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Glycogen synthase kinase 3 beta regulates ethanol
consumption and is a risk factor for alcohol dependence
Andrew van der Vaart1, Xianfang Meng1, M. Scott Bowers1,2,3, Angela M. Batman1, Fazil Aliev3,4,5, Sean P. Farris1, Jennifer S. Hill1,
Thomas A. Green1, Danielle Dick and the COGA Consortium3,4,5, Jennifer T. Wolstenholme1,3 and Michael F. Miles1,3

Understanding how ethanol actions on brain signal transduction and gene expression lead to excessive consumption and addiction
could identify new treatments for alcohol dependence. We previously identified glycogen synthase kinase 3-beta (Gsk3b) as a
member of a highly ethanol-responsive gene network in mouse medial prefrontal cortex (mPFC). Gsk3b has been implicated in
dendritic function, synaptic plasticity and behavioral responses to other drugs of abuse. Here, we investigate Gsk3b in rodent
models of ethanol consumption and as a risk factor for human alcohol dependence. Stereotactic viral vector gene delivery
overexpression of Gsk3b in mouse mPFC increased 2-bottle choice ethanol consumption, which was blocked by lithium, a known
GSK3B inhibitor. Further, Gsk3b overexpression increased anxiety-like behavior following abstinence from ethanol. Protein or mRNA
expression studies following Gsk3b over-expression identified synaptojanin 2, brain-derived neurotrophic factor and the
neuropeptide Y Y5 receptor as potential downstream factors altering ethanol behaviors. Rat operant studies showed that selective
pharmacologic inhibition of GSK3B with TDZD-8 dose-dependently decreased motivation to self-administer ethanol and sucrose
and selectively blocked ethanol relapse-like behavior. In set-based and gene-wise genetic association analysis, a GSK3b-centric gene
expression network had significant genetic associations, at a gene and network level, with risk for alcohol dependence in humans.
These mutually reinforcing cross-species findings implicate GSK3B in neurobiological mechanisms controlling ethanol
consumption, and as both a potential risk factor and therapeutic target for alcohol dependence.

Neuropsychopharmacology (2018) 43:2521–2531; https://doi.org/10.1038/s41386-018-0202-x

INTRODUCTION
Alcohol use disorder (AUD), consisting of the behavioral spectrum
from alcohol abuse to alcohol dependence, is a disabling disease
characterized by uncontrolled consumption of ethanol, negative
social and health consequences, and an enormous cost to society
[1]. Alcohol dependence is uniquely dependent on environmental
influences, with pathogenesis requiring repeated ethanol expo-
sure, yet the disease develops under polygenic risk factors totaling
40–60% heritability [2]. Understanding the mechanisms leading
from initial ethanol exposure to alcohol dependence is considered
a requisite for development of improved therapies for the
disorder. Although clearly only part of the complex neurobiology
of alcohol, selective alterations in brain gene expression have
been suggested as a convergent mechanism underlying transition
from alcohol use to abuse and dependence [3].
Acute and chronic ethanol exposure have been shown to

prominently alter brain gene expression [3, 4] and show strikingly
overlapping patterns of expression [5]. Acute molecular responses
to ethanol might thus predict or contribute to long-term brain
adaptations corresponding to altered behaviors seen in AUD. We
previously used genome-wide expression network profiling across
a recombinant inbred panel of mice (BXD) following acute ethanol

exposure [4]. That work identified prominent gene networks
coordinately regulated by acute ethanol in medial prefrontal
cortex (mPFC), a brain region implicated as ethanol-sensitive and
involved in drug seeking behavior [6, 7] and chronic compulsive
ethanol consumption [8]. Importantly, our prior mPFC acute
ethanol expression network study identified glycogen synthase
kinase-3 beta (Gsk3b) as strongly regulated by ethanol and a
central member of a larger, highly interconnected ethanol-
responsive gene network [4]. This finding suggests that in the
mPFC, Gsk3b may serve as an important integrator of ethanol-
induced signaling changes, and thus influence ethanol behavioral
responses.
GSK3B is a serine/threonine kinase, first identified for its

inhibition of glycogen synthase [9], and subsequently found to
be multi-functional and ubiquitously expressed, with particularly
high expression in the brain [10]. As part of the canonical Wnt-
signaling pathway, GSK3B contributes to neuronal differentia-
tion and growth and influences neuronal morphogenesis
and plasticity in mature neurons [11, 12]. GSK3B dysregulation
has been linked to Alzheimer’s disease, major depression,
and bipolar disorder [13, 14]. In rodents, global reduction of
GSK3B protein expression reduces behavioral responses to
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psychostimulants [15], while forebrain-specific gene deletion
shows anxiolytic-like effects [16].
In adult animals, acute and chronic ethanol inhibit GSK3B

activity in nucleus accumbens (NAC) through phosphorylation of
its inhibitory Ser9 residue [17]. Ron and colleagues have
suggested that ethanol-induced GSK3B inhibition in the NAC
leads to elevated collapsin response mediator protein 2 (CRMP-2)
microtubule-binding and contributes to increased ethanol intake
[18]. Acute ethanol has also been shown to increase inhibitory
phosphorylation of GSK3B in the PFC of rats [19] but the
consequence on behavior is unknown. As GSK3B has been found
to decrease BDNF activity [20], and decreased BDNF in PFC has
been causally linked to the transition to increased ethanol
consumption [21], we hypothesized that, in contrast to its role
in the NAC, inhibition of GSK3B in PFC may represent a protective
effect against such increased consumption.
Despite accumulating evidence of regulation of Gsk3b by

ethanol, the effect of direct modulation of GSK3B on ethanol-
related behaviors, particularly consumption, has not been
investigated. Here we utilized genetic, pharmacologic, and
behavioral studies in rodent models and humans to implicate
GSK3B and a Gsk3b gene network in mechanisms affecting
ethanol consumption and alcohol dependence. The initial basis for
these investigations, the Gsk3b-centric network highly responsive
to acute ethanol [4], was identified in microdissected mouse mPFC
encapsulating the anterior cingulate, infralimbic, and prelimbic
cortical subregions [22]. Thus, we began the studies described
here with a Gsk3b overexpression vector targeting this brain
region, specifically the anterior cingulate cortex (ACC). The ACC
has been strongly implicated in alcohol craving and relapse
[22, 23], features which underlie increased long-term consump-
tion. We supplemented the behavioral and molecular findings of
this gene manipulation with systemic, pharmacologic manipula-
tion of GSK3B activity, to assess preclinical applicability of GSK3B
as a drug target. Additionally, to investigate potential translational
impact we studied the frequency of risk-conferring SNPs in GSK3B
and other members of the ethanol-responsive network in alcohol-
dependent human patients relative to healthy controls. Taken
together, our findings strongly implicate GSK3B as a potential risk
factor for alcohol dependence, a key signaling molecule
modulating ethanol consumption and as a possible pharma-
cotherapeutic target for treatment of AUD.

METHODS AND MATERIALS
Animals
Rodent animal studies and procedures were approved by the
Institutional Animal Care and Use Committee of Virginia
Commonwealth University and followed the NIH Guide for the
Care and Use of Laboratory Animals. Mouse and rat models,
behavioral assays, viral preparation and stereotactic injections,
in vivo imaging, tissue collection, and blood alcohol studies are
described in detail in the Supplementary Materials. Animals were
ethanol-naive at the beginning of these studies. For behavioral
studies, investigators were blind to the treatment conditions.

Acute ethanol regulation of GSK3B
Adult C57BL/6J mice were habituated with daily i.p. saline
injections for three days prior to the experiment. On the
experimental day, mice (n= 5–6/dose) were injected with ethanol
(0.5, 2.0, or 4.0 g/kg), or isotonic saline (0.028 L/kg) and returned to
home cage. Mice were sacrificed 30min post-injection via cervical
dislocation and brains were rapidly dissected and stored at −80 °C.
Phosphorylation levels of GSK3B-Ser9 in PFC were assessed via
Western blot as described in Supplementary Materials. Data on
regulation of Gsk3b mRNA by acute ethanol (1.8 g/kg i.p., 4 h post-
injection) was drawn from previously published microarray
analyses of PFC in BXD recombinant inbred mouse lines (GEO

accession GSE28515) [4]. S-scores were used to quantify transcript-
level changes from microarray data and are a measure of relative
expression change across comparisons of individual oligonucleo-
tide probe intensities, rather than probeset intensity summaries, to
determine effect of a treatment on transcript expression [24]. While
distinct, S-scores are generally correlated with fold-change and
have a standard normal distribution as seen with a z-score
transformation [25].

Mouse voluntary ethanol intake
Five weeks after viral injection, ethanol consumption by AAV-GSK3B
mice compared to control AAV-IRES mice was assessed using a two-
bottle choice drinking paradigm [8, 26]. Mice received increasing
concentrations of ethanol for 5 days at each dose (3–15% w/v
ethanol). Water was available at all times during the experiment.
Ethanol and water consumption was measured every 24 h, and body
weight was recorded every 5 days. Bottles containing ethanol or tap
water were placed in an empty cage to account for evaporation loss
and values were subtracted from the amount consumed for each
mouse to calculate corrected preference ratios and ethanol intake.
Ethanol consumption was calculated as grams of ethanol per
kilogram body weight per 24 h. Percent ethanol preference for
individual mice was obtained by dividing volume of ethanol
consumption by total fluid consumption for daily drinking sessions.

Gene expression analysis of Gsk3b over-expression responses
Mice were euthanized 3 weeks after viral vector injections and
mPFC brain tissue was collected for protein or RNA isolation and
subsequent ELISA, microarray and quantitative real-time reverse
transcription polymerase chain reaction studies (q-RT-PCR) as
described in Supplementary Materials. Equal amounts of the
reverse transcribed cDNA products were subjected to PCR
amplification using SYBR Green as fluorescent indicator using a
Bio-Rad iCycler system (Bio-Rad, Hercules, CA, USA). The mRNA
levels of target genes were normalized to GAPDH mRNA levels
which showed no expression changes from viral vector injections.

TDZD-8 and Rat Ethanol Self Administration Studies
Operant chambers (Coulbourn Instruments, Allentown, PA) were
fitted with 100 μl dipper cups and two levers, each with a cue light
above. Presses on the active lever resulted in delivery of reinforcer
paired with a tone and illumination of the corresponding cue light.
Presses on inactive lever produced no programmed consequence.
Ethanol naive rats were trained to respond for ethanol reinforcers via
sucrose-fading procedure [27] as described in Supplementary
Materials. Once rats were reliably responding for ethanol on an
FR3 schedule (one month of 20% EtOH responding, at least 0.5 g/kg
EtOH consumption in the last 5 days and no more than 20%
variability in responding in the last 5 days), pretreatment with TDZD-
8 (LKT Laboratories, Inc, St Paul MN) commenced. Doses (vehicle, 1,
3, and 10mg/kg) were tested in a within subject, Latin square design
so each rat received each dose of the compound. Testing occurred
once a week on Thursdays and all rats received saline habituation
injections the three days prior to test days. All doses were dissolved
in 10% DMSO (Sigma-Aldrich, St Louis, MO) and were administered
via intra-peritoneal injection. Rats were returned to their home cages
after injections, for 30min, prior to the start of the operant test
session. Upon completion of tests examining the effects of TDZD-8
on fixed ratio responding, the effects of TDZD-8 on a progressive
ratio schedule of reinforcement were determined. Progressive ratio
experiments followed the same procedure as the fixed ratio pre-
treatment studies except that each successive reinforcer was
delivered after an exponential number of lever presses were
completed according to the formula: (response requirement=
5reinforcer(s) previously earned × 0.1 – 5). Operant sessions would time out
after 15min of inactivity. After each session, the number of
reinforcers received and the number of active and inactive lever
presses were recorded. In the progressive ratio studies breakpoint
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was also recorded. A second cohort of rats were trained as a control
group. These rats underwent the same operant training and test
experimental sessions, except these rats received only sucrose (1.5%
w/v) as a reinforcer and had no exposure to ethanol throughout the
entire study.

Abstinence model of relapse-like behavior
After completion of the FR and PR tasks, rats entered a 3-week
abstinence period upon completion of the fixed and progressive
ratio tests with TDZD-8. Animals remained in their home cages for
3 weeks and did not enter the operant chambers or receive
ethanol or sucrose during this period. Upon completion of the
abstinence period, rats were once again pretreated with TDZD-8
(3 mg/kg) or vehicle and placed in operant chambers. The
progressive ratio session was identical to that described earlier
with the exception that ethanol or sucrose reinforcers were not
available. Cue lights and tones were active and active lever presses
were recorded.

GSK3B-network set-based association analysis for alcohol
dependence
Human homologs of genes correlating with Gsk3b in ethanol-
induced microarray expression change in mouse mPFC were
selected for association analysis for alcohol dependence using
data provided by the Collaborative Study on the Genetics of
Alcoholism (COGA) [28] as summarized in Supplementary Materi-
als. Groups of genes having a graded Pearson correlation (≥0.80,
≥0.85, ≥0.90, and ≥0.95) with S-scores of Gsk3b responses to
ethanol were assessed for SNPs conferring risk for alcohol
dependence, with a p-value < 0.05 defined as significant in these
set-based analyses. SNPs located within genes, as well as SNPs 2Kb
up and downstream from the genes were included. These same
criteria were used for analyses on individual genes (Table S1), but
with a slightly stricter p-value of <0.01 defined as risk-conferring.
p-values of SNP sets were determined empirically by random
resampling (10,000 permutations).

Statistical analyses
Data were expressed as mean ± SEM and were analyzed
parametrically. Two-way repeated measures ANOVAs were used

for all analyses of drinking behavior, with Tukey’s post hoc to
compare all means, and Sidak’s multiple comparisons correction
for effect of genotype at a given ethanol concentration. One-way
ANOVAs with Tukey’s post hoc tests were used to assess multiple
doses of ethanol on GSK3B phosphorylation and multiple doses of
TDZD-8 on operant conditioning responses. Unpaired two-tailed
t-tests were used to analyze light-dark box assays, q-RT-PCR, ELISA,
and single-dose operant conditioning data. In the last case,
Welch’s correction was used to account for unequal variances.
Values of p < 0.05 are considered statistically significant.

RESULTS
Acute ethanol inhibits GSK3B activity and decreases mRNA
expression in PFC
Our previous microarray studies showed that acute ethanol
regulated Gsk3b mRNA in PFC as part of a highly ethanol-
responsive gene network [4]. Prior to detailed studies on Gsk3b
modulation of ethanol behaviors, we further confirmed ethanol
regulation of Gsk3b in PFC at the mRNA and protein level. Acute
ethanol treatment markedly increased phosphorylation of the Ser-
9 inhibitory site on GSK3B in PFC of C57BL/6J mice (F3,17= 12.94,
p < 0.001) 30 min after ethanol injection (Fig. 1a). Tukey’s post hoc
analysis showed all doses of ethanol differed from saline (p < 0.01)
but not from one another. These data are consistent with the post-
translational inhibition of GSK3B by ethanol in mPFC.
A selective examination of Gsk3b transcript levels from a prior

microarray study of BXD mice [4], confirmed that ethanol
treatment (1.8 g/kg, i.p., 4 h) altered Gsk3b mRNA expression
(Fig. 1b). Direction of expression change varied across the BXD
panel, indicating genetic background modulation of the Gsk3b
ethanol response. In C57BL/6J mice, acute ethanol strongly
decreased Gsk3b mRNA expression.

GSK3B overexpression increases ethanol consumption
We then directly tested a role for mPFC GSK3B in ethanol
consumption by stereotactic over-expression with AAV viral
vectors in C57BL/6J mice. Using initial in vivo imaging, we verified
hrGFP emission up to 8 weeks following AAV-GSK3B transduction
(Fig. S1A). GSK3B overexpression was confirmed at the mRNA

Fig. 1 GSK3B in medial prefrontal cortex is highly responsive to acute ethanol. a GSK3B protein in C57BL/6J mouse mPFC is phosphorylated at
its inhibitory Serine-9 residue following i.p. injections of 0.5, 2.0, and 4.0 g/kg ethanol. Tissue for protein analyses was collected 30min after
injection. Representative Western blots of p-GSK3B-S9 and total GSK3B protein shown at top. Quantified intensity values (n= 5–6/dose)
shown at bottom, with treatment effect significant at p < 0.001 by one-way ANOVA. Tukey’s post hoc testing revealed each dose differed
significantly from saline control: **p < 0.01, ***p < 0.001. b Transcriptional response of Gsk3b RNA shows dynamic and robust response 4 h after
injection of ethanol (1.8 g/kg). Direction of expression change varies across BXD panel, indicating genetic regulation of genomic response.
Gsk3b 3’UTR transcript (probeset 1437001_at) shown in black, with exonic Actb (probeset 1436722_a_at) shown for reference (grey)
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(t4= 6.78, p= 0.0025) and protein level (t4= 3.05, p= 0.038) by
quantitative RT-PCR, ELISA and immunofluorescence (Fig. S1B–E).
GSK3B over-expression was largely limited to NeuN-positive
neurons of mPFC (Fig. S1B, E).
GSK3B over-expression in mPFC produced a significant increase

in mean daily ethanol consumption (g/kg/day) using a progressive
ethanol dosing regimen (Fig. 2a, F1,28= 20.68, p < 0.0001 for viral
genotype). AAV-GSK3B mice consumed larger (~30–40%) amounts
of ethanol (g/kg/day) at 10% (p < 0.001) and 15% (p < 0.01) w/v
ethanol concentrations compared to control AAV-IRES mice. Viral
genotype also significantly altered mean ethanol preference ratio
(Fig. 2b, F1,28= 19.34, p= 0.0001), with AAV-GSK3B mice display-
ing an enhanced ethanol preference during access to 6% (p <
0.05) and 10% (p < 0.01) ethanol solutions. We further assessed
ethanol drinking behavior as a function of ethanol concentration,
wherein mean volume consumed of ethanol-containing solution
was used as a proxy for reinforcers delivered. This showed an
inverted U-shape dose-effect curve peaking at the 6% w/v ethanol
(Fig. 2c), and with GSK3B mice consistently displaced to higher
values than controls. Two-way ANOVA revealed a significant effect
of viral genotype on mean volume of ethanol-containing solution
per body weight (F1,28= 20.44, p= 0.0001).
In contrast to differences in ethanol intake, viral genotype did

not alter total fluid consumption (Fig. 2e, F1,28= 0.433, p= 0.5158).
Furthermore, there was no significant difference between AAV-
GSK3B and AAV-IRES mice in two-bottle choice voluntary
consumption of saccharin (0.015% w/v) or quinine (0.05 mM)
(Fig. 2f, tsaccharin, df=28= 0.92, p= 0.36; tquinine, df=28= 0.45, p=
0.66), suggesting taste preferences were not altered [29]. Blood
ethanol levels were also not different between AAV-GSK3B and
AAV-IRES mice at 60 or 120min after injection (i.p.) with 2.0 g/kg

ethanol (Figure S2B, F1,4= 1.48, p= 0.29), demonstrating no
pharmacokinetic differences between viral genotypes.
To further investigate the role of GSK3B activity in this

procedure, in a separate experiment we introduced lithium, a
well validated GSK3B inhibitor [30, 31], into diets for half of each
experimental group for 4 weeks while receiving access to ethanol
(10% w/v) and water (Fig. 2d). Lithium treatment (F1,26= 15.51,
p= 0.0005) and viral genotype (F1,26= 5.483, p= 0.027) both
significantly altered mean ethanol consumption (g/kg/day), while
the interaction term was not significant (F1,26= 2.58, p= 0.12). By
post hoc testing, lithium significantly decreased ethanol con-
sumption in AAV-GSK3B mice relative to standard chow (p < 0.01).
AAV-IRES mice fed lithium showed a non-significant decrease in
ethanol consumption (95% CI: 0.4908 to −1.859 g/kg difference in
mean consumption). The lack of significant interaction indicates
that lithium did not specifically decrease drinking in the context of
GSK3B overexpression, but rather that both overexpression and
lithium provided significant individual contributions to ethanol
consumption. Serum lithium levels did not differ significantly
(F1,2= 0.11, p= 0.771) between AAV-GSK3B (mean= 0.65 mmol/L)
and AAV-IRES mice (mean= 0.70mmol/L) fed lithium diets.
Lithium treated-mice were within the human therapeutic serum
levels of 0.6 and 1mmol/L and well below the lowest toxic dose of
1.2 mmol/L [32]. Mice fed a standard chow had average serum
lithium levels <0.3 mmol/L.
As acute sensitivity to ethanol is known to correlate with risk for

AUD in humans [33] and ethanol consumption in some animal
models [34], we assessed whether GSK3B over-expression might
alter behavioral responses to acute ethanol. AAV-GSK3B mice did
not differ significantly from AAV-IRES mice in duration of ethanol-
induced (3.6 g/kg, i.p.) loss-of-righting reflex (LORR; Figure S2A,

Fig. 2 GSK3B-overexpressing mice show a lithium-sensitive increased ethanol consumption, increased ethanol preference, and increased
anxiety-like behavior following abstinence. a Compared to IRES mice, AAV-GSK3B mice (n= 14–16) show significantly increased ethanol
consumption (g/kg/day) during free access, two-bottle choice at 10% (***p= 0.0005) and 15% (*p= 0.0147) ethanol concentrations. b AAV-
GSK3B mice show increased ethanol preference (EtOH/total fluid) during two-bottle choice at 6% (*p= 0.028) and 10% (**p= 0.0039) ethanol
concentrations. c AAV-GSK3B shifts the dose-response relationship between ethanol concentration and mL consumed significantly upward
(p= 0.0001). d Addition of Lithium diet significantly decreased ethanol consumption in AAV-GSK3B mice (n= 7–8 per group, #treatment effect
of lithium within AAV-GSK3B mice, p= 0.0021; *genotype effect in untreated mice, p= 0.0451 vs. IRES). Treatment effect of lithium was not
significant within AAV-IRES mice (p= 0.398) and there was no interaction effect of genotype × lithium. e, f AAV-GSK3B and AAV-IRES injected
mice did not differ in total fluid intake or taste preferences: e Average total fluid intake across each of 5 days of access to multiple
concentrations of ethanol (n= 14–16/group, p > 0.05), f Quinine and saccharin preferences, as determined by volume consumed over total
fluid consumption (n= 14–16/group, p > 0.05). g Basal locomotor activity (n= 10–12/group, p > 0.05) as measured by distance traveled (cm) in
both chambers, during a 10min test session in LD chamber. h Baseline anxiety-like behavior (n= 10–12/group, p > 0.05) as measured by %
time spent in the light chamber during 10-min light-dark test. i 24 h after ethanol abstinence, AAV-IRES and AAV-GSK3B (n= 7–8/group) did
not differ in total distance traveled. j AAV-GSK3B mice showed a significantly decreased time spent in the light (*p= 0.0365), indicating
increased anxiety-like behavior during abstinence from ethanol
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t24= 0.278, p= 0.78), suggesting no effect on the high-dose
sedative properties of ethanol.

GSK3B overexpression increases anxiety-like behavior during
ethanol abstinence
Human clinical studies suggest that stress and anxiety, particularly
following during ethanol abstinence, are important contributing
factors in AUD and to the high relapse rate in alcoholic patients
[35]. We therefore assessed whether GSK3B over-expression
altered anxiety-like behavior in the light-dark conflict model [36]
24 h after withdrawal from the twenty consecutive days of daily 2-
bottle choice, escalating ethanol (3–15% w/v) access. As shown in
Fig. 2i, j, AAV-GSK3B mice spent significantly less time in the light
(t13= 2.33, p= 0.037) compared to AAV-IRES mice, despite no
significant difference in total distance traveled (t13= 0.30, p=
0.77) during a 10-min test session. A separate cohort of mice
tested for baseline anxiety-like behavior under ethanol-naive
conditions showed no effect of viral genotype on either percent
time in the light or total distance traveled (Fig. 2g, h, t%time,

df=18= 0.97, p= 0.35; tdistance, df=18= 0.63, p= 0.54). These find-
ings suggest that GSK3B over-expression may increase anxiety-like
behavior specifically under the condition of ethanol abstinence.

GSK3B overexpression alters BDNF gene expression
Pilot microarray studies were performed on individual mouse
mPFC samples (n= 3/group) 3 weeks following virus injection to
assist in selecting downstream synaptic targets possibly respond-
ing to GSK3B over-expression (see Supplementary Materials,
Table S2). From genes showing nominal expression differences
between AAV-GSK3B and AAV-IRES control mice (Table S2) and
published literature on mechanisms of GSK3B in synaptic plasticity
or genes regulating ethanol consumption [37–41], we selected the
following potential downstream candidates for further study:
syntaxin 6 (Stx6), synaptojanin 2 (Synj2), brain-derived neuro-
trophic factor (Bdnf), ionotropic glutamate receptor subunit
AMPA2 (Gria2), and neuropeptide Y receptor Y5 (Npy5r). By q-
RT-PCR, Synj2 expression was found to be significantly up-
regulated (t8= 2.47, p= 0.039) and Bdnf (t4= 3.49, p= 0.025)
and Npy5r (t8= 2.45, p= 0.040) significantly down-regulated in
mPFC of AAV-GSK3B mice (Fig. 3a). Stx6 and Gria2 were not altered
by GSK3B overexpression in mPFC (tStx6, df=8= 2.29, p= 0.051,
tGria2, df=8= 1.65). Of these genes, Bdnf has been strongly
implicated in the literature as interacting with GSK3B [12, 42]

and with mPFC-specific regulation of ethanol drinking behavior
[21, 43]. We therefore selected BDNF protein for subsequent ELISA
analysis. In agreement with the q-RT-PCR results, BDNF protein
was significantly decreased in mPFC of AAV-GSK3B mice (Fig. 3b,
t4= 4.78, p= 0.0088). The direction of BDNF modulation by GSK3B
over-expression is consistent with changes in Bdnf expression
contributing to increased ethanol consumption in mouse models
[21, 43].

Pharmacologic GSK3B inhibition decreases operant ethanol self-
administration and relapse-like behavior
To complement gain-of-function and lithium studies above, and
possibly implicate new pharmacologic agents for treatment of
AUD, we studied the actions of systemic GSK3B pharmacological
inhibition on positive reinforcing properties of ethanol. Ethanol-
naive Wistar rats were trained to lever press for ethanol (20% v/v)
until operant responding was stable. The highly selective GSK3B
inhibitor TDZD-8 [44] was tested for its effect on ethanol-
maintained responding under both fixed-ratio (FR) and
progressive-ratio (PR) reinforcement schedules.
TDZD-8 significantly attenuated responding on the ethanol-

paired lever in an FR schedule of reinforcement (Fig. 4a, F3,30=
8.89, p= 0.0002). The 10 mg/kg dose decreased active lever
pressing compared to vehicle (p < 0.05). To complement lever
press data, we calculated ethanol consumption during FR
sessions for reinforcers consumed with confirmed licks as
described in Supplementary Materials. TDZD-8 treatment
decreased ethanol consumption (g/kg/session) is shown in
Figure S3 (F3,15= 8.52, p= 0.0015). Under a PR schedule of
reinforcement, TDZD-8 had a marked impact on breakpoint, a
measure of motivation to self-administer (Fig. 4c, F3,30= 11.85,
p < 0.0001), with both the 3 mg/kg (p < 0.01) and 10 mg/kg (p <
0.01) doses associated with significant reduction vs. vehicle.
TDZD-8 also significantly attenuated overall active lever presses
during the PR session (Fig. 4d, F3,30= 10.52, p < 0.0001) at both
the 3 mg/kg (p < 0.05) and 10 mg/kg (p < 0.05) doses. To
determine if the effects of TDZD-8 were specific to ethanol, a
second cohort was trained to lever press for sucrose (1.5%).
TDZD-8 (3 mg/kg and 10 mg/kg) significantly attenuated
responding on the sucrose-paired lever on an FR schedule of
reinforcement (Fig. 4b, F3,21= 8.34, p= 0.0008). Together, these
data suggest a possible effect of TDZD-8 on general reward-
seeking behavior in non-abstinent rats.

Fig. 3 GSK3B over-expression leads to expression changes in synaptic signaling genes. a Relative levels of Stx6, Synj2, Bdnf, Gria2, and Npy5r in
AAV-IRES (black) and AAV-GSK3B (grey) mouse mPFC, determined by q-RT-PCR (*p < 0.05, n= 4–6 per group). b Decreased BDNF protein was
confirmed in mPFC of AAV-GSK3B mice by ELISA (**p < 0.01, n= 3/group)
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Next, we sought to determine if TDZD-8 would impact ethanol
administration following abstinence, as relapse to ethanol seeking
is a major occurrence in alcoholics. Thus, we tested for cue-driven
motivation to self-administer reinforcer after protracted

abstinence, in ethanol or sucrose trained rats (Fig. 4e, f). A PR
schedule was used to assess motivated reinforcer-seeking in
the absence of reinforcer [45]. TDZD-8 showed a striking
attenuation of breakpoint in ethanol trained animals (Fig. 4e,

Fig. 4 Operant behavioral studies of GSK3B inhibitor TDZD-8, before and after 3 week abstinence period. a TDZD-8 dose-dependently
decreased active lever pressing for a 20% ethanol reinforcer (n= 11, *p < 0.05). b TDZD-8 dose-dependently decreased active lever pressing
for a 1.5% (w/v) sucrose reinforce (n= 8, *p < 0.05). c On a PR schedule 3mg/kg and 10mg/kg TDZD-8 decreased breakpoint (BP) for 20%
ethanol reinforcer (n= 11, **p < 0.01). d TDZD-8 also dose-dependently decreased total active lever presses (n= 11, *p < 0.05) for ethanol
reinforcer over the PR test session. e, f Following 3 weeks of ethanol abstinence, rats trained for ethanol or sucrose operant self-administration
were re-introduced to operant chambers with previously ethanol/sucrose-paired light and tone stimuli in the absence of reinforcer. e 3mg/kg
dose of TDZD-8 decreased ethanol breakpoint but not sucrose breakpoint. f Number of active lever presses before timeout (15min of
inactivity) during the re-introduction to the chambers also showed significant effect of 3 mg/kg TDZD-8 in the ethanol but not sucrose trained
animals (n= 6–7 per group, *p < 0.05 by unpaired t-test)
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t= 3.065, p= 0.0375) but no effect on breakpoint in sucrose
trained animals (Fig. 4f, t= 0.46, p= 0.68). The TDZD-8 specific
effect on relapse-like behavior in abstinent ethanol-seeking
animals was also reflected in total active lever presses (Fig. 4f, t
= 2.83, p= 0.047) while sucrose-seeking animals showed no
difference in active lever presses (Fig. 4f, t= 0.42, p= 0.70) over

the duration of the test session. Thus, TDZD-8 inhibition of GSK3B
appeared to show specific effects on the motivation to seek
ethanol during abstinence. However, future operant studies will
need to supplement measures of consumption (see Fig. S3) with
BEC, as Blegen et al. [46] have recently shown that operant
responding does not necessarily correlate well with BEC.
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Gsk3b-centric ethanol-responsive gene network is associated with
risk for alcohol dependence
We previously identified Gsk3b as a highly-interconnected gene in
a gene network enriched for ethanol-responsive genes in mPFC
[4]. From these data, prior knowledge on the role of GSK3B in
synaptic plasticity and affective disorders, and our results above
on GSK3B modulation of ethanol consumption in mice, we
hypothesized that a Gsk3b-centric gene expression correlation
network would show genetic association with alcohol depen-
dence in humans. We therefore investigated the correlation
structure of the Gsk3b ethanol-responsive network from our prior
microarray data [4] on acute ethanol-induced expression changes
across BXD mouse strains, using a measure of ethanol-
responsiveness (S-scores; see 'Methods') to identify genes similar
to Gsk3b in terms of ethanol regulation. Analysis of individual
probeset (gene) correlations with Gsk3b expression following
acute ethanol treatment in mPFC (n= 29 mouse strains) showed
that 34 genes had correlations ≥90% with Gsk3b. There was a
highly unique degree of interconnectivity in this Gsk3b network
(Fig. 5a) compared to randomly chosen similar sized networks
from the rest of the genome (Fig. 5b). This confirmed the concept
that Gsk3b is a central member of a unique gene network in
mouse mPFC that is strongly co-regulated by ethanol.
We next queried gene-based human association data from the

Collaborative Study on the Genetics of Alcoholism (COGA) project
[47, 48] to determine if the uniquely correlated Gsk3b ethanol-
responsive network contained more genes having polymorphisms
associated with alcohol dependence in human GWAS studies than
would be expected by chance for gene sets of similar sizes. The
above mouse expression correlation analysis was used to create
gene sets based on ≥95, 90, 85, and 80% correlation with Gsk3b S-
score measurement of ethanol responsivity. Set-based analyses
revealed significant enrichment of alleles conferring risk for
alcohol dependence in the groups of human homolog genes
correlating ≥85% and ≥90% with Gsk3b in the mouse BXD study.
The latter of these human homolog groups showed the strongest
significance, p= 0.004 (Fig. 5c). Additionally, set-based analyses of
SNPs within individual genes showed significant enrichment of
GSK3B (p= 0.029), DNAJB14 (p= 0.025), G3BP2 (p= 0.017), and
KCNMA1 (p= 0.0096) (Table S1). Together, these mouse functional
genomic and human genetic results implicate the Gsk3b network
both as having a potentially central role in behavioral responses to
ethanol and as a possible risk factor for alcohol dependence.

DISCUSSION
The present study was motivated by our observation that acute
ethanol alters expression of a highly-interconnected network of
genes centered around Gsk3b in mPFC of recombinant inbred
mice and prior literature suggesting a role of Gsk3b in brain
responses to ethanol or other drugs of abuse. We over-expressed
GSK3B in mPFC of mice and inhibited its activity in rats to study its

potential role in ethanol consumption and motivation. Our studies
revealed substantial effects of Gsk3b gene expression and GSK3B
activity on ethanol consumption behaviors. Downstream of Gsk3b
overexpression, changes in other genes in mPFC reveal potential
mechanisms for these effects, most notably decreased Bdnf
expression. Further, we found the Gsk3b co-regulated gene
network, as well as GSK3B itself, to be significantly enriched for
risk-conferring SNPs in human alcoholic patients. Taken together,
these results provide evidence for an ethanol-responsive gene
network in risk for alcohol dependence and a potential
therapeutic target in GSK3B.

Relationship between ethanol and prefrontal cortical GSK3B
activity
Acute ethanol robustly phosphorylated GSK3B at its inhibitory Ser-
9 residue at doses from 0.5 to 4.0 g/kg in mPFC and also
downregulated Gsk3b mRNA expression in C57BL/6J mice. These
results are consistent with prior published studies showing that
acute ethanol increased Ser-9 phosphorylation in rat PFC [19] and
mouse NAC [17]. However, viral-mediated Gsk3b overexpression in
mouse mPFC significantly increased ethanol consumption and
preference. As seen in Fig. 2c, there was an upward shift in the
behavioral response of ethanol drinking across concentrations.
This finding suggests that increased GSK3B activity augments the
usual behavioral response of consumption. If acute ethanol-
induced inhibition of PFC GSK3B normally provides a satiety-like
(or self-regulatory) response, it may be that overexpression of
GSK3B increases resistance to this response, thereby increasing
ethanol consumption (see Fig. 5d). We are assuming these actions
of GSK3B occur in neurons of cingulate cortex, since our AAV viral
vector over-expression was highly localized to NeuN positive cells
in that area (Fig. S1E). However, a major goal of ongoing studies is
to identify the neuronal subtype(s) in which GSK3B activity may be
driving ethanol-related behaviors. The increase in ethanol drinking
with GSK3B over-expression was likely not related to changes in
the sedative/hypnotic effects of ethanol, as we observed no
difference in ethanol LORR. A limitation of our LORR and ethanol-
drinking studies is that BEC was not measured to confirm that
differences in behavior were paralleled by differences in BEC.
However, differences in ethanol intake are usually highly
correlated with consequent differences in BEC.
The observation that lithium, a GSK3B inhibitor [30], decreased

ethanol consumption in the GSK3B-overexpressing mice provides
support that the increased ethanol consumption was indeed due
to increased GSK3B activity, and not off-target effects of the
overexpression vector. Although lithium is thought to perhaps
have multiple biological actions, its role as an inhibitor of GSK3b is
widely published. However, we reinforced these GSK3B over-
expression and lithium data with studies discussed below using
the more selective drug, TDZD-8. Lithium also produced a
significant main effect on ethanol consumption, but not an
interaction effect with genotype or significant effect on IRES

Fig. 5 A Gsk3b-centered expression network in mouse mPFC is enriched for SNPs conferring increased risk for alcohol dependence in human
GWAS data. a Network of genes with S-score, a measure of ethanol-responsiveness, correlation of r ≥ 0.9 with Gsk3b, found in the mPFC of BXD
mice. b Comparative histogram of WGCNA-calculated edge weights (gene–gene expression correlations) of the 35 genes in the Gsk3b network
(green) and edge weight values of 10,000 permutations of randomly selected groups of 35 genes (grey) from the BXD mPFC microarray. c SNP-
set level analyses of human GWAS (COGA dataset, n= 1205 cases, 700 controls) were performed on groups of homologous genes. Results are
shown for genes at multiple levels of correlation (80–95%) with Gsk3b in mouse mPFC. The result of a SNP-set analysis within the GSK3B gene
alone is also given. NSNP= total number of genotyped SNPs in given gene or geneset; NSIG= number of significantly risk-conferring SNPs;
ISIG= number of independent (non-LD) risk-conferring SNPs. Empiric p values were computed by 10,000 permutations of phenotypes. d
Putative model by which mPFC GSK3B expression/activity may predispose to increased alcohol consumption and eventual dependence. Left
side of diagram indicates a basal state prior to any ethanol exposure. We propose that high GSK3B activity is associated with high risk of
increased ethanol consumption. GSK3B inhibition following ethanol exposure might normally serve to self-regulate ethanol consumption,
such as through increased cortical BDNF which has been previously been shown to moderate drinking. With increased total GSK3B or
increased basal GSK3B activity, there may be increased residual activity following a given ethanol exposure, allowing for continued GSK3B-
mediated inhibition of BDNF, promoting the transition to increased consumption

Glycogen synthase kinase 3 beta regulates ethanol consumption and is a. . .
A van der Vaart et al.

2528

Neuropsychopharmacology (2018) 43:2521 – 2531



injected animals, possibly due to statistical power issues. This
suggests, as would be expected, that lithium could decrease
ethanol consumption in both controls as Gsk3b over-expressing
animals if these studies were repeated with greater numbers.
However, our goal was to show that a Gsk3b inhibitor would
decrease the ethanol consumption caused by AAV-GSK3B
injection.
Despite no differences in anxiety-like behavior or total

locomotor behavior at baseline, after a 20-day period of ethanol
access, animals overexpressing Gsk3b exhibited an increase in
anxiety-like behavior during ethanol abstinence. This suggests
that higher Gsk3b expression in mPFC may act to sensitize the
brain to the anxiety-like effects of ethanol abstinence, possibly
serving as a motivational factor for increasing ethanol self-
administration. Similarly, inhibition of GSK3B in mPFC may
contribute to anxiolytic-like effects of ethanol. In support of this
hypothesis, selective deletion of Gsk3b in mouse forebrain has
been shown to have anxiolytic-like effects [16]. Furthermore, our
laboratory has recently identified the gene encoding a GSK3B-
interacting protein, Ninein, as a strong candidate gene for an
ethanol-anxiolysis quantitative trait locus identified on mouse Chr
12 [49]. However, these findings on possible increases in anxiety-
like behavior following ethanol abstinence with GSK3B over-
expression require future studies to clarify the interaction between
ethanol consumption, GSK3B levels, and anxiety.
Our finding that elevating PFC Gsk3b expression decreased

BDNF protein and mRNA (Fig. 3) could have particular mechanistic
significance, given substantial evidence of a GSK3B-BDNF relation-
ship in the literature: BDNF has been found to inhibit GSK3B
activity via PI3K signaling [14], while active GSK3B has been found
to decrease Bdnf mRNA levels [50]. Reduced expression of BDNF
has been strongly implicated as a modulator of progressive
ethanol consumption in both mouse and rat models, specifically in
the mPFC [21, 43]. Thus, decreased BDNF represents a likely
mechanism by which increased GSK3B increases ethanol con-
sumption, although the specific pathway remains to be eluci-
dated. Active GSK3B has been found to inhibit DNA-binding ability
of the BDNF-transcription factor CREB, thus representing a
hypothesized mechanism (Fig. 5) for the GSK3B-BDNF effect seen
here. However further studies are necessary to directly test the
roles of BDNF and CREB.
Using a pilot microarray study and subsequent q-RT-PCR

validation, we found altered expression of additional plasticity
related genes in mouse mPFC: Synj2 and Npy5r (Fig. 3). There was
also a trend toward decreased Stx6 expression (p < 0.1). Generally
these findings provide evidence that altered GSK3B expression
may play a significant role in ethanol-related synaptic remodeling,
consistent with its emergent role as a mediator of plasticity [11].
Npy5r may also particularly contribute to ethanol-related beha-
viors, as neuropeptide Y (NPY) levels are inversely related to
ethanol consumption in mice and rats [51, 52], NPY expression is
decreased in mPFC of postmortem tissue from alcoholics [53], and
SNPs in the Y2R or Y5R receptor genes have been associated with
alcohol dependence or withdrawal [54]. However, further studies
would be needed to clarify the potential role of NPY receptor
signaling in the modulation of ethanol consumption by GSK3B.

Pre-clinical and potential translational implications
Results with a selective GSK3B inhibitor in ethanol operant self-
administration studies in rats provided cross-species validation of
the mouse viral vector over-expression findings. While we used
lithium as an initial pharmacologic tool in mouse viral vector
studies due to the extensive animal model and human literature
on lithium as an inhibitor of GSK3B, we used the more specific
GSK3B inhibitor TDZD-8 in pre-clinical studies of rats utilizing
systemic delivery, to better model a possible pharmacotherapeu-
tic effect. Pilot studies on TDZD-8 in mice showed a species-
selective toxicity with some lethality (10%) for unknown reasons.

We had no lethality or any other evidence of toxicity in pilot
studies in rats and thus chose to use that rodent species for the
TDZD-8 studies, in addition to operant ethanol self-administration
being more widely studied in rats. TDZD-8 decreased the
motivation to self-administer ethanol and sucrose, indicating
inhibition of reward-seeking. Following abstinence from reinfor-
cer, TDZD-8 nearly eliminated cue-driven relapse-like behavior in
rats trained to respond to ethanol, while showing no effect in rats
trained to respond for sucrose. This suggests a degree of
specificity to GSK3B activity in the context of ethanol-seeking
post abstinence, which may have particular relevance for the role
of GSK3B in treatment of relapse.
While GSK3B is ubiquitously expressed, systemic administration

of a TDZD drug is a necessary preclinical test given drug
administration limitations in humans. If a contributing factor to
alcohol use is a primary imbalance of GSK3B (i.e., over activity) in
the mPFC, then systemic administration would be expected to
exert its effects through action here, albeit with a risk of off-target
effects. Another caveat about this experiment is the negative
effect on sucrose as well as ethanol seeking, indicating general
anti-reward properties and possible anhedonia. This may limit
clinical utility of GSK3B inhibitors and alternate targets in the
GSK3B network should be considered. However it should be noted
that a current first-line treatment for AUD, naltrexone, also exerts
negative effects on responding for natural reinforcers [55]. Highly
specific GSK3B inhibitors such as TDZD-8 may allow for GSK3B
inhibition with reduced side effects, and thus could have
significant promise as novel AUD therapeutics, particularly in
regard to relapse. It is worth noting that tideglusib, a highly
selective and CNS penetrant derivative of TDZD-8, is currently
being investigated in human trials as a treatment for neurode-
generative diseases such as Alzheimer’s disease and has shown no
reported toxicity other than transient liver function abnormalities
[56]. Thus, such TDZD-8 derivatives appear safe for use in humans.
Our results on the role of GSK3B in modulating ethanol

consumption in rodents are further strengthened by our
findings that a network of genes, whose ethanol responsiveness
correlates strongly with Gsk3b, is significantly associated with
risk for alcohol dependence (Fig. 5). This network included other
genes previously identified as key mediators of ethanol-induced
signaling and behavior, namely Kcnma1 [57]. We posit that the
tightly coordinated ethanol regulation of gene expression in this
Gsk3b-related network suggests an important role in neuroa-
daptation to ethanol and that some portion of the risk for
alcohol dependence conferred by variants in individual genes
and the network as a whole may be due to differences in
individuals’ initial ethanol response, given that low level of
response is a known predictor of future alcoholism [33]. In
general support of this concept, two recent reports suggest
GSK3B is a potential modulator of chronic ethanol adaptations in
signaling systems involving Kcnma1 [58] and dopamine D2
receptors [59]. Just because Gsk3b was a highly-interconnected
gene in our BXD study, this does not necessarily imply that
ethanol-responsive genes correlated with Gsk3b are regulated
by Gsk3b itself. For example, although our data suggests that
Bdnf and Npy5r may be altered by GSK3B viral vector over-
expression, these genes were not found in the network co-
regulated by ethanol with Gsk3b. This suggests a possible
divergence between the mechanisms regulating the ethanol
responsiveness of the Gsk3b-centric network, and those down-
stream of GSK3B that impact ethanol consumption.
Taken together, our findings strongly implicate GSK3B as a key

signaling molecule modulating ethanol consumption, a potential
risk factor for alcohol dependence, and as a possible pharma-
cotherapeutic target for treatment of AUD. Future studies on
GSK3B as a therapeutic target, and the downstream mechanisms
mediating GSK3B actions on ethanol consumption, are clearly
warranted.
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