Our results show an increase in 5-HT3 gene after ethanol
treatment. Further, ethanol significantly increased HDACs 1 and 3 genes accompanied by an
increased in HDAC activity while TSA significantly inhibited HDACs. Studies with TSA show a
significant up-regulation of ethanol effects on 5-HT3, while surprisingly TSA inhibited ethanol-
induced serotonin production. These results suggest that ethanol affects 5-HT3 and serotonin
through mechanisms involving HDACs and HATs. In summary, our studies demonstrate some of
the novel properties of HDAC inhibitors and contribute to the understanding of the mechanisms
involve in alcohol-serotonergic modulation in the CNS.
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Introduction
Alcohol dependence (AD) is a complex addiction regulated by multiple mechanisms
including neurotransmitters and enzymes. One of the neurotransmitters that have been
linked to alcohol's effects on the CNS and immune systems and to alcohol abuse is
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serotonin. In our previous studies, we have reported that alcohol upregulates the serotonin
transporter (SERT) and the enzyme monoamine oxidase-A (MAO-A) in human dendritic
cells (Babu et al., 2009). Others, have reported genetic studies that implicate several
serotonin (5-Hydroxytryptamine, 5-HT) genes with multiple drug and alcohol addictions
(Crabbe et al., 2006; Lovinger, 1997; Tabakoff et al., 2009). For instance, some findings
have shown that 5-HT3 receptor overexpression decreases ethanol self administration in
transgenic mice (Engel et al., 1998); and other serotonin receptor and transporter studies
have been shown to regulate ethanol self-administration in animal models (Rodd et al.,
2010) and humans (Johnson et al., 2011). Clinical and preclinical findings have shown that
antagonism of the 5-HT3 receptor reduces alcohol consumption and some of its subjective
effects. (Engleman et al., 2008). Overall, from previous literature, it is clear that ethanol
modulation of 5-HT3 receptor-mediated responses may have important consequences in the
intoxicating and addictive properties of ethanol (Feinberg-Zadek and Davies, 2010).
However, such conflicting results regarding the effects of alcohol on these receptors and the
lack of knowledge on the mechanisms of action lead us to the search for novel research
studies involving ethanol, HDACs, and serotonin modulation in CNS cells.

Some of the mechanisms of interest are acetylation and deacetylation. Histone
acetyltransferases (HATs) and histone deacetylases (HDACs) are enzymes that add and
remove acetyl groups to and from target lysine residues within histones, respectively (Min-
Hao and Allis, 1998; Peterson and Laniel, 2004);
http://www3.interscience.wiley.com/cgi-bin/fulltext/119399306/main.html,ftx_abs- b28
resulting in regulation of gene expression, where HATs tend to be transcriptional activators
whereas HDACs tend to be repressors. The class I HDAC family members include HDACs
1, 2, 3 and 8. Recent reports suggest that class I HDACs may function together in
multiprotein complexes that bind and deacetylate transcription factors (Hildmann et al.,
2007). Overall, epigenetic mechanisms that alter the chromatin structure at specific gene
promoters have been demonstrated to play a major role in drug dependence through their
ability to regulate genes that induce drug reinforcement such as in the case of cocaine
addiction (Wang et al., 2009) . In terms of alcohol addiction, ethanol has been shown to
increase the acetylation of histone H3 in primary culture of rat hepatocytes (Park et al.,
2003). Further studies have indicated that ethanol exposure induces global protein
hyperacetylation which likely leads to major physiological consequences that contribute to
alcohol-induced hepatotoxicity (Shepard and Tuma, 2009). Such histone modifications have
been known to underlie the mechanisms involved in ethanol-induced cellular injury (Shukla
and Aroor, 2006). Although chromatin modifications including alterations in histones and
DNA, as well as epigenetic effects have been shown to be altered by alcohol (Mandrekar.,
2011); future studies are still needed to understand how the deacetylation and acetylation
activities are specifically coordinated leading to changes in gene expression.

HDAC inhibitors (HDACi) have recently been known to modulate genes involved in drug
addiction such as the µ opioid receptor gene (Lin et al., 2008), and decrease cocaine self
administration in rats (Romieu et al., 2008). However, very little is known about the
involvement of HDACi in alcohol use disorders, particularly their ability to modulate
serotonin and serotonin genes associated with alcohol addiction such as 5-HT3. Our
previous reports have indicated the ability of alcohol to induce enzymes and transporters
involved in serotonin neurotransmission such as MAO and SERT (Babu et al., 2009). Since
alcohol is known to affect the serotonin neurotransmitters that convert chemical signals
produced by serotonin into functional changes in the cells and drugs that act on these
neurotransmitters may affect alcohol intake in humans and animals (Lovinger, 1997); in the
present study, we will further analyze the effects of ethanol treatment on 5-HT3 and
serotonin release, and for the first time we will study the modulatory effect of the HDACi,
TSA, on the expression of 5-HT3 and serotonin release in the human neuroblastoma cell
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line, SK-N-MC and fetal brain derived primary neurons. Based on previous findings, we
hypothesize that alcohol modulates serotonin release and serotonin genes such as 5-HT3
while TSA will counteract the effects of ethanol on serotonin release and serotonin gene (5-
HT3) expression. Our research studies will analyze for the first time the epigenetic
mechanisms of ethanol-induced modulation of serotonin, specifically the ability of TSA to
modulate ethanol-effects on serotonin release and 5-HT3 gene expression, leading to new
insights on the promising role of HDACi on alcohol related effects.

Materials and methods
Culture of SK-N-MC and primary human fetal brain-derived neurons

The neuroblastoma cell line, SK-N-MC was purchased from ATCC (catalog # HTB-10,
Manassas, VA) and cultured in eagle's minimum essential medium (MEM) (catalog #
30-2003) supplemented with fetal bovine serum to a final concentration of 10% (catalog #
30-2020) and 1% antibiotic/antimycotic solution (Sigma-Aldrich, St. Louis, MO). For all the
experiments, SKN-MC were cultured at a concentration of 0.5 × 106 cells/ml in 6 well plates
overnight to allow them to reach at least 60% confluency before any further treatment.
Primary human fetal brain-derived neurons were purchased (catalog # 1520-5),
supplemented with neuronal media, and cultured as per manufacture's recommendations
(ScienCell, Carlsbad, CA). The major differences between both cell types are that the
primary neurons are mixed fetal-brain derived cells, while the SK-N-MC cells are derived
from a supra-orbital brain tumor.

Treatments
SK-N-MC and primary human neurons were treated with 0.05% (~10 mM), 0.1% (~20
mM), or 0.2% (~40 mM) ethanol. For the TSA experiments, after reaching confluency, the
cells were pre-treated for two hours with 50 nM TSA, then treated with 20 mM ethanol for
24 to 72 hrs. This concentration of TSA has been previously tested to be effective and
shown to inhibit HDAC 2 (Agudelo et al., 2011). For the ondansetron studies, the cells were
pre-incubated with ondansetron (1-100 uM) for two hours and then treated with TSA (50
nM). Ethanol (catalog # E7023), TSA (catalog # T1952), and ondansetron (catalog # O3639)
were obtained from Sigma-Aldrich. The medium was changed and reagents were
replenished every 24 hrs. At these concentrations, ethanol, TSA, and ondansetron did not
affect the viability of the cells as tested by MTT assay or trypan blue staining (data not
shown).

RNA extraction and quantitative real-time PCR (qRT-PCR)
SK-N-MC and primary neurons were harvested at different time points (0- 72 hrs), and the
RNA was extracted from the cell pellets using the RNAeasy mini kit from Qiagen (Valencia,
CA). The RNA was eluted and stored at -80 °C. Equal quantities of RNA (1ug) from all the
samples were reversed transcribed using the high-capacity cDNA reverse transcription kit
from Applied Biosystems (Foster City, CA) to perform qRT-PCR using Taqman gene
expression assays (Applied Biosystems) for the expression of 5-HT3A (Assay ID
Hs00356082_m1), HDAC 1 (Assay ID Hs02621185_s1), HDAC 2 (Assay ID
Hs00231032_m1), HDAC 3 (Assay ID Hs00187320_m1), and HDAC 8 (Assay ID
Hs00218503_m1) genes. GAPDH (Hs99999905_m1) and 18S rRNA (catalog # 4333760F)
were used as internal controls. Relative abundance of each mRNA species was assessed as
previously described by us (Agudelo et al., 2011). Relative mRNA species expression was
quantitated and expressed as transcript accumulation index (TAI=2-ΔΔCT), calculated using
the comparative CT method. All data were controlled for quantity of RNA input by
performing measurements on two endogenous reference genes GAPDH and 18S rRNA. The
18S rRNA control was used to rule out any modulatory effects caused by ethanol and TSA
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treatments on GAPDH. Results obtained from calculations normalized to 18S rRNA were
similar to results from calculations normalized to GAPDH. In addition, results on RNA from
treated samples were normalized to results obtained on RNA from control, untreated
samples. Although the 5-HT3 receptor is comprised of five subunits (Boess et al., 1995),
5HT3A is the subunit of interest due to its association with alcohol drinking (Hodge et al.,
2004).

HDAC activity assay
For the HDAC activity assay, SK-N-MC cells were harvested at different time points (24-72
hrs) and lysed followed by nuclear and cytoplasmic extraction using the nuclear extraction
kit from Active Motif (Carlsbad, CA). After obtaining the specific lysates, the HDAC
enzyme activity was measured with the fluorometric HDAC assay kit following the
manufacture's protocol (Active Motif) and as previously described in other HDAC activity
assays using nuclear and cytoplasmic lysates (Watson and Riccio, 2009). The fluorescent
HDAC assay kit utilizes a short peptide substrate that contains an acetylated lysine residue
that can be deacetylated by class I, II and IV HDAC Enzymes. HDAC enzyme activity in
pmoles/min/mg were calculated based on standard curve. Then, the amounts of HDAC
activity in pmoles/min/mg for each treated group were normalized to the respective control
groups from each time point. The fluorescence was measured in a BioTek microplate reader
with excitation wavelength at 360 nm and emission wavelength at 460 nm. Data are
representative of two individual experiments ran in duplicates.

Intracellular 5-HT3 receptor analysis by flow cytometry
To assess the levels of 5-HT3 protein in SK-N-MC, the cells were treated with 10-40 mM
ethanol, or 50 nM TSA. At 72 hrs, SK-N-MC (1 × 106 ) cells were harvested and aliquoted
in 12 × 75 mm polystyrene falcon tubes, catalog # 352058 (BD Biosciences, San Jose, CA),
blocked with human serum and normal goat serum (Chemicon International, Temecula,
CA), fixed, and permeabilized with cytofix/cytoperm solution (BD Bioscience). The 5-HT3
protein was detected with an unlabeled primary polyclonal antibody, rabbit anti-serotonin
receptor 3A (Millipore, Bedford, MA) and secondary antibody, goat anti-rabbit IgG
fluorescein (FITC)-conjugated (Millipore). Cells were incubated for 20 min. on ice with
both antibodies, washed, and resuspended in PBS containing 2% fetal calf serum. Cells were
acquired on an Accuri C6 flow cytometer (BD Accuri; Ann Arbor, MI) and analyzed with
FlowJo software (Tree Star, Inc.; Ashland, OR). A total of 10,000 events were collected for
each sample. Cells were gated based on unlabeled and secondary antibody controls. Cells
positive for specific protein are shown in the histograms with shifted mean fluorescence
intensity compared to controls. (figure 4c).

Western blot analysis
After 72 hours of alcohol treatment, the SK-N-MC cells were harvested, cell lysates were
prepared in protein extraction reagent (Pierce Biotechnology, Rockford, IL) containing
protease inhibitor (Pierce Biotechnology), shaken gently for 10 minutes, and centrifuged at
14,000 g for 10 minutes to get rid of cell debris. Protein levels were quantified using
Bradford protein assay reagent (Bio-Rad laboratories, Hercules, CA). Equal quantities of
protein (20 ug) were subjected to SDS-PAGE and transferred into a nitrocellulose
membrane (Bio-Rad laboratories), blocked with 10% nonfat dry milk, washed with tris-
buffered saline-tween 20 (TBST), and incubated overnight with primary antibody, rabbit
anti-serotonin receptor 3A (Millipore) or rabbit anti-GAPDH as loading control (sigma).
After overnight incubation, the membranes were washed and incubated for 1 hr. with
secondary antibody, goat anti-rabbit IgG horseradish peroxidase (HRP)-conjugated
(Millipore). The blots were developed using the super signal west pico chemiluminescent
substrate (Pierce Biotechnology).
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Serotonin detection
SK-N-MC cells were harvested and the cell culture supernatants were collected at 72 hrs.
Serotonin levels in the supernatants were detected as per manufacture's recommendations
with a competitive ELISA kit obtained from GenWay Biotech (San Diego, CA). Amounts of
serotonin (nmol/L) were calculated based on the standard curve created with known
standards provided by the manufacture. The optical density was measured in a BioTek
microplate reader (Winooski, VT) at 405 nm within 60 minutes after adding the stop
solution. Data are representative of three individual experiments performed in duplicates.

Statistics
Experiments were performed at least three times in duplicates unless otherwise indicated in
the figure legend. The values obtained were averaged and data are represented as the mean
±SE. All the data were analyzed using GraphPad Prism software. Comparisons between
groups were performed using one-way ANOVA and Dunnett's Multiple Comparison post
test. Differences were considered significant at p ≤ 0.05.

Results
Ethanol modulates 5-HT3 gene

Data presented on figure 1 show the dose response and kinetic effects of 0.1-0.2% (~20 mM
- 40 mM) ethanol on 5-HT3 gene expression in SK-N-MC cells. There is no significant
effect on 5-HT3 gene expression at 24 hrs, but the expression is significantly up-regulated
by 48 and 72 hrs, specially the 0.1 % ethanol treatment dose. Based on the dose-response
and kinetic results, 0.1% and the 48 hr. time point were selected to perform subsequent gene
expression studies. 0.1% is also a physiological significant concentration because it is close
to the legal blood alcohol concentration of 0.08%. The ethanol concentrations used are non-
toxic and do not affect cell viability as demonstrated by MTT cell viability assay and trypan
blue cell count (data not shown).

Ethanol induces HDACs 1 and 3 genes
Recent studies have demonstrated that HDACs play a major role in drug dependence
through their ability to regulate other genes. Our lab has demonstrated that ethanol
significantly upregulates HDAC2 and reactive oxygen species (ROS) production while the
HDACi, TSA, has neuroprotective effects and significantly reduces ROS (Agudelo et al.,
2011). Further, HDACi have recently been known to modulate genes involved in drug
addiction such as the μ opioid receptor gene (Lin et al., 2008). In particular, TSA is a widely
use HDACi known to inhibit most of the class I HDACs; therefore, in this set of
experiments, we tested the ability of TSA to inhibit genes from the class I HDAC family of
enzymes, and subsequently measured the effects of the inhibition of HDACs 1, 2, 3 and 8 on
the expression of 5-HT3.

Data on figure 2 show a significant upregulation of HDACs 1 and 3 genes in SK-N-MC
cells treated with ethanol (~20 mM). Further, treatment with TSA alone or TSA (50 nM)
prior to ethanol (~20 mM) resulted in a significant inhibition of HDACs 1 and 3 as expected.
HDAC2 upregulation after ethanol treatment and inhibition after TSA treatment was
reported previously by us (Agudelo et al., 2011). HDAC8 was tested in this study; however,
there was no significant upregulation of HDAC8 after ethanol treatment and TSA did not
inhibited HDAC8 (data not shown). TSA is a nonspecific inhibitor and the mechanisms of
action in terms of specificity of inhibition of the class I HDACs 1, 2, 3, and 8 are not fully
understood.
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Ethanol induces HDAC activity
From our results above, we know that alcohol induces HDACs 1 and 3 genes and that TSA
is significantly inhibiting HDACs 1 and 3 by 48 hrs. Therefore, in this set of experiments,
we measured HDAC activity in nuclear and cytoplasmic extracts from SK-N-MC at
different time points, 24-72 hrs, (Figure 3). Overall, the nuclear activity levels are lower
than the cytoplasmic levels. Interestingly, the nuclear HDAC activity of the ethanol treated
samples is lower than the control at 24 hrs, but increases significantly over time (48 and 72
hrs). While at early time points (24 and 48 hrs), the HDAC cytoplasmic activity is
significantly higher compared to the controls, it peaks by 48 hrs and goes down by 72 hrs.
Overall, the nuclear and cytoplasmic HDAC activities seem to be inversely proportional at
early time points (24 and 48 hrs), but normalized to similar levels by 72 hrs.

TSA significantly enhances ethanol effects on 5-HT3
After confirming an increase in HDAC gene expression and activity after ethanol treatment,
and the inhibition of HDACs 1 and 3 genes with TSA, we proceeded to measure the
expression of the 5-HT3 gene, and surprisingly there was a significant increase in 5-HT3
expression in TSA and TSA + ethanol treated cells (figure 4a). Since alcohol and TSA are
known to have neuromodulatory properties, we wanted to compare their effect on cells with
neurogenic origin.

Therefore, primary fetal brain-derived neurons and the cell line SK-N-MC were used in our
studies. Alcohol and TSA are having similar effects on 5-HT3 gene in both cell models with
TSA having a more robust and significant effect compared to ethanol, suggesting a role of
TSA in neuromodulation of both types of neurons. For all subsequent studies, SK-N-MC
cells were used.

Besides gene expression studies, we also determined protein expression by western blot and
flow cytometry. SK-N-MC were treated with ethanol (20 mM), TSA (50 nM), or pretreated
for 2 hrs with TSA and treated with ethanol for 72 hrs. Then, the cell lysates or the cell
pellets were analyzed by immunoblotting and immunofluorescence, respectively. Data in
figure 4b show an increase in protein levels of 5HT3 after treatment with ethanol compared
to the control, and this effect is significantly enhanced after TSA treatment as shown by
western blot and flow cytometry (figures 4b and 4c). These results are consistent with the
gene expression results presented in figure 4a.

The effects of TSA on 5-HT3 are blocked by the 5-HT3 antagonist, ondansetron
Although ondansetron works on the ion channel protein (5-HT3), the interaction of
ondansetron and TSA may be resulting in activation of other receptors, which can have
effects on the regulation of gene expression such as in the case of serotonin activation of G-
protein coupled receptors (GPCRs). It is well established that GPCRs interact with G-
proteins to activate many intracellular signaling pathways and modulate ion channel
function (Bertil, 1994). Serotonin activation of GPCRs will result in the induction of second-
messengers, which can affect ion channels or act on the nucleus to alter gene expression
(Lovinger, 1997). In our studies, when the cells were treated with the 5-HT3 antagonist,
ondansetron, the increase in 5-HT3 gene caused by TSA was significantly inhibited (figure
5a). Therefore, 5-HT3 is somehow being affected by the interaction of TSA and
ondansetron, or possibly by the signaling cascades triggered by the activation of other
receptors. To validate the observed results regarding gene expression, we performed western
blot, and the 5-HT3 antagonist, ondansetron, is also blocking TSA effects on 5-HT3 protein
(figure 5b).
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Ethanol induces serotonin secretion while TSA inhibits ethanol effects
There is evidence that alcoholics and experimental animals that consume large quantities of
alcohol have differences in brain serotonin levels compared to non-alcoholics (Lovinger,
1997). Overall, it is known that serotonin and other neurotransmitters may contribute to
alcohol's intoxicating and rewarding effects (Lovinger, 1997). Since serotonin's actions have
been associated with alcohol's effects on the brain and alcohol abuse, we tested the effects of
alcohol on serotonin release in SK-N-MC and the ability of TSA to modulate the action of
ethanol on serotonin release. As expected ethanol increased serotonin release; however,
when we tested the effects of TSA on serotonin, surprisingly, there was a significant
decreased in serotonin levels in both TSA treated cells and TSA plus alcohol treated cells
(figure 6). TSA is somehow blocking serotonin release and inhibiting the action of alcohol.
Amazingly, the effects of TSA on 5-HT3 have no action upon serotonin levels, suggesting
that serotonin regulation may involve other serotonin receptors or complex mechanisms that
are worth of future exploration.

Discussion
Alcohol acts through numerous pathways to affect the brain leading to the development of
neurodegeneration. Many mechanisms, including neurotransmitters and enzymes, act
together to reflect the actions of alcohol; therefore, in the current study we explore the novel
role of the HDACi, TSA in alcohol's serotonergic mechanisms. This study is aimed to
clarify the link between TSA and serotonin and their role in alcohol effects on serotonin
release and 5-HT3 in neuronal cells. Alcohol is known to increase serotonin release in the
CNS and modulation of neurotransmitters such as serotonin and serotonergic receptors has a
great influence on addictive behaviors. In particular, 5-HT3 is known to regulate alcohol
intake and contribute to alcohol's effects (Lovinger, 1997). Activation of certain serotonin
receptors has been linked to neuronal survival and neuroprotection in other
neurodegenerative disorders (Cho and Hu, 2007), and drugs that affect serotonergic signal
transmission have been shown to alter alcohol consumption in animals (LeMarquand et al.,
1994).

Recent studies have indicated that chronic ethanol exposure induces global protein
hyperacetylation (Shepard and Tuma, 2009). These studies were done in alcohol fed animals
and most of the hyperacetylated proteins were mitochondrial proteins that play a role in liver
injury. Although we did not measure histone acetylation or hyperacetylation, it is well
known that HDAC inhibition has been associated with histone acetylation and
hyperacetylation of several proteins and gene promoters (Xiong et al., 2012). In our in vitro
studies with SK-N-MC cell cultures, we observed a significant increase in HDAC
expression and activity after ethanol treatment (figures 2 and 3); and we were able to block
HDAC 1 and 3 expression with TSA (figure 2). HDACs are associated with a number of
well characterized cellular oncogenes and tumor-suppressor genes that lead to an aberrant
recruitment of HDAC activity, which in turn results in changes in gene expression (Cress
and Seto, 2000). Interestingly, recent reports have demonstrated that inhibition of histone
deacetylases with TSA results in transcriptional modulation of monoaminergic
neurotransmission genes in neuroblastoma cells (Bence et al., 2011). Their studies showed
that TSA significantly upregulated the expression of dopamine and serotonin transporters
while transcript levels of monoamino oxidase A and catechol-omethyltransferase were
significantly reduced. However, they did not measure the effects of TSA on serotonin
production and 5-HT3 expression. Overall, to date no studies have been reported to elucidate
the role of HDACi on alcohol-induced serotonergic effects. Therefore, in the current study,
we are the first ones to elucidate the role TSA plays on alcohol modulatory effects on
serotonin production and 5-HT3 expression.
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It is evident from our kinetic studies that ethanol treatment is enhancing 5-HT3 overtime
(figure 1). Further, our study is the first one to show a significant increase in 5-HT3 (figure
4) after inhibition of HDACs 1 and 3 with TSA (figure 2). We are also the first ones to
report that the significant upregulation of 5-HT3 by TSA is being blocked by the 5-HT3
antagonist, ondansetron (figure 5). According to previous reports, TSA is a non-specific
HDACi known to inhibit class I family of HDACs (1, 2, 3, and 8). Although in the current
study we did not test other HDAC inhibitory effects of TSA related to HDAC activity or
HDAC protein levels; TSA is known to inhibit HDAC2 gene and protein as previously
published by us (Agudelo et al., 2011), and HDAC 1 and 3 genes as shown in figure 2.
HDAC 8 was also tested; however, alcohol had no effect on this HDAC and TSA did not
inhibit it (data not shown); which may be due to the specificity of TSA.

It is well established that when TSA is used to inhibit HDACs, HATs get activated and may
initiate a cascade of posttranslational modifications resulting in hyperacetylation as shown in
other systems (Ekwall et al., 1997; Park et al., 2002), and which may be accountable for the
effects observed in our studies regarding the induction of 5-HT3 (figure 4) However, more
studies will be necessary to elucidate the exact mechanisms of action of TSA and how
HDACs and HATs are regulating serotonergic signals. There are reports supporting that
TSA can stimulate gene expression via mechanisms involving transcription factors. In
particular, the effects of HDACi on the promoter activities of various genes have been
actively examined, and these inhibitors have been suggested to modulate gene transcription
through transcription factors such as Sp1 and Sp3 (Her et al., 2010).

There is plenty of evidence suggesting a functional link between HATs and HDACs in
regulating the balance of histone acetylation (Peserico and Simone, 2011). HAT-HDAC
interplay has been shown to modulate global histone acetylation in gene-coding regions
during stress (Johnsson et al., 2009). Further, HDACi are known to cause general and local
histone hyperacetylation in yeast and mammalian cells (Ekwall et al., 1997; Park et al.,
2002) For instance, TSA induces promoter activity and acetylation of transcription factors
(Huang et al., 2005). Other reports have shown that HDACi such as valproic acid and TSA
might restore HAT activity by inhibiting HDAC activity and by repressing HAT targeting
proteins; implying an indirect induction of HAT activation (Fortson et al., 2011).

Moreover, our data (figure 3) indicate that HDAC activity is significantly changing through
the gene activation process and alcohol-induced modulatory mechanisms. For instance, at
early time points (24 hrs) during ethanol (0.1 and 0.2%) treatments, the nuclear HDAC
activity (3a) levels were significantly lower compared to the respective controls increasing
over time by 48-72 hrs. While the cytoplasmic activity (3b) shows a different pattern of
activation. First, the HDAC cytoplasmic activity is overall higher than the nuclear activity.
Further, the cytoplasmic activity in the ethanol treated cells significantly peaks by 48 hrs and
then drops by 72 hrs to similar activity levels detected in the nuclear lysates. Overall, both
nuclear and cytoplasmic HDAC activities seem to be inversely proportional during early
time points (24-48 hrs) of ethanol treatments, which could be explained by the co-
localization and transport of some of these HDACs. HDACs 1, 2, and 8 are found primarily
in the nucleus, whereas HDAC3 is found in both the nucleus and the cytoplasm (de Ruijter
et al., 2003). Further findings have reported that some HDACs are able to move in and out
of the nucleus, depending on different signals
http://en.wikipedia.org/wiki/Histone_deacetylase-cite_note-pmid12429021-5 (de Ruijter et
al., 2003; Longworth and Laimins, 2006); which can also lead to changes in HDAC activity.

When serotonin levels were measured, as expected, there was an upregulation of serotonin
after ethanol treatment; and surprisingly, TSA significantly inhibited serotonin release.
Overall, ethanol effects on 5-HT3 expression were mild compared to the effects observed
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after TSA and TSA + ethanol treatments, which significantly enhanced 5-HT3 gene and
protein expression. These effects of ethanol on 5-HT3 modulation could be explained by
two major findings. First, ethanol significantly induces HDACs (figure 2) and HDAC
activity (figure 3), which can result in transcriptional repression; therefore, not allowing a
more robust increase in 5-HT3 gene transcription. Or second, the increase in serotonin levels
caused by ethanol (figure 6) might result in binding of free serotonin to the 5-HT3 receptors,
blocking further 5-HT3 production as a regulatory mechanism. Another major point is that
TSA is inhibiting HDACs (figure 2), and when HDACs are low, histone acetyltransferases
(HATs) get activated causing an induction of histone hyperacetylation leading to
transcriptional regulation (Ekwall et al., 1997; Johnsson et al., 2009; Park et al., 2002),
which may explain the significant enhancement of 5-HT3 expression observed after TSA
treatment (figure 4). In turn, an increase in 5-HT3 expression and function will probably
cause excessive stimulation of neurons. As a result of this stimulation, a decrease in
serotonin levels is triggered as observed in our studies with TSA treatment in SK-N-MC
(figure 6).

Another possibility is that TSA may be activating serotonergic functioning by increasing 5-
HT3 receptors and blocking serotonin release. After all, our findings are indicating that the
TSA-induced increase in 5-HT3 has no effect upon serotonin levels, which may be
explained by the involvement of other serotonin receptors, such as 5-HT1 or the serotonin
reuptake transporter (SERT) that may also play a major role in alcohol-induced serotonergic
modulation (Babu et al., 2009; Thompson et al., 2011). In addition, it is important to
acknowledge that the release of other neurotransmitters that play key roles in alcohol
intoxication may be increased since there is plenty of evidence to suggest that serotonin does
not act alone and some of the serotonin-mediated responses to alcohol may be due to
interactions between serotonin and other neurotransmitters (Lovinger, 1997) that may also
be affected by alcohol and TSA; and which in turn can have effects upon serotonin levels.
Two key neurotransmitters that have been extensively reviewed (Lovinger, 1997) and
reported to interact with the serotonergic system are gamma-aminobutyric acid (GABA)
(Yoo et al., 2010) and dopamine (Gonzalez-Burgos et al., 2008).

In summary, the results presented in this study show for the first time a promising role of the
histone deacetylase inhibitor, TSA, in alcohol's serotonergic modulation; and demonstrate
some of the novel properties of histone deacetylation, which may prove useful for future
studies to develop treatments for alcohol use disorders or for other serotonin related
disorders.
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Fig. 1.
Ethanol modulates 5-HT3 gene expression. SK-N-MC (0.5 × 106 cells/ml) were incubated in
6-well plates overnight. After reaching 60% confluency, the cells were treated with ethanol
(0.1 and 0.2%) for 24-72 hours. The cells were harvested, RNA was extracted and reverse
transcribed followed by qRT- PCR for 5-HT3 and endogenous GAPDH and 18S rRNA gene
expression. Data are expressed as mean ± SE of TAI values of three independent
experiments. Comparisons between groups were performed using one-way ANOVA and
Dunnett's Multiple Comparison Test. Comparison between groups, “Control vs. ethanol
0.1%” and “Control vs. ethanol 0.2%” revealed significant differences among the groups at
48 and 72 hrs, *p<0.05; ** p<0.005; ***p<0.0001.
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Fig. 2.
Ethanol induces HDACs 1 and 3 genes. After reaching 60% confluency, SK-N-MC were
pre-treated with TSA (50 nM) for 2 hours, then treated with ethanol (0.1%) for 48 hours.
After incubation, cells were harvested, RNA was extracted and reverse transcribed followed
by qRTPCR for HDACs 1 and 3 and housekeeping GAPDH and 18S rRNA gene
expression. Ethanol significantly enhanced HDACs 1 and 3, while TSA + ethanol treatments
significantly inhibited HDACs 1 and 3 genes. Data are expressed as mean ± SE of TAI
values of four independent experiments. Comparisons between groups were performed using
one-way ANOVA and Dunnett's Multiple Comparison Test. Comparison between groups
revealed significant differences, “Control vs. ethanol ” (*p<0.05) and “ethanol vs. TSA +
ethanol” (#p<0.05).
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Fig. 3.
Ethanol induces HDAC activity. SK-N-MC were treated with ethanol (0.1%). The cells were
harvested at 24, 48 and 72 hrs, lysed followed by nuclear and cytoplasmic extraction. HDAC
enzyme activity was measured in both nuclear and cytoplasmic lysates with a fluorometric
HDAC assay kit. The fluorescence was measured in a BioTek microplate reader with
excitation wavelength at 360 nm and emission wavelength at 460 nm. Data are expressed as
mean ± SE of HDAC enzyme activity (pmoles/min/mg) of EtOH treated cells normalized to
controls from two independent experiments ran in duplicates. Comparisons between groups
were performed using one-way ANOVA and Dunnett's Multiple Comparison Test. *
represents significance compare to control (* p<0.05; **p<0.005). # represents significance
between ethanol treatments (# p<0.05).
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Fig. 4.
TSA significantly enhances ethanol effects on 5-HT3. After reaching 60% confluency, SK-
N-MC and human primary neurons were pre-incubated with TSA for 2 hours, then treated
with EtOH (0.1%) for 48 and 72 hrs. Gene expression (48 hrs) was performed in both
primary neurons and SK-N-MC (figure 4a) as described above. Data are expressed as mean
± SEM of 5-HT3 gene expression of six independent experiments. Protein levels (72 hrs)
were measured in SK-N-MC by western blot and flow cytometry. For the western blot
experiments (figure 4b), 20 μg of protein from SK-N-MC whole cell lysates were stained
with primary anti-5-HT3 and secondary anti-IgG-HRP antibodies. GAPDH was used as a
loading control. Data presented show a representative blot. Protein quantification is
expressed as % control ± SEM of 5-HT3 protein of six independent experiments. *
represents significance compared to control (*** p<0.0001, ** p<0.005, * p<0.05). #
represents significance compared to ethanol treatment (### p<0.0001, ## p<0.005, #p<0.05).
& represents significance compared to TSA (& p<0.05). Comparisons between groups were
performed using one-way ANOVA and Dunnett's Multiple Comparison Test. For the flow
cytometry experiments, 1 × 106 SK-N-MC cells were fixed and permeabilized with cytofix/
cytoperm solution prior to intracellular staining with primary anti-5HT3 and secondary anti-
IgG-FITC antibody. Figure 4c show a representative histogram overlay of the gated cells
stained with anti-5HT3. Gate is shown on the scatter graph. The light gray and gray solid
line histograms represent the secondary antibody and the untreated controls respectively; the
gray dashed line histogram represents the ethanol (0.1%) treated cells, the gray dotted line
histogram represent the ethanol 0.2 % and the black solid line histogram represents the TSA
(50 nM) treated cells. Data are representative of three independent experiments.
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Fig. 5.
The effects of TSA on 5-HT3 are blocked by the antagonist, ondansetron. The cells were
pre-incubated with the 5-HT3 antagonist, ondansetron (10 uM), for 2 hrs, and treated with
TSA (50nM) for 48-72 hrs, or treated with TSA or ondansetron alone. Comparisons between
groups were performed using one-way ANOVA and Dunnett's Multiple Comparison Test.
TSA significantly induced 5-HT3 levels compared to the untreated control; while treatment
with ondansetron or the combination of ondansetron and TSA significantly inhibited the
TSA-induction of 5-HT3. * represents significance compared to control (* p<0.05). #
represents significance compared to TSA treatment (# p<0.05). Data (5a) are representative
of four independent experiments, western blot (5b) is representative of two independent
experiments performed in duplicates.
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Fig. 6.
Ethanol induces serotonin secretion while TSA inhibits ethanol effects. SK-N-MC culture
supernatants were collected at 72 hrs. Serotonin levels in the cell culture supernatants were
detected by ELISA. The optical density was measured in a BioTek microplate reader at 405
nm. Ethanol enhanced serotonin levels compared to the untreated control while TSA
significantly reduced serotonin levels compared to the ethanol treated supernatants.
Comparisons between groups were performed using one-way ANOVA and Dunnett's
Multiple Comparison Test. * represents significance compared to control (* p<0.05) and #
represents significance compared to ethanol treatment (## p<0.007). Data are representative
of three independent experiments.
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