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We previously showed that ethanol regulates dopam-
ine �-hydroxylase (DBH) mRNA and protein levels in
human neuroblastoma cells (Thibault, C., Lai, C., Wilke,
N., Duong, B., Olive, M. F., Rahman, S., Dong, H., Hodge,
C. W., Lockhart, D. J., and Miles, M. F. (2000) Mol. Phar-
macol. 58, 1593–1600). DBH catalyzes norepinephrine
synthesis, and several studies have suggested a role for
norepinephrine in ethanol-mediated behaviors. Here,
we performed a detailed analysis of mechanism(s) un-
derlying ethanol regulation of DBH expression in SH-
SY5Y cells. Transient transfection analysis showed that
ethanol (25–200 mM) caused concentration- and time-de-
pendent increases in DBH gene transcription. Progres-
sive deletions identified ethanol-responsive sequences
in the �262 to �142 bp region of the DBH gene promoter.
Mutagenesis of cAMP-response element (CRE) se-
quences in this region abolished ethanol responsiveness
while maintaining responsiveness to phorbol esters. Co-
expression of dominant-negative CRE-binding protein
greatly reduced ethanol induction of DBH. Inhibitors of
protein kinase A, casein kinase II, and MAPK reduced
ethanol induction of DBH promoter activity. Pharma-
cogenomic studies with microarrays showed that pro-
tein kinase A, MEK, and casein kinase II inhibitors
blocked induction of DBH and a large subset of ethanol-
responsive genes. These genes had diverse functional
groupings, including multiple members of the MAPK
and phosphatidylinositol signaling cascades. Real-time
PCR analysis validated select microarray results. Taken
together, these results suggest that ethanol regulation
of DBH requires a functional CRE and its binding pro-
tein and may require interaction of multiple kinase
pathways. This mechanism may also mediate ethanol
responsiveness of a complex subset of genes in neural
cells. These studies may have implications for behav-
ioral responses to ethanol or mechanisms underlying
ethanol-related neurological disease.

Acute and chronic exposure to ethanol can cause changes in
signal transduction and gene expression in multiple cell types

or organ systems (1, 2). In the nervous system, some of these
changes in gene expression likely contribute to mechanisms
underlying development of long-lasting behaviors such as tol-
erance, dependence, sensitization, and craving, as seen with
other drugs of abuse (3). Thus, identifying ethanol-responsive
genes and their cognate mechanism(s) of regulation might pro-
vide new targets for intervention in behaviors associated with
ethanol abuse and alcoholism.

We (4, 5, 7, 9, 10) and others (6, 8, 11) have previously
identified specific genes regulated by ethanol in neural cells or
the intact nervous system. However, relating individual gene
regulation events to complex phenotypic changes induced by
ethanol in cells or the nervous system is a difficult task. To
circumvent this difficulty, we recently utilized expression pro-
filing with high density oligonucleotide arrays to identify pat-
terns of gene regulation occurring with ethanol (12). These
studies identified several distinct mRNA expression patterns
occurring in SH-SY5Y neuroblastoma cells exposed to ethanol.
Among these patterns were a group of genes involved in the
production and metabolism of the neurotransmitter norepi-
nephrine. Indeed, the most prominent mRNA induction oc-
curred with dopamine �-hydroxylase (DBH),1 the enzyme re-
sponsible for conversion of dopamine to norepinephrine. We
also found that ethanol increased DBH protein levels and nore-
pinephrine production in SH-SY5Y cells and elevated DBH
mRNA levels in mouse adrenal gland.

DBH is localized in neurosecretory vesicles of noradrenergic
neurons of the central and peripheral nervous systems and in
chromaffin granules of adrenal medullary cells (13, 14). Nor-
epinephrine has been suggested to play an important role in
several ethanol-related behaviors. Infusion of norepinephrine
into the hypothalamic paraventricular nucleus increases etha-
nol consumption in rats (15). Some studies have also shown
that acute administration of ethanol increases synthesis, turn-
over, and release of norepinephrine in rat brain (16–20). Re-
cently, DBH knockout mice were shown to have reduced etha-
nol preference in a two-bottle choice paradigm (21). Thus, there
is significant evidence suggesting a role of DBH in ethanol-
related behaviors.

Defining how ethanol regulates DBH gene expression could
have important implications for understanding ethanol-
dependent long-term changes in central nervous system func-
tion. Our recent microarray studies suggested a role for cAMP
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signaling in �30% of the ethanol-responsive genes, including
DBH (12). One of the best characterized elements regulating
DBH gene expression is the cAMP-response element (CRE)
motif, which binds the CRE-binding protein (CREB) transcrip-
tion factor (22–24). CREB can be phosphorylated by multiple
kinases, including protein kinase A (PKA), Ca2�/calmodulin-
dependent kinase (CaMK), casein kinase II (CKII), protein
kinase C (PKC), and mitogen-activated protein kinase (MAPK)
(25–30), thereby altering gene transcription (31, 32). Phospho-
rylation at Ser133 is required for CREB-induced gene transcrip-
tion; however, CREB activity and specificity can be modulated
by phosphorylation at additional sites on CREB or of proteins
associated with CREB (for review, see Ref. 33).

Although there is significant evidence suggesting that cAMP
signaling is an important target for ethanol action (34–40),
there is little evidence actually linking ethanol-induced
changes in expression of a native gene to the cAMP pathway.
Therefore, we undertook this study to investigate the mecha-
nism of ethanol regulation of DBH expression and, in particu-
lar, whether cAMP signaling plays a role in ethanol induction
of DBH transcription. Here, we report that ethanol activates
DBH gene expression at the transcriptional level. We also show
that ethanol stimulates human DBH gene transcription
through a CRE requiring CREB and multiple protein kinase
pathways in SH-SY5Y cells. Importantly, these kinase path-
ways also seem to be required for a complex subset of ethanol-
responsive genes identified by microarray studies. Our results
provide important insight into mechanisms of ethanol regula-
tion of DBH and point to the utility of pharmacogenomic stud-
ies for understanding the mechanism of action for pleiotropic
drugs such as ethanol.

EXPERIMENTAL PROCEDURES

Reagents—Cell culture medium, serum, and supplies were obtained
from Invitrogen and Hyclone Laboratories (Logan, UT). Plasmid prep-
aration kits were obtained from QIAGEN Inc. (Santa Clarita, CA).
Inhibitors (H-89, GF 109203X, PD 98059, and KN62) were purchased
from Calbiochem. Chrysin and other reagents were purchased from
Sigma. Restriction endonucleases were obtained from Promega (Madi-
son, WI). STAT-60 reagent was purchased from Tel-Test (Friendswood,
TX).

Cell Culture—The human neuroblastoma cell line SH-SY5Y-AH1861
(passage 7) was obtained from Dr. Robert Messing (University of Cali-
fornia, San Francisco). Cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 2 mM glutamine and 10% (v/v) fetal
bovine serum in a 10% CO2 atmosphere at 37 °C. Fresh medium was
supplied every 2 days, and cultures were split after 1 week.

Plasmid Constructs—The DBH promoter deletion plasmids
(2600CAT, 978CAT, 262CAT, 142CAT�, 114CAT�, 62CAT�, and
38CAT�) were generated in the laboratory of Dr. Kwang-Soo Kim and
have been previously described (23). Constructs 978CAT� and 262CAT�
were constructed by subcloning the SphI-XhoI fragments from 978CAT
and 262CAT into the pBLCAT3-1 plasmid (41). pBLCAT3-1 is a deriv-
ative of pBLCAT3 that was constructed by deleting the CRE-like and
TATA-like sequences upstream of the multiple cloning site and derives
significantly lower background CAT activity compared with the
pBLCAT3 backbone (41). The original mutant constructs mAP1, mYY1,
and mCRE (24) were similarly subcloned in the pBLCAT3-1 backbone
to generate mAP1�, mYY1�, and mCRE�, respectively. Dr. M. E. Green-
berg (Harvard Medical School) kindly provided the dominant-negative
construct pRcRSVCREBM1 expressing CREBM1.

Transient Transfection Assays—DNA constructs used for transfec-
tions were purified by alkaline lysis using a QIAGEN Endo-Free max-
iprep kit. Cells were seeded in 6-well plates at a density of 0.3 � 106

cells/well 24 h prior to transfections. Transient transfections were per-
formed with a total of 1 �g of plasmid DNA using FuGENE 6 reagent
(Roche Applied Science) according to the manufacturer’s instructions.
After overnight incubation, ethanol (0–200 mM) was added with fresh
medium, and plates were sealed with Parafilm. Cells were harvested
24 h later in 1� reporter lysis buffer (Promega), and aliquots of cell
extracts were assayed for protein and CAT activity (42). Preliminary
studies with a �-galactosidase reporter plasmid indicated that ethanol
reduced �-galactosidase activity in the presence of the DBH construct

(30–50%) and therefore could not be used as an internal control. Fur-
thermore, when basal CAT activity was normalized with �-galactosid-
ase, no significant differences were observed in transfection efficiency
between deletion constructs (see Fig. 2C). Therefore, CAT activity was
normalized to total lysate protein (43), and transfections were repeated
three to nine times in triplicate with two to three independent prepa-
rations of plasmids. Results are expressed as CAT activity/�g/min.
Phorbol 12-myristate 13-acetate (100 nM) and forskolin (1 �M) treat-
ments were carried out for 24 h. The inhibitors of PKA (H-89; 10 �M),
CaMK (KN62; 5 �M), CKII (chrysin; 10 �M), PKC (bisindolylmaleimide
I (GF 109203X); 100 nM), and MEK (PD 98059; 10 �M) were added 30
min prior to the addition of ethanol or dibutyryl cAMP (Bt2cAMP; 0.5
mM) and were present during ethanol incubation (6 h). Statistical anal-
ysis of CAT assay results was performed by analysis of variance using
GraphPAD Prism Version 3.0 software.

Total RNA Isolation and Biotinylated cRNA Preparation—For mi-
croarray analysis, 80% confluent cells were treated with H-89 (10 �M),
chrysin (10 �M), or PD 98059 (10 �M) for 30 min prior to the addition of
100 mM ethanol and incubated additionally for 16 h. Following ethanol
treatment, cells were trypsinized, and pellets were immediately frozen
in liquid nitrogen and stored at �80 °C until needed. The experiment
was performed in triplicate. Total RNA was isolated by homogenizing
cell pellets in STAT-60 reagent using a tissue homogenizer (Tekmar,
Cincinnati, OH) according to the manufacturer’s protocol. RNA integ-
rity was confirmed by agarose gel electrophoresis. The protocols for
cDNA and cRNA synthesis were performed according to the recommen-
dations of Affymetrix (Santa Clara, CA) and have been described pre-
viously (12). In short, equivalent amounts (15 �g) of total RNA for each
sample were reversed-transcribed into double-stranded cDNA using the
Superscript choice system (Invitrogen), followed by biotin-labeled cRNA
synthesis using a BioArray HighYield RNA transcript labeling kit
(ENZO Diagnostics, Farmingdale, NY). Prior to hybridization, cRNA
samples (10 �g) were fragmented randomly to an average size of 30–60
bases by incubation at 94 °C for 35 min in 40 mM Tris acetate (pH 8.1),
100 mM potassium acetate, and 30 mM magnesium acetate.

Array Hybridization and Scanning—Labeled cRNA samples were
analyzed on Human Genome U95Av2 oligonucleotide array Set A (Af-
fymetrix), representing 12,625 known genes and expressed sequence
tags, in which each gene is represented by a probe set consisting of
16–20 probes. Hybridizations and scanning were performed according
to Affymetrix protocols and as described previously (12). Briefly, ali-
quots of fragmented cRNA (10 �g in a 200-�l master mixture) were
hybridized to arrays at 45 °C for 16 h in a rotisserie oven set at 60 rpm.
Following hybridization, arrays were washed and stained with strepta-
vidin-phycoerythrin (Molecular Probes, Inc., Eugene, OR) using an
Affymetrix fluidics station. Hybridization signals were amplified by
incubating arrays with biotinylated goat anti-streptavidin antibody
(Sigma) in staining buffer. After washing, arrays were scanned using a
confocal GeneArray scanner (Hewlett-Packard Co., Palo Alto, CA).

Microarray Data Analysis—Initial analysis of microarray data, in-
cluding calculations of “average difference” expression intensity levels,
was performed using Affymetrix Microarray Suite software (MAS Ver-
sion 4.0). All arrays were normalized by correction to a set value for
median total hybridization intensity. Scaling factors for all arrays were
between 2.0 and 3.6. The ratio of hybridization to 3�- versus 5�-end
probes for �-actin did not exceed 2 for any array.

To generate lists of genes with reliable altered expression patterns,
we employed the following analysis criteria. Initially, all genes from
triplicate experiments were subjected to an analysis algorithm (S-score)
developed in our laboratory for comparison of two high density oligo-
nucleotide arrays (44). The S-score analysis determines the likelihood
that the hybridization signal for a given gene is different between two
arrays. The S-score is the sum of differences between perfect match/
mismatch probe pairs for two arrays compared, with weighting for both
multiplicative and additive error. S-scores are derived to have a mean
of zero (no change) with an S.D. of 1. Next, array data were filtered to
have an average difference �50 in at least one sample, resulting in 9644
potentially “expressed” genes. The filtered S-scores were then analyzed
for consistent changes in replicate experiments using a permutation
technique (45). This statistical analysis of microarrays (SAM) method
gives a more valid estimate of statistical significance when studying a
large data set and identifies genes with changes in expression by
assimilating a set of gene-specific t tests. The percentage of genes
having scores greater than threshold by chance is the false discovery
rate. We utilized SAM with a multiclass analysis and selected 410
reliable genes using a false discovery rate of 20%. This somewhat
relaxed stringency level was used so as not to exclude potentially
informative genes from multivariate and functional group analyses.
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S-scores from SAM analysis results were again filtered to select genes
having an S-score � 1.5 or � �1.5 in at least two samples. This resulted
in 390 final candidate genes.

To identify and graphically display groups of genes with correlated
expression patterns, hierarchical clustering was applied using the cen-
tered correlation method in the program Cluster (46). Results were
visualized with the Tree View program (46).

Real-time Reverse Transcription (RT)-PCR Analysis—Quantitative
real-time RT-PCRs for selected genes were performed in the Nucleic
Acid Research Facility of the Virginia Commonwealth University Mas-
sey Cancer Center using the ABI Prism® 7900 sequence detection
system (Applied Biosystems, Foster City, CA) according to the manu-
facturer’s protocol. Probes and primers were designed using Primer
Express® Version 2.0 (Applied Biosystems), and these primers span
intron-exon sequences of the gene. TaqMan fluorogenic probes were
labeled at the 5�-end with a reporter, 6-carboxyfluorescein, and at the
3�-end with a quencher dye, N,N,N�,N�-tetramethyl-6-carboxytetra-
methylrhodamine. Probe and primer sequences were as follows: 1) for
the DBH gene, sense primer (5�-GTGCTACATTAAGGAGCTTCCAAA-
G-3�), antisense primer (5�-GGCCTCATTGCCCTTGGT-3�), and
TaqMan probe (5�-TCGGCACCACATTATCAAGTACGAGCC-3�); 2) for
the �-like kinase gene, sense primer (5�-CTCCTGCGCGTCCTCTTG-
3�), antisense primer (5�-CACCTGCAAACATTGTCATCCT-3�), and
TaqMan probe (5�-CACAGCACCTATGGGGCTGAATGCTTC-3�); and
3) for the thioredoxin-interacting protein gene, sense primer (5�-GCG-
CTATGAAGACACGCTTCT-3�), antisense primer (5�-CTCATATTTGT-
TTCCAGGTCTCATGA-3�), and TaqMan probe (5�-ACCATCTCAT-
TCTCA-CCTGTTGGCTGG-3�).

All quantitative RT-PCR analyses were performed in triplicate under
conditions recommended by the manufacturer (TaqMan® One Step
PCR Master Mix reagent kit, P/N 4309169; ABI, Foster City, CA). The
cycling conditions were 48 °C for 30 min, 95 °C for 10 min, and 40 cycles
at 95 °C for 15 s and 60 °C for 1 min. The threshold cycle was deter-
mined to provide optimal standard curve value (0.98–1.0). 18 S rRNA
from the pre-developed TaqMan® assay reagents (P/N 4310893E) was
used as endogenous control. Input RNA amounts were calculated with
relative standard curves for all mRNAs of interest and 18 S RNA.
Transcript abundance was calculated as the ratio of control or experi-
mental sample values normalized to 18 S RNA.

RESULTS

Ethanol Causes Dose- and Time-dependent Increases in Hu-
man DBH Gene Transcription—To determine whether ethanol
regulates DBH gene expression at the transcriptional level, we
performed transient transfection assays in SH-SY5Y cells. The
5�-flanking sequences (�978 to �9 bp) of the DBH promoter,
containing defined regulatory elements such as glucocorticoid-
response element, AP1, AP2, CRE, YY1, and TATA, were fused
to a CAT reporter gene (Fig. 1A). Cells transfected with either
978CAT� or pBLCAT3-1 plasmid DNA (vector control) were
treated with increasing concentrations of ethanol (50–200 mM)
for 24 h or with 100 mM ethanol for 6, 12, and 24 h. Ethanol
increased DBH promoter activity in a concentration-dependent
manner with a maximal induction at 150 mM ethanol (Fig. 1B).
The -fold increase in CAT activity was 2.5 � 0.1 (mean � S.D.)
after a 6-h exposure to 100 mM ethanol (Fig. 1C). Maximal DBH
promoter induction (4.3 � 0.3-fold � mock-treated) was seen at
12 h post-ethanol exposure.

Identification of an Ethanol-responsive Region in the DBH
Gene Promoter—Deletion analysis was performed to identify
potential ethanol-responsive regulatory elements residing
within the 5�-proximal region of the DBH gene (Fig. 2A). The
basal CAT activity of the deleted constructs showed variable
expression levels, depending upon the presence of various pos-
itive and negative elements, as previously reported by Ishiguro
et al. (47). Deletions of the 5�-promoter sequences (�2600 to
�262 bp) did not produce any significant change in ethanol
responsiveness of the gene (Fig. 2B). However, further deletion
from �262 to �142 bp markedly reduced ethanol responsive-
ness. These results indicate that the region between �262 and
�142 bp contains sequence information necessary for ethanol
regulation of DBH transcription.

Fig. 2C shows the basal CAT activity for various DBH dele-
tion constructs normalized to �-galactosidase activity produced
by cotransfection with a cytomegalovirus-lacZ vector. However,
ethanol reduced �-galactosidase activity (30–50%) when cyto-
megalovirus-lacZ was used as an internal control in the pres-
ence of the DBH promoter (data not shown). Thus, we did not
use such internal standards for normalization of CAT activity
in cells treated with ethanol. The normalized basal CAT activ-
ity results (Fig. 2C) indicate similar levels of expression for
DBH constructs compared with CAT activity normalized to
total protein content (Fig. 2A).

Mutation of the CRE Abolishes Ethanol Responsiveness of the
DBH Promoter—The DBH promoter sequences from �262 to
�142 bp contain CRE, AP1, and YY1 cis-regulatory elements.
CRE is an essential cis-regulatory element for cAMP-stimu-

FIG. 1. Ethanol regulates DBH gene expression at the tran-
scriptional level. A, schematic diagram of the 978CAT� construct
illustrating �978 to �9 bp of the human DBH gene promoter fused to
the CAT gene and pBLCAT3-1 (promoter-less vector used as a negative
control). The positions of select defined regulatory elements are indi-
cated. B, concentration response for ethanol induction of DBH promoter
activity. SH-SY5Y cells were transiently transfected with the indicated
constructs as described under “Experimental Procedures,” treated with
ethanol for 24 h, and then assayed for CAT activity. Results from a
single representative experiment are expressed as percent -fold induc-
tion versus control (untreated) cells. C, time course for ethanol induc-
tion of the DBH promoter activity. SH-SY5Y cells were transiently
transfected and treated with 100 mM ethanol for the indicated time
intervals. pBLCAT3-1� used as negative control showed no response to
ethanol treatment (data not shown). Results are the mean � S.D. of
triplicate determinations from a representative experiment. Points
without error bars have an S.D. smaller than the symbol size. All
experiments were repeated two to three times with similar results.
GRE, glucocorticoid-response elements.

Pharmacogenomics of Ethanol and DBH Gene Expression38862



lated transcription of DBH and also modulates basal expres-
sion of the gene (23). To evaluate the possible role of these
promoter elements in ethanol induction of DBH transcription,
transient transfection analysis of site-directed mutant con-
structs (Fig. 3A) was performed in SH-SY5Y cells. Mutations of
putative sites for AP1 and YY1 did not alter ethanol respon-
siveness of the DBH promoter. However, mutation of the CRE
site completely abolished ethanol induction (Fig. 3B). Even
though the basal level of expression for the mCRE construct
was greatly reduced, this was still 2-fold higher than the back-
ground of mock-treated cells, suggesting that decreases in ba-
sal activity did not account for loss of ethanol responsiveness.
Furthermore, the mCRE construct was induced by phorbol
12-myristate 13-acetate treatment, thus confirming that it
could still be activated (Fig. 3C). These results strongly suggest
that a CRE cis-regulatory element mediates ethanol respon-
siveness of the DBH gene.

Coexpression of Dominant-negative CREB Attenuates Etha-
nol Induction of DBH Promoter Activity—To determine
whether CREB, the cognate DNA-binding protein of the CRE
site, is required for ethanol induction of the DBH promoter, we
used a dominant-negative inhibitor of CREB function (48).
Either empty or mutant CREB expression vector was tran-
siently cotransfected along with 978CAT� into SH-SY5Y cells.
CREBM1 is a mutant form of CREB that can still bind to CRE,
but cannot be activated by phosphorylation at Ser133, as this
site has been mutated to alanine (48). Phosphorylation at this
site is critical for CREB activation by various protein kinases
such as PKA, MAPK, and CaMK (49, 50). As shown in Fig. 4,
coexpression of CREBM1 greatly decreased ethanol- or forsko-
lin-induced DBH promoter activity. Although ethanol still
caused slight increases in DBH promoter activity in the pres-
ence of the CREBM1 construct, similar residual induction was
seen with forskolin, a known activator of PKA-dependent
Ser133 phosphorylation. This strongly suggests that the CRE
site and CREB are likely to play a role in ethanol regulation of
DBH.

Ethanol Induction of DBH Gene Transcription Involves Mul-
tiple Protein Kinases—Prior studies have shown that ethanol
can activate the cAMP pathway, causing nuclear translocation
of PKA with subsequent CREB phosphorylation (2, 34, 37, 38,
40, 51–54). Initially, to investigate whether ethanol regulation
of DBH promoter activity requires the classical cAMP-depend-
ent signal transduction pathway via PKA, we employed a se-
lective PKA inhibitor (H-89) in transient transfection assays.
No apparent morphological or viability changes were observed
after 6 or 16 h of H-89 treatment. Pretreatment with H-89
greatly decreased DBH promoter activity caused by ethanol or
the PKA activator Bt2cAMP (Fig. 5A). The basal CAT activity
was also reduced with H-89 treatment, consistent with previ-
ous studies showing that PKA, via CRE/CREB, regulates basal
DBH promoter activity (55). These results suggest a require-
ment for PKA-mediated signaling in the ethanol response.

Several other kinases such as CKII, MAPK, PKC, and CaMK
are known to phosphorylate CREB and thereby activate CREB-
dependent transcription (25, 26, 29, 30, 49, 56–59). We ex-
plored the possible involvement of these kinases in ethanol
regulation of DBH. Cells were pretreated with inhibitors of
MEK (PD 98059), CKII (chrysin), CaMK (KN62), and PKC (GF
109203X) for 30 min and incubated for an additional 6 h with
100 mM ethanol. Both chrysin and PD 98059 attenuated DBH
CAT activity (Fig. 5), implying the involvement of CKII and
MEK, respectively. GF 109203X and KN62 showed no effect on
ethanol-induced DBH CAT activity, suggesting that PKC and
CaMK are not required for ethanol regulation of DBH. PD
98059 and KN62 also reduced basal CAT activity, whereas GF

109203X and chrysin had either very little or no effect, respec-
tively. This suggests the involvement of MEK and CaMK in
regulating basal DBH gene expression. Importantly, the differ-
ing sensitivity of basal activity (CaMK, MEK, and PKA) versus
ethanol induction (CKII, MEK, and PKA) to various kinase
inhibitors reinforces the specificity of inhibitor effects on the
ethanol response.

Pharmacogenomic Analysis: Inhibitors of PKA, CKII, and
MEK Kinases Attenuate Induction of an Ethanol-responsive
Expression Cluster—Our previous microarray studies (12)
showed that �30% of ethanol-responsive genes in SH-SY5Y
cells, including DBH, are also cAMP-responsive. We hypothe-

FIG. 2. Identification of ethanol-responsive sequences in the
DBH promoter. SH-SY5Y cells were transiently transfected with the
indicated plasmid constructs. Twenty-four hours after transfection,
cells were mock-treated or treated with 100 mM ethanol for 24 h and
then harvested for CAT determinations. A, CAT activity from a repre-
sentative experiment normalized (see “Experimental Procedures”) to
total protein content expressed as the mean � S.D. of triplicate sam-
ples. B, average percent -fold induction from four independent experi-
ments. Error bars indicate S.D. The DNA region responsible for ethanol
induction of the DBH gene is indicated. Significance (p � 0.001) for the
262CAT� construct versus the 142CAT� construct is indicated (analysis
of variance, Tukey post-hoc analysis). C, CAT activity of control (mock-
treated) DBH promoter constructs normalized to �-galactosidase activ-
ity. The relative activity of various constructs is highly comparable to
CAT activity normalized to total protein content (A). Ethanol treatment
decreased �-galactosidase activity by 30–50% when used as an internal
control with DBH promoter constructs (data not shown). Results are the
mean � S.D. of triplicate determinations. Points without error bars
have an S.D. smaller than the symbol size.

Pharmacogenomics of Ethanol and DBH Gene Expression 38863



sized that this subgroup of ethanol-responsive genes might also
have requirements for CKII and MEK kinase signaling, as
shown above for DBH. We therefore employed a pharmaco-
genomic approach using oligonucleotide microarrays contain-
ing 12,625 human genes to determine the role of PKA, CKII,
and MEK kinases in ethanol-responsive gene expression in
SH-SY5Y cells. Cells were treated 30 min prior to ethanol
exposure with inhibitors of PKA, CKII, and MEK kinases, and
total RNA was isolated from triplicate experiments for oligo-

nucleotide array analysis. Comparisons were generated be-
tween control versus ethanol-treated, control versus inhibitor-
treated, and ethanol- versus inhibitor/ethanol-treated samples
using the S-score analysis algorithm. The S-score produces a
robust measure of expression changes by weighting multiple
probe pairs according to an error model characteristic of oligo-
nucleotide arrays (44). S-scores showing consistent results
across replicate experiments were identified using a permuta-
tion-based statistical analysis (SAM) (45) and stringent filter-
ing criteria as described under “Experimental Procedures.” Of
9644 genes selected as expressed using a low stringency filter,
323 (3.4%) showed significant increased or decreased expres-
sion with ethanol treatment. As observed previously (12), the
majority of ethanol responses showed increased expression
with ethanol (248/323). Correlated gene expression profiles
were identified using hierarchical clustering (46) for ethanol
and inhibitor/ethanol-treated. Several distinct patterns
emerged, including genes that were up- or down-regulated with
ethanol or inhibitor treatments (Fig. 6A). Strikingly, a very
large proportion of ethanol responses (270/323) were blocked by
all three inhibitors (cluster 1) (Fig. 6A). Virtually all ethanol
responses blocked by H-89 were also inhibited to a similar
degree by chrysin or PD 98059 (Fig. 6B).

It is beyond the scope of this study to describe a detailed
functional analysis of all differential expression profiles iden-
tified by microarray studies. We focused mainly on those eth-
anol-induced genes (213/248) whose expression was blocked by
all inhibitors (cluster 1) (Fig. 6A). To assess functional similar-
ities, we manually categorized genes into 11 functional classes
based on either known functions or structural homology to
genes of known function (data not shown). Similar distri-
butions were obtained using software approaches to map ex-
pression data on biological pathways (60). In general, genes
involved in signal transduction, defense/stress, and transcrip-
tion/translation were the most highly represented categories.
In particular, analysis showed increased expression of multiple
members of the MAPK and phosphatidylinositol signaling cas-
cades (Table I).

Validation of Microarray Results by Quantitative RT-PCR
Analysis—To validate select microarray results on ethanol-
responsive genes, we performed quantitative RT-PCR on the
DBH, �-like kinase, and thioredoxin-interacting protein genes

FIG. 3. Mutation of the CRE site abolishes ethanol responsive-
ness of the DBH promoter. SH-SY5Y cells were transiently trans-
fected with promoter constructs and treated with the indicated drugs
24 h later. Cells were harvested for CAT activity 24 h after drug
treatment. In all cases, CAT activity of a representative experiment is
displayed as the mean � S.D. of triplicate determinations. Points with-
out error bars have an S.D. too small to visualize. Similar results were
obtained in experiments repeated three times using different plasmid
preparations. A, schematic diagram of the 978CAT� construct and mu-
tations of the CRE/YY1/AP1 area. Nucleotide sequences of wild-type
978CAT� (�185 to �164 bp) and mutant constructs (mYY1�, mAP1�,
and mCRE�) are shown. Defined cis-regulatory elements (AP1, YY1,
and CRE) are under/overlined. Constructs targeting defined cis-ele-
ments have the mutated bases indicated, and solid lines represent
unchanged sequences. B, effect of ethanol on mutant constructs. Cells
transfected with the indicated constructs were treated with or without
100 mM ethanol for 24 h. C, the mCRE� construct is responsive to
phorbol 12-myristate 13-acetate treatment. Cells were transfected with
the mCRE� construct and treated with or without ethanol (100 mM),
forskolin 1 �M), or phorbol 12-myristate 13-acetate (PMA; 100 nM) for
24 h.

FIG. 4. Coexpression of a dominant-negative CREB construct
attenuates ethanol induction of the DBH promoter. SH-SY5Y
cells were transiently cotransfected with 978CAT� together with either
empty vector or dominant-negative CREB (CREBM1) constructs. Twen-
ty-four hours later, cells were mock-treated or treated with saline,
ethanol (100 mM), or forskolin (1.0 �M), and CAT activity was deter-
mined after 16 h. Data are expressed as the mean � S.D. of a repre-
sentative experiment. Data without error bars have an S.D. too small to
visualize. Similar results were obtained in experiments repeated three
times.
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(Fig. 7). Even though �-like kinase did not pass stringent cri-
teria for the current microarray studies, it was previously
identified as an ethanol-responsive gene by our laboratory (12).
Thioredoxin-interacting protein was selected because of its role
in cellular responses to oxidative stress (61), a pathway impli-
cated by our previous microarray results (12). Fig. 7 shows that
ethanol responses from quantitative RT-PCR results were con-
sistent with microarray data.

DISCUSSION

Here, we have shown that ethanol regulates DBH gene ex-
pression at the transcriptional level and identified promoter
elements essential for ethanol responsiveness. We provide data
suggesting an important role for cAMP signaling in ethanol
regulation of DBH: 1) a CRE was required for ethanol induction
of the DBH promoter; 2) a dominant-negative CREB construct
greatly reduced ethanol responsiveness of the DBH promoter;
and 3) an inhibitor of PKA blocked ethanol regulation of DBH

gene transcription. Inhibitor studies also suggested that CKII
and MEK kinases are required for ethanol regulation of DBH.
We used a pharmacogenomic approach with microarray studies
to extend these findings and showed that PKA, CKII, and MEK
kinases are indeed required for a large, diverse subset of eth-
anol-responsive genes in SH-SY5Y cells. These results increase
our understanding of molecular mechanism(s) underlying eth-
anol-regulated gene expression and could have functional im-
plications for cellular and behavioral responses to ethanol.

FIG. 5. Inhibitors of PKA, CKII, and MEK kinases greatly re-
duce ethanol induction of the DBH promoter. SH-SY5Y cells were
transfected with the 978CAT� construct 24 h prior to drug treatments.
All kinase inhibitors were added 30 min prior to other drug treatments.
Cells were harvested for CAT activity 6 h after the last drug additions.
A, cells were pretreated with H-89 (10 �M) for 30 min, followed by a 6-h
incubation in the absence or presence of Bt2cAMP (db; 0.5 mM), forsko-
lin (Fk; 1.0 �M), or ethanol (Et; 100 mM). B, cells were pretreated with
saline, PD 98059 (PD; 10 �M), KN62 (KN; 5 �M), or GF 109203X (GF;
100 nM) 30 min prior to the addition of saline or ethanol (100 mM). C,
cells were pretreated with saline or chrysin (10 �M) prior to the addition
of saline or ethanol (100 mM). CAT activities for all experiments are the
mean � S.D. of triplicate determinations. Similar results were obtained
in experiments repeated two to three times. Data without error bars
have an S.D. too small to be visible.

FIG. 6. Inhibitors of PKA, CKII, and MEK kinases block etha-
nol induction of a large subset of ethanol-responsive genes.
SH-SY5Y cultures were mock-treated or treated with H-89, chrysin, or
PD 98059 for 30 min, followed by a 16-h incubation with or without
ethanol (100 mM). RNA was then isolated and processed for microarray
analysis. Triplicate experiments were performed and analyzed by S-
score algorithm, SAM, and hierarchical clustering as described under
“Experimental Procedures.” S-scores were generated for the following
pairs of treatment conditions: ethanol versus control (E/C), H-89 �
ethanol versus ethanol (H-89E/E), H-89 alone versus control, chrysin �
ethanol versus ethanol (CE/E), chrysin alone versus control, PD 98059 �
ethanol versus ethanol (PDE/E), and PD 98059 alone versus control. A,
hierarchical clustering analysis of S-score gene expression data from
triplicate experiments is depicted. Only the four identified comparisons
were clustered for clarity. Cluster 1 identifies ethanol-induced genes
blocked by H-89, PD 98059 (PD), and chrysin (Chr). Red and green
depict positive (increased) and negative (decreased) S-scores for pair-
wise comparisons, respectively. B, graphical representation of average
S-scores � S.D. for cluster 1 is shown.
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Previous studies by our laboratory found increased DBH
mRNA abundance in neural cell cultures and mice exposed to
ethanol (12). Prior work from our laboratory and others showed
that ethanol can cause selective increases in mRNA abundance
by either increasing gene transcription (4, 5, 62–64) or altering
mRNA stability (63). In this study, transient transfection anal-
ysis showed that ethanol treatment increased DBH gene tran-
scription. The ethanol concentration-response curves for DBH
transcription (Fig. 1B) and increases in DBH mRNA abun-
dance (12) were similar, suggesting that increased transcrip-
tion is a major factor in the ethanol response. This does not
preclude possible concurrent changes in DBH mRNA stability.

Deletion (Fig. 2) and site-directed (Fig. 3) mutagenesis stud-
ies on the DBH promoter strongly implicated the CRE site and
its cognate DNA-binding protein (CREB) in ethanol regulation
of DBH gene transcription. Importantly, even though mutation
of the CRE site decreased both basal and ethanol-induced pro-
moter activities, the mCRE construct was still responsive to
phorbol esters (Fig. 3C). Thus, the CRE site mutation specifi-
cally alters ethanol responsiveness of the DBH promoter. Al-
though our DNA array studies suggest that a substantial por-
tion of ethanol-regulated genes in SH-SY5Y cells are also
responsive to cAMP (cluster 1) (Fig. 6A) (12), our previous work
showed that some genes containing functional CRE sites are

TABLE I
List of genes for cell defense and signal transduction categories

Ethanol-responsive genes from cluster 1 (Fig. 6A) were assigned functional groupings using manual editing of GeneOntology categories obtained
through the DAVID annotation tool (available at apps1.niaid.nih.gov/David/upload.asp). MDR, multidrug resistance; MHC, major histocompati-
bility complex. FGF, fibroblast growth factor; EGF, epidermal growth factor; MAPKKK, MAPK kinase kinase.

Accession no. Gene name Putative function

Defense/stress
M90683 HLA-G histocompatibility antigen, class I Cellular defense response
M58603 Nuclear factor of �-light gene enhancer (p105) Transcription-activating factor/stress
U84487 Chemokine (CX3C motif) ligand-1 Cell-cell signaling/stress
M14758 ATP-binding cassette, subfamily B (MDR/TAP), member 1 ATP-binding cassette transporter/stress
D28118 Zinc finger protein-161 Cellular defense response
L76191 Interleukin-1 receptor-associated kinase-1 NF-� B-inducing kinase/stress
AJ011896 TNFAIP3-interacting protein-1 Inhibits NF-� B activity
AB007935 Immunoglobulin superfamily, member 3 Membrane fraction
AL080181 Immunoglobulin superfamily, member 4 Membrane fraction
AF010313 Etoposide-induced mRNA Induction of apoptosis by p53
L12723 Heat shock 70-kDa protein-4 Chaperones/stress
AI680675 DnaJ (Hsp40) homolog, subfamily C9 Chaperones/DNA repair
X15183 Heat shock 90-kDa protein-1� Chaperones/stress
L19185 Human natural killer cell-enhancing factor Antioxidant
L38503 Glutathione S-transferase Theta2 Glutathione transferase
M33764 Ornithine decarboxylase Polyamine biosynthesis
X16277 Ornithine decarboxylase Polyamine biosynthesis
S73591 Thioredoxin-interacting protein Regulator of cellular redox state
K01383 Metallothionein I-A gene Stress
M10943 Metallothionein gene (hMT-If) Stress
D11139 Tissue inhibitor of metalloproteinases Stress
A1557064 NADH dehydrogenase (ubiquinone) flavoprotein-2, 24 kDa Iron-sulfur electron transfer carrier
U05875 Interferon-� receptor-2 Viral/bacterial response
U53588 MHC class I region Histocompatibility complex

Signal transduction
AF002715 MAPKKK-4 Signal transduction/stress
L36870 MAPK kinase-4 Signal transduction/stress
U09578 MAPK-activated protein kinase-3 Response to stress
U52522 Partner of Rac1 (arfaptin-2) GTP-binding protein/cell motility
M24194 G protein, �-polypeptide-2-like 1 G-protein signaling, PKC activation
AB00231 PDZ domain-containing guanine nucleotide exchange factor-1 Activates Rho-dependent pathway
M64572 Tyrosine phosphatase, non-receptor type 3 Protein dephosphorylation
Y17169 Tyrosine kinase-9-like (A6-related protein) Actin binding/ATP binding
U14603 Protein-tyrosine phosphatase type IVA, member 2 Protein-tyrosine phosphatase
M14333 fyn oncogene related to src, fgr, yes Learning/protein phosphorylation
Y13620 B-cell CLL/lymphoma-9 wnt signaling
X12791 Signal recognition particle, 19 kDa Oncogenesis
U59305 Ser/Thr protein kinase related to myotonic dystrophy protein kinase Protein phosphorylation
M97287 AT-rich sequence-binding protein-1 (binds to nuclear matrix/scaffold-

associating DNAs)
Maintenance of chromatin architecture

AF024636 Ser/Thr kinase-24 (STE20 homolog) Protein kinase
X57346 Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation

protein, �-polypeptide
Protein binding

U73377 Shc (Src homology 2 domain-containing)-transforming protein-1 Regulation of EGF receptor activity
U51336 Inositol-1,3,4-triphosphate 5/6-kinase Signal transduction
M68941 Protein-tyrosine phosphatase, non-receptor type 4 (megakaryocyte) Protein amino acid dephosphorylation
AA126515 Retinol dehydrogenase-11 (all-trans and 9-cis) Retinoic acid biosynthesis
AB018314 Protein phosphatase-1, regulatory (inhibitor) subunit 13B Protein phosphatase
L11329 Dual-specificity phosphatase-2 Inactivation of MAPK
Y18004 Sex comb on midleg-like 2 (Drosophila) Embryogenesis and morphogenesis
U85647 Small optic lobes homolog (Drosophila) Cytoskeleton
M34641 FGF receptor-1 (fms-related tyrosine kinase-2, Pfeiffer’s syndrome) EGF receptor signaling pathway,

MAPKKK cascade
Y12711 Progesterone receptor membrane component-1 Steroid binding
M23379 Ras p21 protein activator (GTPase-activating protein)-1 Ras GTPase activator
D50927 Tousled-like kinase-1 Signal transduction
M16038 v-yes-1 virus related oncogene homolog Receptor protein-tyrosine kinase
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not induced by ethanol in neuroblastoma cell cultures (see data
on lactate dehydrogenase in Ref. 4).2 Fig. 6A further supports
this supposition, showing that H-89 did not alter ethanol down-
regulation of some gene clusters (cluster 2) and that H-89
treatment caused strong induction of some genes unresponsive
to ethanol (cluster 3). This raises the possibility that a func-
tional CRE site is necessary, but not sufficient, for ethanol
regulation of genes such as DBH. A similar conclusion was also
recently reached by Constantinescu et al. (65), who showed that
phosphorylation of CREB by type II PKA is necessary, but not
sufficient, for ethanol regulation of an artificial CRE-luciferase
construct.

As expected, the dominant-negative CREBM1 construct
blocked ethanol induction of DBH transcription (Fig. 4). This
supports involvement of CREB in ethanol induction of DBH.
CREBM1 cannot be activated by PKA phosphorylation at
Ser133, but can still bind to the CRE. Thus, CREBM1 occupies
the CRE, preventing access by CREB and other CRE-binding

factors (33). However, overexpression of CREBM1 could also
competitively interfere with the activity of other bZIP proteins
such as activating transcription factor-1 and CREM-� (33, 66–
68). Nevertheless, when combined with the results of our pro-
moter mapping (Figs. 2 and 3) and kinase inhibitor (Figs. 5 and
6) studies, the CREBM1 results greatly strengthen a role for
CREB in ethanol regulation of DBH transcription. Ongoing
studies of CREB phosphorylation and DNA binding could pro-
vide more direct evidence of CREB involvement in ethanol
induction of DBH. However, in light of the multikinase mech-
anism of ethanol action suggested by our studies here (see
discussion below), it is possible that multiple sites of CREB
phosphorylation will have to be investigated to fully under-
stand ethanol actions on CREB. It has been shown that acute
ethanol induces CREB phosphorylation at Ser133 in rat cere-
bellum (40) and in NG108-15 neuroblastoma cells (65, 69).

Our transfection studies discussed above clearly suggest a
role for CRE/CREB in ethanol regulation of DBH. Our prior
microarray studies showed that a cAMP analog (Bt2cAMP) also
induces DBH and a number of other ethanol-responsive
mRNAs in SH-SY5Y cells (12). Those data and our current
studies suggest that ethanol might act through cAMP signaling
to induce DBH gene expression. In support of this idea, we
showed here that Bt2cAMP and forskolin increased DBH pro-
moter activity and that H-89, a well characterized inhibitor of
PKA, greatly reduced ethanol induction of DBH transcription
(Fig. 5A). Taken together, these studies strongly suggest a
requirement for PKA in ethanol induction of DBH.

There is significant literature suggesting that cAMP signal-
ing is an important target for ethanol action (2, 34, 37, 38, 40,
51–54, 70, 71). Ethanol perturbs membrane components of the
adenylyl cyclase signal transduction system and can alter neu-
ronal cAMP generation (35, 72, 73). Acute ethanol exposure in
vivo has been shown to activate the cAMP pathway in rodent
brain regions, with consequent increases in CREB phosphoryl-
ation (40, 51, 52). Recent studies indicate that various post-
receptor events of the cAMP signal transduction cascade (i.e. Gs

protein, PKA, and CREB) are also modulated by chronic etha-
nol exposure in rodent brain tissue (74). Perhaps most impor-
tantly, several recent studies using gene targeting and trans-
genic animals have clearly shown an important role for both
DBH (21) and cAMP signaling (75, 76) in ethanol-mediated
behavioral responses in mice.

2 G. G. Gayer and M. F. Miles, unpublished data.

TABLE II
CRE motifs in randomly selected ethanol-regulated genes

Ethanol-responsive genes from cluster 1 (Fig. 6A) were analyzed for potential CRE motifs using TRANSFAC (available at motif.genome.ad.jp/).
Scores represent threshold values when compared with consensus sequences. NF, not found.

Accession no. Gene name CRE motifs Scorea

U34252 Aldehyde dehydrogenase-9A1 TGACCTCA 87
AF037335 Carbonic Anhydrase XII TGACATCAa 87
U36341 Creatine transporter TGACATCA 87
AF035812 Dynein, light polypeptide-2 NF
D31661 EphB2 NF
U60060 Fasciculation-	1 TGACGTCC 92
L37882 Frizzled homolog-2 NF
M14333 fyn oncogene TGAAGTTA 86
L12723 Heat Shock 70-kDa protein-4 TGACGTATa 93
X53002 Integrin-�5 NF
D13629 Kinectin-1 TGACCTCAa 87
U70322 Karyopherin-�2 TGACGTAT 93
M58603 NF-�B NF
L19185 Natural killer factor TGAGGTTA 86
M69023 Tetraspan-3 TGGCGTTA 86
S73591 Thioredoxin interacting TGACCTCA 87
U29195 Neuronal pentraxin II TGACCTTA 87
AB011131 Piccolo TGACTTTAa 87
D11428 Peripheral myelin protein-22 NF
AF035287 Stromal cell-derived factor receptor-1 NF

a Multiple CRE motifs.

FIG. 7. Real-time RT-PCR verification of representative etha-
nol responses from microarray analysis. Results obtained for eth-
anol induction of the DBH, �-like kinase (DLK), and thioredoxin-inter-
acting protein (TXNIP) genes are shown from control and ethanol-
treated samples. Real-time RT-PCR assays were performed as
described under “Experimental Procedures.” Relative product abun-
dance was assessed using co-amplified internal standard 18 S RNA.
Data are expressed as the mean � S.D. of triplicate determinations
from a representative experiment. Data without error bars have an S.D.
too small to be visible.

Pharmacogenomics of Ethanol and DBH Gene Expression 38867



Yang et al. (51) have previously shown that, whereas acute
ethanol exposure increases cAMP signaling to CREB in cere-
bellar granule cells, chronic ethanol exposure (3 weeks) actu-
ally causes a decrease in CREB phosphorylation. Their results
are consistent with the well described heterologous desensiti-
zation that occurs with the adenylyl cyclase system exposed to
chronic ethanol (35). Our previous studies strictly showed an
induction of DBH mRNA and protein following up to 3 days of
ethanol exposure (12). We also continue to see increased DBH
gene transcription after 3 days of ethanol treatment.3 It is
possible, however, that more prolonged exposure to ethanol will
result in adaptations of DBH induction.

Our data suggest that ethanol regulates DBH transcription
through a PKA/CRE/CREB mechanism. However, CREB can
also be phosphorylated by multiple other protein kinases such
as CaMK, CKII, glycogen synthase kinase-3, PKC, and MAPK
(see review in Ref. 33), in addition to the classical PKA phos-
phorylation. Our studies using selective kinase inhibitors im-
plicate CKII, MEK, and PKA in the modulation of DBH pro-
moter activity (Fig. 5). The lack of any effect by inhibitors of
PKC and CaMK (Fig. 5B) supports the specificity of these
results. However, in some cases, these inhibitors also decreased
basal DBH promoter activity, thus complicating interpretation
of the results (see data with PD 98059 in Fig. 5B). We feel that
the striking decrease in absolute magnitude of the CAT activity
in the presence of ethanol � PD 98059 is likely indicative of a
requirement for this kinase in the ethanol response. For exam-
ple, forskolin, a known activator of PKA, still showed residual
stimulation of DBH promoter activity in the presence of the
PKA inhibitor H-89 (Fig. 5A), although H-89 caused a marked
decrease in the absolute magnitude of forskolin-stimulated
CAT activity.

Importantly, microarray analysis of inhibitor studies also
showed a requirement for PKA, CKII, and MEK signaling in a
large subgroup of ethanol-responsive genes (Fig. 6), including
DBH. This striking commonality in the mechanism for ethanol
regulation of a diverse set of genes might be due to direct (e.g.
via CREB) or indirect actions of these inhibitors. Further stud-
ies with combinations of selective pharmacological or genetic
(dominant-negative) inhibitors of specific kinases are needed to
verify the exact role of PKA, CKII, and MEK in ethanol regu-
lation of DBH and other genes in cluster 1 of Fig. 6A. Future
studies on CREB phosphorylation, as mentioned above, are
likely to be complex, but are needed to show direct modulation
of CREB activity by particular kinases. In particular, the role
of CKII might be particularly complicated since this kinase has
been shown to activate CREB by phosphorylation at Ser108,
Ser111, or Ser114 (30), but also possibly to inhibit CREB activity
by phosphorylation at Ser142 (77).

The role of genes identified by expression profiling appears to
be complex, with multiple functional classes identified, as seen
with our earlier microarray studies on ethanol-responsive gene
expression in SH-SY5Y cells (12). A detailed comparison be-
tween the current microarray results and our previous data
was not done because of the large number of differences in
microarray platforms and analysis methods between the two
experiments. However, we did note that DBH, �-like kinase,
neuronal pentraxin II, monocyte chemotactic protein-1, and a
number of genes involved in oxidative stress were again etha-
nol-responsive in our current microarray studies (see Fig. 1 in
Ref. 12, Table I, and Fig. 7).

In addition, we found that multiple members of the MAPK
and phosphatidylinositol signaling pathways were contained in
the group of genes with ethanol responses blocked by H-89,

chrysin, or PD (Table I). Changes in MAPK or phosphatidyli-
nositol signaling mRNA levels do not directly implicate involve-
ment of phosphorylation events mediated by these kinase path-
ways in the responses to ethanol. However, ethanol has
previously been shown to alter MAPK signaling, and there are
numerous reports on interactions between MAPK signaling
and cAMP (78). Importantly, MAPK activation has been shown
to be required for PKA-dependent CREB phosphorylation in
models of hippocampal synaptic plasticity (28). The microarray
results and inhibitor studies thus support an important role for
MAPK signaling in ethanol induction of DBH and other genes.

Rather than focusing on identifying functions of ethanol-
responsive genes, a major reason for performing the microarray
studies in this work was to determine the proportion of ethanol-
responsive genes requiring PKA, CKII, and MEK. A very high
percentage of ethanol-responsive genes were blocked by H-89
(270/323). Surprisingly, a very large percentage of all responses
to ethanol and virtually all genes requiring PKA (i.e. blocked by
H-89) for the ethanol response were also dependent on CKII
and MEK (Fig. 6, A and B). Promoter analysis of the proximal
1000 bp upstream of transcription start sites for a random
subset of these genes showed the presence of a CRE-like motif
in 13 of 20 genes (Table II). Additionally, other investigators
have shown that several other genes in this table have inter-
actions with cAMP signaling or CREB (79–81). This does not
prove involvement of CRE/CREB in ethanol regulation of these
genes or that genes without an identified CRE might not also
be regulated by CREB. However, this analysis of promoter
motifs in these ethanol-responsive genes, the DBH promoter
analysis data (Figs. 3–5), and the microarray data with H-89
(Fig. 6) are further evidence supporting a requirement for
CRE/CREB in ethanol regulation of a substantial group of
genes in SH-SY5Y cells. The mechanism whereby PKA, CKII,
and MEK are all required for the ethanol response is currently
unknown. As mentioned above, in addition to possibly directly
regulating CREB activity, these kinase pathways could inter-
act indirectly, as in PKA activation of MAPK signaling (78).

In summary, our results indicate that a CRE site and the
cognate DNA-binding protein (CREB) are crucial for ethanol
induction of DBH transcription in SH-SY5Y cells. Our results
also suggest that ethanol regulates DBH gene transcription
through a PKA/CKII/MEK-dependent mechanism. Impor-
tantly, our pharmacogenomic analysis with microarrays sug-
gests that this mechanism may modulate a substantial portion
of ethanol-responsive genes in SH-SY5Y cultures. Since our
previous work has shown that ethanol also regulates DBH in
mouse adrenal gland, studies are clearly warranted to deter-
mine whether ethanol utilizes mechanisms identified here to
regulate expression of DBH or other genes in intact animals.
These studies could thus have important implications for un-
derstanding the mechanisms of ethanol-induced end-organ tox-
icity or behavioral adaptations seen with alcoholism.
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