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Abstract
Background—Neuroadaptations within the nucleus accumbens (NAc) have been implicated in
molecular mechanisms underlying the development and/or maintenance of alcohol abuse
disorders. We recently reported that the activation of mammalian target of rapamycin complex 1
(mTORC1) signaling pathway in the NAc of rodents, following exposure to alcohol, contributes to
alcohol drinking behaviors. The kinase AKT, is the main upstream activator of the mTORC1
pathway. We therefore hypothesized that the activation of AKT in the NAc in response to alcohol
exposure plays an important role in mechanisms that underlie excessive alcohol consumption.

Methods—Western blot analysis was used to assess the phosphorylation levels of enzymes.
Acute exposure of mice to alcohol was achieved by the administration of 2 g/kg alcohol
intraperitoneally, (i.p.). Two-bottle choice and operant self-administration procedures were used to
assess drinking behaviors in rats.

Results—We found that acute systemic administration of alcohol and recurring cycles of
excessive voluntary consumption of alcohol and withdrawal result in the activation of AKT
signaling in the NAc of rodents. Importantly, we show that inhibition of AKT, or its upstream
activator, phosphatidylinositol-3-kinase (PI3K), within the NAc of rats attenuates binge drinking
as well as alcohol but not sucrose operant self-administration.

Conclusions—Our results suggest that the activation of the AKT pathway in the NAc in
response to alcohol exposure is an important contributor to the molecular mechanisms underlying
alcohol-drinking behaviors. AKT signaling pathway inhibitors are therefore potential candidates
for drug development for the treatment of alcohol use and abuse disorders.
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Introduction
Alcohol addiction is a psychiatric disorder in which symptoms persist despite negative
consequences (1). Although alcohol use and abuse disorders are major health and
socioeconomic problems, only a limited number of medications are available to treat adverse
phenotypes such as excessive drinking, craving and relapse (1). Therefore, unraveling the
molecular and neuronal processes responsible for the development and persistence of these
pathological behaviors may lead to the development of new strategies to treat the disease.

The use of animal models allows the exploration of processes that underlie some key
characteristics of adverse behaviors related to alcohol use and abuse disorders such as the
consumption of an excessive amount of alcohol (1–2). For example, a progressive escalation
of alcohol intake can be obtained in rats which undergo cycles of voluntary alcohol intake
and withdrawal in a 24-hr-intermittent 2-bottle choice access procedure (3–4). This
paradigm also leads to a stable and high level of voluntary consumption (3–4) that results in
a blood alcohol concentration (BAC) of 80.9 ± 7 mg%, 30 min after the beginning of an
alcohol drinking session (3). This BAC corresponds to human binge drinking as defined by
the National Institute on Alcohol Abuse and Alcoholism (5), and therefore allows the
investigation of the neuronal processes underlying excessive drinking of alcohol.

The NAc, a key component of the reward circuit, is a major substrate of all drugs of abuse
(2, 6), and, as such, plays a key role in the expression of behavioral phenotypes associated
with alcohol exposure (1). Accordingly, using rodent models of excessive alcohol
consumption, we recently established that the mTORC1-mediated signaling pathway in the
NAc of rodents is activated in response to binge drinking of alcohol, and that the activation
persists even 24 hrs after alcohol withdrawal (7). We further showed that the inhibition of
the mTORC1 pathway results in the attenuation of alcohol-related behaviors such as
locomotor sensitization, conditioned place preference and excessive drinking (7).

mTORC1 is a downstream target of the phosphatidylinositol-3-kinase (PI3K) pathway (8–
9). Specifically, activation of PI3K results in the production of phosphatidylinositol (3,4,5)-
trisphosphate (PIP3) at the plasma membrane leading to the recruitment of AKT and its
kinase, the phosphoinositide-dependent protein kinase 1 (PDK1), to the membrane. Upon
co-localization, PDK1 phosphorylates AKT at the threonine 308 (10). Activation of AKT
also requires its phosphorylation on the serine 473 residue by the PDK2/mammalian target
of rapamycin complex 2 (mTORC2) (10–13). AKT, in turn, phosphorylates and inhibits
tuberin, a negative regulator of the Ras-homolog enriched in brain (Rheb) and mTORC1,
leading to the activation of the mTORC1 kinase (8–9, 14). In addition to this dominant
PI3K/AKT signaling cascade (8), the activation of the Ras/Raf/ERK1/2 (extracellular-
signal-regulated kinase 1 and 2) pathway can also lead to the activation of mTORC1 through
the direct phosphorylation and inhibition of tuberin by ERK1/2 (8, 14–15).

Here, we set out to examine whether AKT and/or ERK1/2 are activated in the NAc in
response to alcohol exposure and, if so, to test for the possible contribution of the
pathway(s) to the expression and/or maintenance of alcohol drinking behaviors.

Material and methods
Animals

Nine-week old male C57BL/6J mice were obtained from Jackson Laboratories and male
Long-Evans rats (250–300 g) were purchased from Harlan. Mice and rats were housed in a
temperature and humidity-controlled room under a 12 hr light:dark cycle (lights on at 07:00
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am) with food and water available ad libitum. All animal procedures in this report were
approved by the Gallo Center Institutional Animal Care and Use Committee and were
conducted in agreement with the Guide for the Care and Use of Laboratory Animals,
National Research Council, 1996.

Materials
See Supplement.

Preparation of solutions
See Supplement.

Systemic administration of alcohol
See Supplement.

Western Blot Analyses
Rats were anesthetized by isoflurane and were killed by decapitation. Mice were killed by
cervical dislocation. The NAc was immediately collected and homogenized in a
RadioImmuno Precipitation Assay (RIPA) buffer containing 25 mM Tris-HCl pH 7.6, 150
mM NaCl, EDTA 1mM, 1% (vol/vol) NP-40, 0.5% (weight/vol) sodium deoxycholate and
0.1% (weight/vol) SDS, protease and phosphatase inhibitors. Forty µg of samples were
resolved on a 4–12% SDS-PAGE, and transferred to a nitrocellulose membrane. Membranes
were blocked for 1 hr with 5% (weight/vol) non-fat milk in Tris Buffer Saline/0.1% (vol/
vol) Tween 20 (TBS-T) and then incubated overnight at 4°C in the same blocking solution
including the appropriate antibody. After extensive washing with TBS-T, bound primary
antibodies were detected with HRP-conjugated secondary antibody and visualized by
Enhanced Chemiluminescence (ECL). After measuring the level of phospho-proteins,
membranes were then stripped for 30 min at 50°C in buffer containing 100 mM 2-β-
mercaptoethanol, 2% (weight/vol) SDS, 62.5 mM Tris-HCl pH 6.7, followed by extensive
washing in TBS-T before re-blocking and re-probing with the appropriate total antibody.
The optical density of the relevant immunoreactive band was quantified using NIH Image
1.63 program. The values of the phospho-protein signal were normalized to the signal of the
total protein in the same sample. Results were expressed as a percentage of the control.

Intermittent-access 20% alcohol 2-bottle choice drinking paradigm
Animals were given 24-hr concurrent access to one bottle of 20% vol/vol alcohol in tap
water and one bottle of water, starting at 12:00 p.m. on Monday, Wednesday, and Friday,
with 24 or 48-hr alcohol-deprivation periods between the alcohol-drinking sessions. The
placement (left or right) of each solution was alternated between each session to control for
side preference. The water and alcohol bottles were weighed after 30 min and 24 h of
access. After 6 weeks of alcohol exposure, animals were implanted bilaterally with guide
cannulae in the NAc. Following 4 days of recovery, intermittent-access 20% alcohol 2-bottle
choice drinking procedure was resumed and microinfusions of wortmannin and triciribine
were conducted. For more details, see Supplement.

Surgery
Rats were anesthetized with isoflurane (Baxter Health Care Corporation) and then bilaterally
implanted with 26-gauge stainless-steel guide cannulas (Plastics One, Roanoke, VA) aimed
at the NAc (AP +1.6 mm, ML ±1 mm from Bregma and DV −5.9 mm from the skull
surface). For more details, see Supplement.
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Operant self-administration of alcohol
Rats were trained to self-administer a 20% alcohol solution in operant self-administration
chambers (Med Associates) under a fixed ratio 3 (FR3) schedule of reinforcement, wherein
3 lever presses resulted in the delivery of 0.1 ml of alcohol. Surgery and microinfusions of
the inhibitors started after 6 weeks of alcohol self-administration upon acquisition of a stable
baseline of responding. In the first experiment, all subjects received vehicle or wortmannin
in a counterbalanced manner, with one microinfusion per week. One week later, the same
animals and procedure were used to test the effect of the triciribine. For more details, see
Supplement.

Intra-NAc infusions of wortmannin and triciribine
Rats were infused with vehicle or wortmannin using doses (0.1 or 0.4 µg/side) based on
previous studies (16–17), and triciribine (0.05 or 0.5 µg /side) (18). The half-life of
wortmannin is shorter (one hour) (19–20) than the half-life of triciribine (several hours)
(21). Therefore wortmannin and triciribine were infused into the NAc of rats, 1 hr or 3 hrs
respectively, before the 24-hr alcohol-drinking session or the 30-min operant self-
administration. A total of 1 µl/side of each inhibitor or vehicle was infused over 2.5 min into
the NAc of gently restrained rats via injection cannulae extending 1 mm beyond the guide
cannula tip. Injection cannulae were left in place for an additional 1 min. After infusion,
stylets were replaced in the guide cannulae and the animal was put back in the home cage.
All subjects received each dose of inhibitors in a counterbalanced manner, with one
microinjection per week.

Operant self-administration of sucrose
Rats were trained to self-administer a solution of 1.5 % of sucrose under an FR3 schedule 5
days per week during 30-min sessions. Experiments started when the rats reached a stable
level of presses. In a first experiment, all subjects received vehicle or wortmannin in a
counterbalanced manner, with one microinfusion per week. Two weeks later, the same
animals were used to test the effect of triciribine.

Histology
After completion of the experiments, rats implanted with cannulae were sacrificed by i.p.
injection of pentobarbital and perfused transcardically with 4% paraformaldehyde. Coronal
sections of the forebrain were stained with thionin to allow visualization of probe tracks in
the NAc (Figure S1 in the Supplement). Only subjects with injection cannulae located in the
NAc were included in the study.

Data analysis
Western blot data were analyzed with a one-tailed unpaired t-test. Rat 2-bottle choice and
operant self-administration experiments were conducted in a within-subject design. Data
were analyzed with one-way or two-way ANOVA with repeated measures. Significant main
effects and interactions of the ANOVAs were further investigated with the Student-
Newman-Keuls test or the method of contrasts (one-tailed paired t-test). Statistical
significance was set at p < 0.05. Data are presented as mean ± SEM.

Results
Systemic administration of alcohol results in the activation of AKT pathway in the NAc of
mice

First, we aimed to determine whether AKT is activated in the NAc of mice treated with
alcohol. Animals were systemically administered (i.p) with a non-hypnotic dose (2 g/kg) of
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alcohol and the phosphorylation of AKT was assessed 15 min later. As shown in Fig. 1A,
we found that acute treatment of mice with alcohol results in the activation of AKT in the
NAc as reflected by the increase in the phosphorylation level of amino acids threonine 308
and the serine 473. Another signaling cascade upstream mTORC1 is the ERK1/2 pathway;
however, we did not detect any alteration in the phosphorylation level of ERK1/2 following
alcohol administration (Fig. 1B), suggesting that this pathway is not activated in the NAc in
response to acute alcohol administration.

GSK-3 (Glycogen synthase kinase-3) is a serine and threonine kinase, which is a well-
described downstream target of AKT (22–23). Therefore, we tested whether the activation
of AKT in the NAc in response to alcohol results in the phosphorylation of the two GSK-3
isoforms, GSK-3α and GSK-3β. We found that acute administration of alcohol to mice
results in the induction of the phosphorylation of GSK-3α and GSK-3β on serine 21 and
serine 9 residues, respectively (Fig. 1C). Together, these data indicate that alcohol treatment
induces a rapid activation of the AKT but not ERK1/2 pathway in the NAc.

AKT is activated in the NAc of rats with a history of excessive alcohol consumption
Next, we aimed to determine whether alterations of AKT signaling induced by alcohol in the
NAc contribute to neuroadaptations that underlie alcohol consumption. To do so we first
examined whether the AKT signaling within the NAc was activated in response to cycles of
excessive alcohol consumption and withdrawal periods by measuring the phosphorylation
levels of AKT, as well as its substrates GSK-3α and GSK-3β, 24 hrs after the last drinking
session. We observed an elevation of the phosphorylation of AKT (Fig. 2A) and both of the
GSK-3 isoforms (Fig. 2B). However, we did not observe any elevation in ERK1/2
phosphorylation suggesting that ERK1/2 activity was not increased in the NAc in response
to alcohol exposure (Fig. 3C). Hence, excessive alcohol intake results in a sustained
activation of the AKT but not ERK1/2 pathway in the NAc.

Inhibition of the AKT pathway within the NAc of rats attenuates binge drinking of alcohol
To test for the possible functional consequences of alcohol-mediated activation of AKT
signaling in the NAc, we used the specific PI3K inhibitor, wortmannin (24). We first
confirmed that intra-NAc infusion of wortmannin results in a selective inhibition of AKT
(Figure S2 in the Supplement). Next, we established that the inhibition of PI3K by
wortmannin in the NAc attenuates alcohol-mediated phosphorylation of AKT. As shown in
Fig. S3 (see Supplement), the increase in AKT phosphorylation was observed in the NAc
after acute systemic administration of alcohol in vehicle treated but not wortmannin treated
mice. In addition to wortmannin, triciribine was used to directly inhibit the activity of AKT
(18, 25). Wortmannin and triciribine were infused into the NAc of rats 1 and 3 hrs
respectively (Figure S1A in the Supplement), before the beginning of a drinking session, and
alcohol and water consumptions were monitored (see also methods). We found that intra-
NAc infusion of both inhibitors attenuated binge drinking of alcohol as revealed by a
decrease in alcohol intake during the first 30 min of the drinking session (Figs. 3A–B and
4A). We further observed that intra-NAc administration of triciribine (Fig. 4B) but not
wortmannin (Fig. 3C–D), also significantly decreased alcohol intake over a period of 24 hr
access. Importantly, intra-NAc inhibition of the AKT pathway by wortmannin (Fig. 3E–F)
and triciribine (Fig. 4C) did not affect water intake. Together, these data indicate that the
AKT pathway within the NAc contributes to the molecular mechanisms underlying the
expression and/or maintenance of excessive alcohol consumption.
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Inhibition of AKT pathway within the NAc of rats attenuates operant self-administration of
alcohol

Next, we tested the contribution of the AKT pathway to the motivation of rats to drink
alcohol. To do so, we used an operant conditioning paradigm in which rats with a history of
excessive voluntary alcohol consumption were trained to self-administer alcohol in an
operant procedure on an FR3 schedule. Once animals reached a stable responding for the
alcohol lever over a 30-min self-administration session, wortmannin and triciribine were
infused into the NAc (Fig. S1B), 1 hr and 3 hrs respectively, before the beginning of a
session. Consistent with the results described above, we found that inhibition of the AKT
pathway within the NAc reduced operant responding for alcohol (Figs. 5A and 6A).
Consequently, the decrease in the number of lever-presses also resulted in a reduction of the
number of alcohol deliveries during the 30-min session (Fig. 5B and 6B), without altering
the responding for the inactive lever (1.90 ± 0.46 press for vehicle versus 2.22 ± 0.49 presses
for wortmannin and 1.45 ± 0.51 press for vehicle versus 1.18 ± 0.57 press for triciribine).
Furthermore, analysis of cumulative active lever-press responding within the test session
(Figs. 5C and 6C), and the time of the last alcohol delivery (Figs. 5D and 6D), suggest that
the decrease in operant responding for alcohol induced by wortmannin and triciribine results
from an early termination of the drinking episode. We also observed that intra-NAc infusion
of wortmannin (Fig. 5E), but not triciribine (Fig. 6E) delays the time of the first alcohol
delivery. The distribution of inter-response intervals was similar for wortmannin, triciribine
and their corresponding controls (no effect of treatment [Fwortmannin (1,160) = 0.41, P = 0.54],
[Ftriciribine (1,160) = 0.31, P = 0.59] and no interaction between treatment and time intervals
[Fwortmannin (20,160) = 1.33, P = 0.17], [Ftriciribine (20,160) = 0.77, P = 0.75]) (Figs. 5F and
6F). Importantly, we did not find any changes in the number of fast responses (p > 0.05 for
inter-response interval < 1.0 s) (Figs. 5F and 6F). These last two observations indicate that
the inhibitory effects of intra-NAc infusion of wortmannin and triciribine on operant self-
administration of alcohol is unlikely to be due to an alteration of rat locomotor activity.
Together, these data suggest that the inhibition of AKT pathway in the NAc of rats
attenuates alcohol intake by decreasing the motivation of the animals to consume alcohol.

Inhibition of the AKT pathway within the NAc of rats does not affect self-administration of
sucrose

Finally, we tested whether the reduction in operant self-administration by wortmannin and
triciribine in the NAc is specific for alcohol. To do so, we tested the capacity of wortmannin
and triciribine to modulate the self-administration of the non-drug reinforcer, sucrose. Rats
were therefore trained to self-administer a solution of sucrose under an FR3 schedule. Upon
reaching stable responding, wortmannin and triciribine were infused into the NAc (Figure
S1C in the Supplement), 1 hr or 3 hrs, respectively, before the sucrose operant self-
administration session. As shown Fig. 7, the PI3K and AKT inhibitors did not alter lever-
press responding for sucrose. These data suggest that the effect of both inhibitors on alcohol
self-administration is not due to a general reduction in motivation to consume rewarding
substances. These results also suggest that the attenuation of alcohol self-administration is
not due to a non-specific alteration of rats’ behavior such as locomotor activity or memory.

Discussion
In the present study we show that AKT is activated in the NAc of rodents in response to
acute systemic administration of alcohol as well as a result of recurring cycles of excessive
alcohol consumption and withdrawal. The consequences of alcohol-mediated activation of
AKT are the phosphorylation (and thus inhibition) of GSK-3 kinase, and the activation of
the mTORC1 pathway (7). Importantly, our results imply that the AKT-mediated signaling
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within the NAc contributes to mechanisms underlying excessive alcohol-drinking behaviors
(diagram, Figure S4 in the Supplement).

We did not detect any increase in the phosphorylation and thus activation state of ERK1/2 in
the NAc of rodents following alcohol exposure. This observation is in agreement with
previous studies that reported a small decrease or no change in ERK1/2 phosphorylation
following acute systemic administration of alcohol or intermittent exposure to alcohol in a
vapor chamber (26–27). In contrast, Ibba et al. recently reported an activation of ERK1/2
pathway in the NAc following administration of alcohol by gavage (28). The differences
between the results by Ibba et al. and ours and others, could be due to the mode of alcohol
administration. In addition, the fact that gavage induces a significant stress response should
be taken into consideration.

We observed that systemic administration of alcohol to mice results in the phosphorylation
of AKT on threonine 308 and serine 473 in the NAc. These results are in line with Bjork et
al, who reported that AKT is phosphorylated on threonine 308 in mouse striatum after
systemic administration of alcohol (29). The observation that alcohol administration leads to
the phosphorylation of AKT at both threonine 308 and serine 473 is of interest since the
phosphorylation of AKT on threonine 308 and serine 473 is thought to be regulated by two
distinct kinases, PDK1 and mTORC2, respectively (12–13, 23). Therefore, our data suggest
that alcohol exposure may also result in the activation of mTORC2 in the NAc leading to
AKT phosphorylation on serine 473. We recently reported that the mTORC1 signaling
pathway is activated in the NAc after alcohol exposure and plays a key role in the molecular
mechanisms that underlie alcohol-related behaviors (7). Whereas mTORC1 activation in the
brain leads to the translation of synaptic proteins (8, 30), the activation of mTORC2 results
in the phosphorylation of substrates such as AKT, serum- and glucocorticoid-induced
protein kinase (SGK) and protein kinase C (PKC) (31), which in turn, regulate diverse
biological responses (31–32). Interestingly, the role of PKC isoforms in mechanisms
underlying alcohol’s action in the CNS is well established (33). Therefore, these data and
ours raise the possibility that mTORC2 may also contribute to mechanisms that underlie
alcohol-related behaviors by regulating AKT activity through its phosphorylation on serine
473 as well as via other kinases such as SGK and PKC, and this possibility merits further
investigation.

The serine and threonine kinase GSK-3 is a substrate of AKT. The two highly homologous
isoforms GSK-3α and GSK-3β are encoded by two different genes (34), and the
phosphorylation of the isoforms by AKT on serine 21 and 9, respectively, leads to their
inhibition (12, 23). The GSK-3β isoform is enriched in the brain (35) where it has been
reported to regulate cytoskeleton dynamics (36), as well as the activity of several
transcription factors such as the cAMP response element binding protein (CREB) (37), and
the function of ionotropic glutamate receptors (12, 35, 38). GSK-3β has also been shown to
play a critical role in neuronal development (37) and synaptic plasticity (35). We found that
a consequence of alcohol-mediated increase in AKT activity in the NAc is the
phosphorylation of both GSK-3α and GSK-3β on serine 21 and serine 9 respectively within
the NAc. Specifically, we found that systemic administration of alcohol in mice and
voluntary consumption of high amounts of alcohol followed by periods of withdrawal in rats
result in increased levels of phosphorylated GSK-3α and GSK-3β in the NAc. These data
suggest that AKT-induced GSK-3 inhibition is potentially another mechanism whereby
AKT regulates alcohol-drinking behaviors.

In contrast to the inhibitory actions of alcohol on the activity of GSK-3 in the NAc, cocaine-
induced GSK-3 activation in the NAc has been implicated in the mechanisms that underlie
locomotor sensitization (39). This is yet another example of clear differences in the
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molecular pathways that underlie the actions of alcohol and stimulants. For instance,
whereas cocaine and amphetamine activate ERK1/2 pathway within the NAc (40–42) we
and others (26–27), found no increase of ERK1/2 activity in the NAc following alcohol
exposure.

Importantly, we observed that repeated cycles of consumption and withdrawal result in an
increase in the phosphorylation and thus activation of AKT, and that the blockade of the
AKT pathway within the NAc decreases excessive voluntary consumption and self-
administration of alcohol. Specifically, we show that intra-NAc infusion of the PI3K
inhibitor wortmannin attenuates binge drinking in rats indicating that PI3K activity regulates
excessive alcohol intake. It is possible that the mGluR5/Homer2 system contributes to
alcohol-mediated activation of PI3K as suggested by Cozzoli et al. (16). We further found
that inhibition of AKT by triciribine has the same consequence on alcohol consumption
suggesting that the effect of PI3K blockade on binge drinking is due to the subsequent
inhibition of AKT. The differences in the inhibition profiles of the two inhibitors on
voluntary consumption and self-administration of alcohol could be due to their
pharmacokinetic properties (e.g., wortmannin has a shorter half-life compared to triciribine)
(19–21), or to the fact that AKT is positioned at a focal point of the PI3K/AKT cascade.
Importantly, we also observed that intra-NAc infusion of both wortmannin and triciribine
does not reduce operant self-administration of sucrose. This result implies that blockade of
the AKT pathway within the NAc does not result in a general reduction of the motivation to
obtain a reward, but rather in a selective inhibition of alcohol self-administration. This
finding is in agreement with our recent study where we showed that the inhibition of
mTORC1, a signaling cascade which is known to be activated by AKT (8–9, 14), decreases
the level of motivation of rats to self-administer alcohol but not sucrose (7).

Regarding the neuronal mechanism underlying AKT contribution to excessive alcohol
drinking, it is noteworthy that PI3K/AKT pathway has been reported to control synaptic
strength in several forebrain regions (17, 43–44). Importantly, alcohol-increased neuronal
excitability within the NAc has been associated with increased alcohol consumption (45).
Therefore, local inhibition of AKT pathway within the NAc using wortmannin and
triciribine may abate neuronal activity that drives alcohol directed behaviors such as
excessive consumption.

In conclusion, in the present work we provide biochemical and behavioral data to support
the conclusion that the AKT signaling pathway within the NAc contributes to the
mechanisms that underlie excessive drinking of alcohol, a hallmark of alcohol addiction (1).
Importantly, we found that the inhibition of the AKT pathway within the NAc does not alter
the motivational state of rats trained to self-administer a non-drug reward such as sucrose,
which is a critical issue from a therapeutic development perspective (46). Our findings
therefore suggest that inhibitors of the AKT pathway, which are actively being developed
for the treatment of several kinds of cancers (10, 47–48), are potential drug candidates that
could be developed for the treatment of alcohol use and abuse disorders.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Systemic administration of alcohol to mice results in a rapid activation of the AKT
pathway in the NAc
Mice were systemically administered (i.p.) with 2 g/kg of alcohol or saline solution, and the
NAc was removed 15 min later. The level of AKT phosphorylation on threonine 308 and
serine 473 (A), of ERK1/2 on tyrosine 204/187 (B), as well as the levels of GSK3α and
GSK3β phosphorylation on serine 21 and serine 9 respectively (C), were determined by
western blot analyses. Optical density quantification of the phosphorylation is expressed as
the ratio of the phosphorylated protein to the total protein. n=9 per group. Data are presented
as mean ± SEM and expressed as percentage of control. **p< 0.01, ***p<0.001, one-tailed
unpaired t-test.
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Figure 2. Excessive alcohol consumption results in the activation of AKT but not ERK1/2
signaling in the NAc of rats
Rats experienced 2 months of intermittent-access 20% alcohol 2-bottle choice drinking
sessions. Control animals underwent the same paradigm but had access to water only. The
NAc were removed after the last 24 hrs of alcohol deprivation session (24 hr of withdrawal).
The levels of AKT (A), GSK-3α, GSK-3β (B) and ERK1/2 (C) phosphorylation were
determined by western blot analyses. n=16 (A), n=8–10 (B), n=6 (C) per group. Data are
presented as mean ± SEM and expressed as percentage of control. **p<0.01, ***p<0.001,
one-tailed unpaired t-test.
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Figure 3. Intra-NAc infusion of wortmannin reduces binge drinking of alcohol in rats
Vehicle (Veh) or wortmannin (Wort, 0.1 or 0.4 µg/side) were infused into the NAc 1 hr
before the beginning of the 24-hr alcohol-drinking session in rats trained to consume a high
amount of a 20% solution of alcohol in a 2-bottle choice paradigm. (A, B) Alcohol intake
was measured 30 min after the beginning of the session. Alcohol (C, D) and water (E, F)
intakes were also measured at the end of the 24-hr drinking session. Consumption is
expressed in grams per kilogram (g/kg) of body weight. n=8–9 per group. Data are presented
as mean ± SEM. One-way ANOVA with repeated measures showed significant effects of
treatment for A [F(1,7) = 13.84, P = 0.007] and B [F(1,8) = 8.38, P = 0.02] but not for C
[F(1,7) = 3.28, P = 0.11] and D [F(1,8) = 4.71, P = 0.062], *p< 0.05 and **p<0.01.
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Figure 4. Intra-NAc infusion of triciribine reduces binge drinking of alcohol in rats
Vehicle (Veh) or triciribine (0.05 or 0.5 µg/side) were infused into the NAc 3 hrs before the
beginning of the 24-hr alcohol-drinking session in rats trained to consume a high amount of
a 20% solution of alcohol in a 2-bottle choice paradigm. (A) Alcohol intake was measured
30 min after the beginning of the session. Alcohol (B) and water (C) intakes were also
measured at the end of the 24-hr drinking session. Alcohol and water intakes are expressed
in grams per kilogram (g/kg) of body weight. n=9 per group. Data are presented as mean ±
SEM. One-way ANOVA with repeated measures showed significant effects of treatment for
(A) [F(2,16) = 6.62, P = 0.008] and (B) [F(2,16) = 5.71, P = 0.013]; *p<0.05 and **p<0.01
compared to vehicle (Newman-Keuls post-hoc test).
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Figure 5. Intra-NAc infusion of wortmannin reduces operant self-administration of alcohol in
rats
(A–F) Rats with a history of high levels of alcohol consumption were trained to self-
administer a solution of 20% alcohol in an operant procedure on a fixed ratio 3 (FR3)
schedule. One hr before the beginning of a 30-min session, wortmannin (0.1 µg/side) was
infused into the NAc of rats. (A) Number of active-lever presses during the 30-min operant
alcohol self-administration session. (B) Number of alcohol deliveries (0.1 ml of 20% alcohol
per delivery) obtained during the 30-min session. (C) Cumulative mean presses in bins of 2
min, indicative of the rate of presses for alcohol during the session. Two-way ANOVA with
repeated measures showed a significant main effect of time [F(14,112) = 98.52, P < 0.001]
and treatment [F(1,112) = 7.32, P = 0.027] and an interaction between time and treatment
[F(14,112) = 2.87, P = 0.001]. Subsequent analysis using the method of contrasts detected a
significant difference between vehicle and wortmannin for all time intervals except for the
first interval 0–2 min (all other p’s < 0.05). (D) Time of the last alcohol delivery. (E) Time
of the first alcohol delivery. (F) Distribution of inter-response intervals. n=9 per group. Data
are represented as mean ± SEM. One-way ANOVA with repeated measures showed main
effects of treatment for (A) [F(1,8) = 29.21, P < 0.001]; (B) [F(1,8) = 27.03, P < 0.001] and
(E) [F(1,8) = 10.45, P = 0.012] but not for (D) [F(1,8) = 4.65, P = 0.063], *p<0.05 and
***p<0.001.
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Figure 6. Intra-NAc infusion of triciribine reduces operant self-administration of alcohol in rats
(A–F) Rats with a history of high levels of alcohol consumption were trained to self-
administer a solution of 20% alcohol. Three hrs before the beginning of a 30-min session,
triciribine (0.5 µg/side) was infused into the NAc of rats. (A) Number of active-lever presses
during the 30-min operant alcohol self-administration session. (B) Number of alcohol
deliveries (0.1 ml of alcohol 20% per delivery) obtained during the 30-min session. (C)
Cumulative mean presses in bins of 2 min, indicative of the rate of presses for alcohol
during the session. Two-way ANOVA with repeated measures showed a significant main
effect of time [F(14,112) = 27.44, P < 0.001] and treatment [F(1,112) = 5.93, P = 0.041] and an
interaction between time and treatment [F(14,112) = 3.34, P < 0.001]. Subsequent analysis
using the method of contrasts detected a significant difference between vehicle and
triciribine for all time intervals (all p’s < 0.05). (D) Time of the last alcohol delivery. (E)
Time of the first alcohol delivery. (F) Distribution of inter-response intervals. n=9 per
group. Data are represented as mean ± SEM. One-way ANOVA with repeated measures
showed main effects of treatment for (A) [F(1,8) = 10.37, P = 0.012]; (B) [F(1,8) = 11.22, P =
0.01] and (D) [F(1,8) = 8.57, P = 0.019], *p<0.05.
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Figure 7. Intra-NAc infusion of wortmannin and triciribine does not alter operant self-
administration of sucrose in rats
Rats were trained to self-administer a solution of 1.5% sucrose in an operant procedure. One
hr or 3 hrs before the beginning of a 30-min session, 0.1 µg/side of wortmannin (A) or 0.5
µg/side of triciribine (B) respectively were infused into the NAc of rats and the total number
of presses on the sucrose lever was recorded. n=8 per group. Data are represented as mean ±
SEM.
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