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Abstract

OBJECTIVES: Alcohol intake induces brief periods of euphoria; however, its
continuous consumption can lead the development of alcohol tolerance. The
euphoria, an intense feeling of wellbeing, is deeply associated with dopamine.
Dopamine biosynthesis is strictly regulated by tyrosine hydroxylase (TH), a rate-
limiting enzyme of dopamine. The aim of this study was to examine the transient
or chronic effects of ethanol treatment on TH protein level in vitro.

METHODS: Cultured primary mesencephalic neurons were prepared and exposed
to 100 mM ethanol for 48 hours or 168 hours. TH and cAMP-responsive element
(CRE)-mediated transcriptional activity was measured by reporter gene assay
using pTH9.0kb-Luc and pCRE-Luc reporter plasmid. TH protein expression and
TH phosphorylation was analyzed by Western blot analysis. Dopamine content
was measured by high-performance liquid chromatography (HPLC).

RESULTS: Ethanol treatment for 48 hours facilitates TH transcriptional activity
and TH protein expression in a cAMP-dependent protein kinase A (PKA) and
MAPK/Erk kinase (MEK)-dependent manner in cultured mesencephalic neu-
rons. Ethanol also facilitated TH phosphorylation, which resulted in the elevation
of dopamine content. On the other hand, treatment with ethanol for 168 hours did
not show significant elevation of TH gene expression and dopamine biosynthesis.
Intriguingly, simultaneous treatment with MG-132, a 26S proteasomal inhibitor,
recovered the ethanol-induced increase of TH protein expression and dopamine
biosynthesis.

CONCLUSION: Transient ethanol-treatment facilitates TH gene expression and its
phosphorylation in a PKA- and MEK-dependent manner to elevate dopamine
biosynthesis, whereas continuous exposure to ethanol abolishes its potent effects
on the dopaminergic function to reduce dopamine content. This reduction seems
to originate from the decrease of TH protein level by degradation of the protein.
Our current data may contribute to the better understanding of alcohol tolerance
associated with degradation of TH protein to reduce total-TH level and dopamine
biosynthesis.
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Abbreviations:

TH - tyrosine hydroxylase

pSer40-TH - tyrosine hydroxylase phosphorylated at 40Ser
PKA - cyclic AMP-dependent protein kinase

ERK - extracellular signal-regulated kinase

MEK - mitogen-activated protein kinase kinase/ERK kinase
CRE - CAMP-responsive element
INTRODUCTION

Alcohol consumption is known to induce brief periods
of euphoria. These feelings of wellbeing are deeply asso-
ciated with monoamines and other hormones (Dfarhud
etal. 2014). Dopamine is one of the representative “hap-
piness” hormones and its biosynthesis is strictly regu-
lated by the rate-limiting enzyme of dopamine, tyrosine
hydroxylase (TH). As TH catalyzes the rate limiting
step in catecholamine biosynthesis, it has proven to be
the focus of many recent studies regarding the direct
effect of alcohol consumption, due to its proven suscep-
tibility over its expression and or function. As the adap-
tive response to ethanol exposure, there is an increase of
TH expression in cell culture (Gayer et al. 1991) and in
rat brain (Ortiz et al. 1995), indicating alcohol positively
regulates TH gene expression.

The effects of either increased or decreased dopamine
are thoroughly studied, such as the fact that increased
blood-ethanol levels (Jones et al. 2006; Jones et al. 2004;
Lewis & June 1990) exhibit stimulating effects, thought
to be caused by a rise in dopamine content and the use
of dopamine receptors antagonists, resulting in a loss of
motor activity, the mechanisms by which this increase
takes place is still not altogether understood. It is a
sound belief that TH expression is enhanced as a result
of ethanol exposure, as several studies have used TH
inhibitors resulting in the suppression of the excitatory
effects of ethanol. In this context, understanding how
ethanol modifies the activity of the mesolimbic dopa-
mine system, through the study of changes in TH gene
expression, would identify a number of neurochemical
and molecular markers associated with brain addiction,
abstinence and reward responses (Gerlai et al. 2009).
Recent studies suggest that continued exposure to etha-
nol results in the accumulation of TH via the cAMP /
PKA pathway in association with other functional pro-
teins, suggesting as to the cause of its stabilization and
functionality within 24 hours of exposure (He & Ron
2008). However, the relation between the continuous
consumption of alcohol and the acquisition of alcohol
tolerance is still not fully understood.

Alcohol consumption is affected mainly by two
major variables, the consumed amount and the length
of consumption. Either caused by elevated TH gene
expression or as a direct product of dopamine positive
feedback loops, few studies have weighed the possibil-
ity of TH phosphorylation as the underlying cause for

the effects of alcohol consumption (Nowicki et al. 2015;
Yao et al. 2010), even though it might prove to be one of
the primary mechanisms responsible for the differential
effect of ethanol on different catecholaminergic systems
that contribute to the observed differences in sensitivity
and resultant expression within in vivo studies (French
& Weiner 1984), such as significant gene expression
variations following acute ethanol administration in
the nigrostriatum (Oliva et al. 2008; Pellegrino et al.
1993). In addition, we previously showed that persist-
ing TH phosphorylation results in the accumulation of
phosphorylated TH to be degraded to reduce total-TH
protein (Kawahata et al. 2009; Kawahata et al. 2015). We
therefore focus in this study on the effect of ethanol not
only on TH gene expression but also on TH phosphory-
lation and the degradation mechanism of TH.

When we get a tolerance for alcohol in the chronic
drinking stage of alcoholism, the amount of alcohol
consumption is elevated as its effects become progres-
sively weaker. With intermittent alcohol administration,
for instance, once daily for 7 days, elicited functional
and structural plasticity in the dorsomedial striatum has
been reported (Wang et al. 2015), however, the effects of
persistent treatment with alcohol on dopaminergic func-
tion is still unclear. In this study, we examined the effects
of ethanol treatment for 48 hours (transient model)
or 168 hours (chronic model) on TH gene expres-
sion, phosphorylation and its degradation in cultured
dopaminergic neurons. Our reporter gene assay and
Western blot analysis revealed that 48 hours-treatment
with ethanol facilitated TH gene expression and phos-
phorylation to increase dopamine content, but persistent
treatment for 7 days promoted degradation of TH and
attenuated TH’s total protein level to reduce dopamine
biosynthesis. These data suggest a possible mechanism
for the alcohol tolerance why continuous consump-
tion of alcohol decreases sensitivity to feel euphoria.

MATERIALS AND METHODS

Culture of primary mesencephalic neurons

The culture of primary mesencephalic neurons was
prepared as described previously (Wakita et al. 2010).
Briefly, two-thirds of the ventral mesencephalon was
dissected from Wistar rat embryos (Japan SLC) on
the 16th day of gestation. Dissected tissues were then
chemically and mechanically dissociated into single
cell suspensions. Cells were plated onto poly-L-lysine-
coated 48-well multi-well plates or 35 mm plastic cul-
ture dishes at a density of 1.3x10° cells/cm?. Cultures
were maintained in Eagle’s minimum essential medium
(Nissui) supplemented with 10% fetal calf serum. Cells
were incubated at 37°C in an atmosphere of 5% CO,
and 100% relative humidity.

Ethanol and inhibitors

Ethanol (boiling point, 78.37°C) was purchased from
Wako (Japan). H-89, an inhibitor of cAMP-depen-
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dent protein kinase A (PKA) or U0126, an inhibitor
of MAPK/Erk kinase (MEK), were purchased from
Calbiochem, Merck Millipore (Germany). Cultured
mesencephalic neurons were treated with ethanol at a
concentration indicated in the results. H-89 and U0126
were used at a concentration of 10 uM and simultane-
ously treated with ethanol. MG-132, a 26S proteasome
was also purchased from Calbiochem, Merck Millipore,
and were used at a concentration of 250 nM (Kawa-
hata et al. 2009), For 1 week ethanol treatment, with or
without MG-132, medium was changed every 48 hours
to fresh one containing 100 mM ethanol and 250 nM
MG-132.

Luciferase reporter gene assay

For reporter gene assays, a firefly luciferase reporter
plasmid, pTH9.0kb-Luc (Iwawaki et al. 2000) or firefly
luciferase reporter plasmid containing CRE (Clontech)
was employed as a reporter plasmid. Transfection
and reporter gene assays were conducted as reported
previously (Kawahata et al. 2013). Primary mesence-
phalic neurons were plated at the density described
above. After co-transfection with reporter plasmids
(1.6 pg/ml/well) and phRG-TK, a Renilla lucifer-
ase control plasmid (Promega, WI, USA) (0.32pg/
ml/well), using Lipofectamine 3000 (Thermo Fisher
Scientific, MA, USA), cells were further cultured for
48 hours with 100 mM ethanol and then assayed for
reporter activity. phRG-TK was used as an internal
control to normalize for differences in transfection
efficiency. All determinations were carried out in qua-
druplicate, and five independent experiments were
performed.

Western blot analysis

For Western blotting, cells were plated on 35 mm plastic
dishes at a density of 5x10° cells/dish and later washed
twice with ice-cold PBS, and lysed as described previ-
ously (Kawahata et al. 2009). Proteins from cell lysates
were subjected to sodium dodecyl sulfate-poly acryl-
amide gel electrophoresis (SDS-PAGE) then transferred
to PVDF membranes, and blots were blocked with 5%
skim milk or 5% BSA/TBS-T at room temperature for
1h, followed by overnight incubation with primary
antibodies at 4°C. The following antibodies were used
for immunoblotting: mouse anti-TH (1:1000) (Hat-
anaka & Arimatsu 1984), rabbit anti-phosphorylated
TH at serine 40 residue (1:1000) (CST), anti-ubiqui-
tin monoclonal antibody (1:1000) (LifeSensors) and
mouse anti-B-actin (1:5000) (Sigma). Immunoreactive
bands were visualized with appropriate horseradish
peroxidase-conjugated secondary antibodies (1:2000;
CST) and Immobilon Western Chemiluminescent
HRP Substrate (Millipore). Images were obtained with
LAS3000 (Fujifilm) or FUSION SOLO (VILBER).
Multi Gauge software (Fujifilm) was used for quantifi-
cation of immunoreactive bands, and five independent
experiments were evaluated.

Regulation of TH protein level by alcohol and proteasome

Dopamine assay

PC12D cells or cultured mesencephalic neurons were
homogenized in 0.4 N perchloric acid in 1.5 ml tubes
and centrifuged at 20,000 x g for 15 min. The dopamine
levels in the supernatant were analyzed by high-per-
formance liquid chromatography (HPLC) (Shimazu,
Japan) with an SC5-ODS column (EICOM, Japan) and
a mobile phase buffer containing 84 mM acetic acid-
citrate (pH3.5), 5 pg/ml EDTA, 190mg/ml sodium
1-octane sulfonate, and 16% methanol. Monoamines
were detected by electrochemical detection (ECD-700;
EICOM). Five independent assays were carried out.

Data normalization

In our work, data normalization was employed only in
the cases described below:

Reporter gene assay. To eliminate the difference
of transfection efficiency in the control and chemo-
therapeutic agent-treated group, we divide the value of
reporter gene transcription (TH) by the internal con-
trol, RG-TK. The value indicates the raw data ratio of
reporter gene to internal control.

Statistical analysis

Statistical analysis was performed by two-way ANOVA
analysis of variance with a post-hoc Tukey’s multiple
comparison test using Prism 5 software (GraphPad
Software).

RESULTS

48 hour-ethanol treatment facilitates TH transcriptional
activity in PKA and MEK-dependently in cultured mes-
encephalic neurons

To analyze the effects of alcohol treatment on the
dopaminergic system, we first tested whether ethanol
effects on the transcriptional activity of TH. Cultured
mesencephalic neurons were exposed to ethanol at a
concentration of 100 mM for 48 hours (He & Ron 2008;
Gayer et al. 1991; Crews et al. 1999). Our reporter gene
assay using pTH9.0kb-Luc TH reporter gene revealed
that ethanol facilitated TH transcriptional activity
(Figure 1 left, *** p<0.001 vs. control). When we treated
the cells concomitantly with H-89, an inhibitor of
cAMP-dependent protein kinase A (PKA), or U0126, an
inhibitor of MAPK/Erk kinase (MEK), ethanol-induced
facilitation of TH transcriptional activity was abolished
(Figure 1 left, ###p<0.001 vs. vehicle). These data suggest
the participation of cCAMP response elements (CRE)
in the ethanol-induced facilitate of TH transcription.
Expectedly, our CRE reporter gene assay revealed that
ethanol facilitated CRE-mediated transcriptional activ-
ity (Figure 1 right, ***p<0.001 vs. control), which was
abolished by the simultaneous treatment with H-89 or
U0126 (Figure 1 right, ##p<0.001 vs. vehicle). These
results indicate that facilitation of TH transcription
inducted by 48 hour-ethanol treatment is regulated by
a PKA and MEK-dependent CRE-mediated pathway.
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Fig. 1. Effects of 48 hour-treatment with ethanol on TH and CRE-
mediated transcriptional activity in cultured mesencephalic
dopaminergic neurons. Cultured neurons were transfected with
pTH9.0kb-Luc reporter gene (left) or firefly luciferase reporter
plasmid containing CRE (right) at 5 days in vitro (DIV). 24 hours
after the transfection, neurons were exposed to 100 mM ethanol
for 48 hours. 10 pM H-89 or U0126 was simultaneously treated
with 100 mM ethanol. Values are expressed as the means + SEM
(n=5). ***p<0.001 vs. control; ##* p<0.001 vs. vehicle (chequered
column).

48 hour-ethanol treatment facilitates TH protein expres-
sion and TH phosphorylation in cultured mesencephalic
neuron

We next analyzed the effects of alcohol treatment on
TH protein expression using cultured mesencephalic
neurons. Cultured neurons were exposed to ethanol in
the same manner as in the reporter gene assay shown
in result above. Consistent with the facilitation of TH
transcription (Figure 1), our Western blot analysis
showed that TH protein expression was augmented by
100 mM ethanol treatment (Figure 2A and Figure 2B,
***p<0.001 vs. control). Ethanol-induced facilitation
of TH protein expression was also abolished by simul-
taneous treatment with H-89, indicating that ethanol
treatment-induced TH level elevation is mediated by
a PKA-dependent pathway (Figure 2A and Figure 2B,
###p<0.001 vs. ethanol-treatment). Simultaneous treat-
ment with ethanol and U0126 also resulted in the
inhibition of ethanol-induced facilitation of TH expres-
sion (Figure 2A and Figure 2B, ***p<0.001 vs. control;
###p<0.001 vs. ethanol-treatment), suggesting that
ethanol promote TH expression via MEK-dependent
pathway.

TH phosphorylation plays an important role in
regulating its dopamine biosynthesizing activity
(Ramsey & Fitzpatrick 1998; Haycock 1990; Dunkley
et al. 2004). Thus, we also tested the effect of ethanol
on TH phosphorylation, by measuring the level of TH
phosphorylation at Ser40 (pSer40-TH). As shown in
Figure 2, 100 mM ethanol treatment up-regulated TH
phosphorylation, which was mediated in a PKA-depen-
dent manner. Simultaneous treatment with ethanol and
U0126 resulted in the partial inhibition of the ethanol-

Fig. 2. Effects of ethanol on the protein expression and
phosphorylation of TH in cultured mesencephalic dopaminergic
neurons. (A) Cultured neurons were treated with 100 mM
ethanol for 48 hours under the same condition as the reporter
gene assay in Fig. 1. Neurons were lysed and subjected ito
Western blot analysis. 10 uM H-89 or U0126was simultaneously
treated with 100 mM ethanol. (B) Quantitative analysis of the
resultin A. Values are expressed as the means + SEM (n=5).
**%p<0.001 vs. control; ##* p<0.001 vs. vehicle (chequered
column).

induced facilitation of TH phosphorylation (Figure 2A
and Figure 2B, ***p<0.001 vs. control; ##p<0.001 vs.
ethanol-treatment), suggesting that ethanol partially
promotes TH phosphorylation in a MEK-dependent
cascade. These data indicates that ethanol facilitated
TH gene expression and up-regulated the phosphoryla-
tion level in a PKA- and MEK-dependent manner.

Dopamine biosynthesis is facilitated by a 48 hour-ethanol
treatment in cultured mesencephalic neurons

Promotion of TH phosphorylation results in the eleva-
tion of dopamine biosynthesizing activity (Dunkley et
al. 2004). Therefore, we next analyzed the effect of etha-
nol treatment on dopamine biosynthesis in cultured
mesencephalic neurons. Our HPLC analysis revealed
that 100 mM methanol increases dopamine content in
dopaminergic neurons (Figure 3, ***p<0.001 vs. con-
trol). This elevation in dopamine biosynthesis was sup-
pressed by simultaneous treatment with H-89 (Figure 3,
###p<0.001 vs. ethanol-treatment). U0126 partially
inhibited the ethanol-induced elevation of dopamine
content (Figure 3, #p<0.001 vs. ethanol-treatment).
These data suggests that 48 hour-ethanol treatment
facilitates dopamine biosynthesis in a PKA- and in part
MEK-dependent manner.

Facilitation of TH gene expression by ethanol is abolished
by the chronic treatment caused by the proteasomal deg-
radation of TH protein

Chronic drinking of alcohol results in the development
of alcohol tolerance. Thus, to test the effect of persistent
treatment with ethanol as a possible model of the con-
tinuous consumption of alcohol, we finally analyzed the
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effect of a longer ethanol treatment on TH gene expression. 168 hour-treatment
with 100 mM ethanol showed a tendency to facilitate TH gene expression, how-
ever, it did not elevate the TH protein amount significantly (Figure 4A and 4B,
no significance vs. control). Notably, the elevation of the TH protein level by a
168-hour treatment with ethanol is much weaker than that observed in the 48
hour-treatment. We previously reported that accumulated pSer40-TH by facilita-
tion of TH phosphorylation results in the degradation of TH protein by the ubig-
uitin proteasome system (Kawahata et al. 2009; Kawahata et al. 2015). These data
raise the possibility that a part of accumulated pSer40-TH by ethanol treatment is
degraded by proteasomes. Thus, we treated cultured neurons simultaneously with
MG-132, a 26S proteasomal inhibitor, as well as ethanol, and then subjected to
Western blot analysis. As expected, abolished elevation of TH protein level by 168
hour-ethanol treatment was recovered by simultaneous treatment with 250 nM
MG-132 (Figure 4A and 4B, ***p<0.001 vs. control; ##p<0.001 vs. vehicle treat-
ment). Additionally, 168 hour-treatment with 100 mM ethanol did not signifi-
cantly elevate the pSer40-TH level, which was successfully recovered by MG-132
co-treatment (Figure 4A and 4B, ***p<0.001 vs. control; ##p<0.001 vs. vehicle
treatment). The effect of MG-132 on the proteasomal inhibition was confirmed
by the Western blot analysis using anti-ubiquitin monoclonal antibody (Figure
4C, EtOH+MG-132). It is noteworthy that, consistent with the result in Figure 4,
dopamine content was not elevated by a 168-hour treatment with ethanol alone,
whereas co-treatment with MG-132 recovered the ethanol-induced facilitation
of dopamine biosynthesis (Figure 5, ***p<0.001 vs. control; #p<0.001 vs. vehi-
cle treatment). These data indicate that ethanol-induced facilitation of TH gene
expression and accumulated TH phosphorylation is followed by the degradation
of TH protein by 26S proteasome, possibly by the degradation of pSer40-TH.
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Fig. 3. Effects of ethanol on

dopamine biosynthesis in
cultured mesencephalic
dopaminergic neurons. Cultured
neurons were treated with 100
mM ethanol for 48 hours under
the same condition as reporter
gene assay in Fig. 1. Neurons
were deproteinized in 0.4 N
perchloric acid and centrifuged
clear supernatants were
subjected into HPLC analysis.
Values are expressed as the
means £ SEM (n=5). ***p<0.001
vs. control; ##p<0.001, #p<0.05
vs. vehicle (chequered column).
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Fig. 4. Effects of 168 hour-treatment with ethanol and proteasome inhibition on the protein expression, phosphorylation of TH and
ubiquitination in cultured mesencephalic dopaminergic neurons. (A) Cultured neurons were exposed to 100 mM ethanol with or
without 250 nM MG-132 for 168 hours from 5 DIV, medium was changed every 48 hours to fresh one containing ethanol with/without
250 nM MG-132. At 12 DIV after 168 hours treatment with reagents, neurons were lysed and subjected to Western blot analysis. (B)
Quantitative analysis of the result in A. Values are expressed as the means + SEM (n=5). ***p<0.001 vs. control; ##p<0.001 vs. vehicle
(chequered column). (C) Cultured neurons were simultaneously treated with 100 mM ethanol and 250 nM proteasomal inhibitor MG-132
in the same condition described in (A). Ubiquitinated proteins were visualized with anti-ubiquitin antibody.

DISCUSSION

In this study, we showed the effect of ethanol treatment
on TH gene expression and its phosphorylation level in
cultured mesencephalic neurons. 48 hour-ethanol treat-
ment facilitated TH transcription and CRE-mediated
transcription (Figure 1), which were H-89 and U0126
sensitive. 48 hour-ethanol treatment also elevated TH

protein level and pSer40-TH level (Figure 2), resulting
in the increase of dopamine content (Figure 3). These
data indicate that facilitation of TH gene expression
and dopamine biosynthesis by ethanol treatment is
regulated by PKA and MEK-dependent CRE-mediated
pathway. On the other hand, 168 hour-treatment did
not augment the TH protein level significantly. The
abolished ethanol-induced facilitation of TH protein
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Fig. 5. Effects of 168 hour-
treatment with ethanol
and proteasome inhibition
on dopamine biosynthesis
in cultured mesencephalic
dopaminergic neurons.
Cultured neurons were
treated with 100 mM
ethanol for 168 hours
with or without 250 nM
MG-132. Neurons
were deproteinized in
0.4 N perchloric acid
and centrifuged clear
supernatants were
subjected into HPLC
analysis. Values are
expressed as the means +
SEM (n=5). ¥**p<0.001 vs.
control; #p<0.01 vehicle vs.
MG-132.
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expression and dopamine biosynthesis was successfully
recovered by simultaneous treatment with MG-132, an
inhibitor of the 26S proteasome (Figure 4). These data
suggest that increase of TH protein level by ethanol
treatment is abolished by the degradation of TH pro-
tein. Our data provide evidence that short-term etha-
nol treatment facilitates TH gene expression to increase
dopamine content but long-term treatment does not
have such potent effects on elevating TH protein level.
Previously, we found that a part of the accumulated
TH protein is degraded by the 26S proteasome (Kawa-
hata et al. 2009). We also reported that facilitation of
TH phosphorylation in the dopamine and/or biopterin-
deficient state, which resulted in the ubiquitination and
degradation of pSer40-TH to reduce total-TH protein
level (Kawahata et al. 2015). Therefore, our data in
this study suggest the possibility that long-lasting TH
phosphorylation induced by the ethanol treatment for
168 hours accelerates the degradation of accumulated
pSer40-TH in cultured dopaminergic neurons to reduce
dopamine biosynthesis. Consistently, 168 hour-ethanol
treatment apparently increased ubiquitin-immunoreac-
tive bands (Figure 4C, lane 2 EtOH). These data raise
the possibility that continuous consumption of alcohol
without intervals causes an attenuation of the facilitative
effect of alcohol on TH gene expression by the degrada-
tion of TH protein via ubiquitin proteasome pathway.
In this study, we treated the cultured dopaminergic
neurons with ethanol at concentration of 100 mM.
This concentration is consistent with the ones used in
previously reported studies that analyzed the effect of
ethanol on dopamine producing cell lines and biogenic
amine neurons (He & Ron 2008; Gayer et al. 1991;
Crews et al. 1999). It is noteworthy that the blood con-
centration of alcohol shifts from approximately 40 mM
to 60mM in human after the consumption of alcohol
(Jones et al. 2006). These data suggest that the ethanol
concentration used in our study is somewhat similar
to the one in human blood, therefor raise the possibil-

ity that consumed alcohol effects on the TH protein in
the similar pharmacological mechanism shown in this
study to be degraded by proteasome to decrease the
alcohol sensitivity.

We cannot exclude the possibility of the participa-
tion of other pharmacological mechanisms in develop-
ing alcohol tolerance. For instance, long-term alcohol
exposure may lead to development of alcohol tolerance
in consequence of altered neurotransmitter functions.
Alterations in the function of N-methyl-D-aspartate
(NMDA) receptors are supposed to contribute to the
development of the tolerance to ethanol (Nagy 2008).
This is in part due to the increase of alcohol-depen-
dent NMDA receptor phosphorylation. Also, Chronic
ingestion of ethanol up-regulates NMDA receptor 1
subunit expression in rat hippocampus (Trevisan et al.
1994), indicating that increased NMDA receptor sub-
unit levels in the hippocampus after chronic ethanol
exposure may represent an important neurochemical
substrate for some of the features associated with etha-
nol dependence and withdrawal. In addition, chronic
ethanol-induced decreases in the a-subunit of the
y-Aminobutyric acid (GABA), receptor may contrib-
ute to modify the tolerance to alcohol (Montpied et al.
1991; Mhatre et al. 1993; Sanna et al. 2003; Liang et al.
2007; Keir & Morrow 1994; Hirouchi et al. 1993; Buck
et al. 1991). These data suggest the involvement of not
only the dopaminergic system but also NMDA and
GABA receptors in the acquisition of alcohol tolerance
and dependence.

In conclusion, this study provides crucial evidence
that ethanol potently regulates TH gene expression in a
PKA- and MEK-dependent CRE-mediated pathway. It
also facilitates TH phosphorylation PKA-dependently,
which is accompanied by the elevation of dopamine
biosynthesis. However, continuous exposure to etha-
nol brings an attenuation of its facilitative effects on
the dopaminergic system, as accumulated pSer40-TH
can be targeted to the 26S proteasome for degradation.
Our data raised the possibility that intermittent alco-
hol consumption causes a generalized sense of eupho-
ria brought upon by the elevation of dopamine level,
but continuous consumption aids in the development
of alcohol tolerance, presenting a diminished level of
dopamine biosynthesis by decreased TH protein and
its phosphorylation. Combined with the non-dopami-
nergic mechanisms described above, our finding may
contribute to understand the mechanism of acquisition
of alcohol tolerance and dependence.
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