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Alcohol addiction is a chronically relapsing disorder that includes
certain maladaptive learning and memory. The serine and threo-
nine kinase complex, mammalian target of rapamycin complex 1
(mTORC1), has been implicated in synaptic plasticity, learning, and
memory by controlling protein translation. Here we show that
administration of alcohol and excessive voluntary consumption of
alcohol induce the activation of the mTORC1-mediated signaling
pathway in the nucleus accumbens (NAc) of rodents. We further
show that the protein expression levels of GluR1 and Homer, two
synaptic proteins whose translation has been shown to be
modulated by mTORC1, are up-regulated in the NAc of rodents
with a history of excessive alcohol consumption. In addition, our
results document that the Food and Drug Administration-ap-
proved inhibitor of mTORC1, rapamycin, decreases expression of
alcohol-induced locomotor sensitization and place preference, as
well as excessive alcohol intake and seeking in preclinical rodent
models of alcohol abuse. Together, our results suggest that
mTORC1 within the NAc is a contributor to molecular mechanisms
underlying alcohol-drinking behaviors. Furthermore, despite its
massive health and socioeconomic impact worldwide, pharmaco-
therapies for alcohol abuse and addiction remain limited. Our data
therefore put forward the possibility that targeting the mTORC1
signaling cascade is an innovative and valuable strategy for the
treatment of alcohol use and abuse disorders.
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Addiction is a chronically relapsing and devastating disorder
characterized by the compulsion to seek and consume drugs,

loss of control, and emergence of a negative emotional state
when access to the drug is withdrawn (1). Although the con-
sequences of alcohol abuse disorders are major health and so-
cioeconomic problems (2), available medications are still very
limited. Furthermore, because alcohol does not have a well de-
fined pharmacological site of action (2), the molecular mecha-
nisms underlying long-lasting adaptations that result in adverse
phenotypes such as excessive uncontrolled alcohol consumption
remain elusive.
Addiction is thought to be a pathological usurpation of mech-

anisms underlying learning and memory (3). This is particularly
the case in the nucleus accumbens (NAc), where plasticity in-
duced by drugs of abuse is documented (4, 5). Long-lasting forms
of synaptic plasticity and memory depend on new protein syn-
thesis (6), specifically at dendrites (7), and numerous studies have
shown that the serine-threonine kinase complex mammalian tar-
get of rapamycin (mTOR) complex 1 (mTORC1) plays an essen-
tial role in initiating local synaptic protein translation (8, 9).
mTORC1 is sensitive to the acute treatment of the inhibitor
rapamycin (10), and is best characterized for its ability to control
the translation initiation of mRNAs via the phosphorylation and
activation of the p70 ribosomal S6 kinase (S6K), and the phos-
phorylation of the eukaryotic translation initiation factor-4E
binding protein (4E-BP) (6, 11, 12). Importantly, S6K and 4E-BP
are localized at the synapse (6, 13, 14), where mTORC1 was
shown to be important for stabilizing plastic changes (15, 16). The

mTORC1-mediated pathway was also reported to control soma
and dendritic morphology (17), long-term potentiation, and
long-term depression (6, 18). Accordingly, the mTORC1-medi-
ated signaling pathway has been shown to contribute to memory
formation, consolidation, and reconsolidation (6, 19), as well as
memory deficits (20).
Because mTORC1 plays a major role in the molecular mech-

anisms underlying long-term plasticity and its maintenance, we
hypothesized that this complex contributes to the persistence of
neuroadaptations that result in alcohol-related behaviors, in-
cluding excessive alcohol intake. To address this question, we
focused our studies on the NAc, a key component of the reward
system (21) that plays a critical role in the development of drug
and alcohol addiction (1, 4).

Results
Alcohol Administration Activates the mTORC1-Mediated Signaling
Pathway in the NAc of Mice. First, we examined whether admin-
istration of alcohol alters the mTORC1-mediated signaling
pathway in the NAc. To do so, C57BL/6J and DBA/2J mice were
systemically treated (i.p.) with a nonhypnotic dose of alcohol,
and the phosphorylation levels of the mTORC1 substrates, S6K
and 4E-BP, were measured 30 min after treatment. We found
that acute in vivo exposure of both strains of mice to alcohol
significantly increased the phosphorylation level of S6K and 4E-
BP proteins (Fig. 1 and Fig. S1A). These results indicate that
acute alcohol treatment triggers the activation of the mTORC1
signaling pathway in the NAc.

Systemic Administration of Rapamycin Inhibits the Expression of
Alcohol-Induced Locomotor Sensitization. Repeated exposure of
rodents to drugs of abuse and alcohol promotes a progressive en-
hancement of responsiveness to the drug. This phenomenon of
sensitization is thought tounderlie certain aspects of addiction, and
has been related in part to plasticity induced by drugs of abuse and
alcohol within the NAc (22, 23). Therefore, we tested whether the
mTORC1 inhibitor rapamycin could attenuate alcohol-induced
locomotor sensitization in mice. We found that a single systemic
administrationof 10mg/kgof rapamycindiminished the expression
of locomotor sensitization promoted by repeated exposure to al-
cohol (Fig. 2A and Fig. S2). This result suggests that mTORC1
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signaling contributes to the maintenance of neuroadaptations
implicated in alcohol-induced locomotor sensitization.

Systemic Administration of Rapamycin Attenuates Conditioned Place
Preference to Alcohol. The NAc plays a major role in mechanisms
that underlie the reinforcing properties of drugs of abuse in-
cluding alcohol (4). We therefore tested whether inhibition of
mTORC1 in mice affects the expression of alcohol-induced
conditioned place preference (CPP), a measure of alcohol re-
ward-seeking behavior (24). We found that a single administra-

tion of rapamycin attenuates the expression of CPP to alcohol
(Fig. 2B). Together with the data outlined earlier, these results
suggest that mTORC1 signaling is implicated in neuroadap-
tations underlying alcohol-related behaviors.

Excessive Alcohol Consumption Activates the mTORC1-Mediated
Signaling Pathway in the NAc of Mice and Rats. Recurring alcohol
intake and withdrawal periods trigger seeking and excessive
drinking behaviors in humans (2, 25). As we found that the
mTORC1 pathway plays a role in alcohol reward-seeking be-
havior, we set out to determine whether the mTORC1 pathway
in the NAc contributes to neuroadaptations that underlie alcohol
consumption. Thus, we first assessed whether the mTORC1
pathway was activated in the NAc in rodent models of excessive
alcohol consumption. Mice and rats were trained to drink large
amounts of alcohol in a 4-h intermittent-limited access or a 24-h
intermittent two-bottle choice access procedure, respectively.
These paradigms result in voluntary alcohol consumption that
generates a blood alcohol concentration (BAC) of 97 ± 9 mg%
in mice (SI Materials and Methods), and 81 ± 7 mg% in rats (26),
4 h or 30 min after the beginning of an alcohol-drinking session,
respectively. The BAC values correspond to human binge
drinking as defined by the National Institute on Alcohol Abuse
and Alcoholism (27). We found that binge drinking of alcohol
results in the activation of the mTORC1-mediated signaling
cascade in the NAc as reflected by a higher level of phosphory-
lation of the mTORC1 substrate, 4E-BP, in mice (Fig. 3A and
Fig. S1B) and rats (Fig. 3B), as well as increased levels of the
phosphorylation of the mTORC1 substrate S6K in rats (Fig. 3B)
compared with controls. Importantly, we found that a single
administration of rapamycin efficiently blocked the 4E-BP
phosphorylation resulting from alcohol binge drinking in mice
(Fig. 3A). Next, we determined whether the activation of the
mTORC1 signaling pathway is observed after alcohol withdrawal
in rats and found that the phosphorylation levels of both
mTORC1 substrates, 4E-BP and S6K, in the NAc were increased
even after 24 h of alcohol deprivation (Fig. 3C). These data
suggest that repeated cycles of excessive alcohol consumption
and withdrawal result in a prolonged activation of the mTORC1-
mediated signaling pathway.

Synaptic Proteins GluR1 and Homer Are Up-Regulated in the NAc of
Rodents with a History of Excessive Alcohol Consumption. Because
mTORC1 is known to regulate synaptic protein translation in the
brain through 4E-BP as well as S6K (6, 8, 9), we hypothesized that
alcohol-induced mTORC1 activation may change the expression
level of synaptic proteins in the NAc. Among the synaptic proteins
whose translation has been shown to be regulated bymTORC1 are
the GluR1 subunit of the AMPA receptor and the scaffolding
protein Homer (13, 28). Both proteins have been implicated in
mechanisms that underlie synaptic plasticity induced by drugs of
abuse in theNAc (29, 30).We therefore testedwhetherGluR1and
Homer are up-regulated in the NAc of rats with a history of ex-
cessive alcohol consumption. As shown in Fig. 4A, we found that
the protein levels of GluR1 andHomer were increased in the NAc
of rats after 24 h of alcohol withdrawal, a time point at which the
mTORC1 signaling pathway is still activated (Fig. 3C). Impor-
tantly, we further found that the up-regulation of Homer protein
following alcohol binge drinking inmicewas blocked by rapamycin
administration (Fig. 4B). Together, these data suggest that
mTORC1 activation in the NAc of rodents that experienced re-
curring exposure to alcohol results in changes in the abundance of
synaptic proteins, which, in turn, may alter synaptic function.

Intra-NAc Infusion of Rapamycin Decreases Binge Drinking and
Sustained Consumption of Alcohol in Rats. Molecular neuro-
adaptations promoted by recurring alcohol exposure are thought
to underlie the mechanisms that lead to detrimental behaviors

Fig. 1. Alcohol administration activates the mTORC1-mediated signaling
pathway in the NAc of mice. C57BL/6J mice were systemically treated (i.p.)
with 2.5 g/kg of alcohol or saline solution and the NAc was removed 30 min
later. The levels of S6K and 4E-BP phosphorylation were determined by
Western blot analyses (n = 6 per group). Data are presented as mean ± SEM
and expressed as percentage of control; *P < 0.05, two-tailed unpaired t test.

Fig. 2. Systemic administration of rapamycin reduces the expression of alco-
hol-induced locomotor sensitization and CPP in mice. (A) Locomotor sensiti-
zation experiment. DBA/2J mice were administered daily with saline solution
(groups1and2) orwith2g/kgof alcohol (groups 3and4) for 10 successivedays.
On day 11, mice were treated (i.p.) with vehicle (Veh) or rapamycin (Rapa,
10mg/kg). Three hours later, all mice received alcohol (2 g/kg, i.p.). Locomotor
activity was recorded 5 min before and after alcohol injection for 15 min
(n = 15–17 per group). Data are represented asmean± SEM. Two-way ANOVA
with repeated measures showed an interaction between treatment and time
[F(3,180) = 10.67, P < 0.001] (Newman-Keuls post hoc test), #P < 0.05 (group 4 vs.
group 1 andgroup2), ***P< 0.001 (group 3 vs. group 1, group2, andgroup 4),
and *P < 0.05 (group 4 vs. group 3). (B) CPP experiment. During the condi-
tioningphase (6d),DBA/2Jmiceweredailyadministered (i.p.) alcohol (1.8g/kg)
or saline solution and were then confined in the drug- or non-drug-paired
compartment. One day after the sixth session, saline solution- and alcohol-
conditioned mice were treated (i.p.) with vehicle (saline/veh, alcohol/veh) or
10mg/kg of rapamycin (saline/Rapa, alcohol/Rapa). Threehours later, a 15-min
postconditioning test was conducted (n = 11 per group). Data are represented
asmean± SEM. Two-way ANOVA showed an interaction between drug (saline
solutionor alcohol) and treatment (Vehor Rapa) factors [F(1,40) = 4.20, P< 0.05].
*P < 0.05, #P < 0.05, and ***P < 0.001 (Newman-Keuls post hoc test).
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such as excessive consumption of alcohol (2). Therefore, we ex-
amined whether the activation of the mTORC1 signaling in the
NAc contributes to mechanisms that underlie excessive alcohol
intake. To do so, rats that have been trained to consume large
quantities of alcohol were infused with rapamycin or vehicle into
the NAc 3 h before the drinking session, and alcohol and water

consumption were monitored (Fig. S3). We found that intra-NAc
infusion of rapamycin significantly decreased alcohol (Fig. 5A) but
not water (Fig. 5B) intake over a period of 24 h access. Notably, we
also observed that inhibiting mTORC1 in the NAc was effective in
reducing binge drinking occurring during the first 30 min of the
session (Fig. 5C), as well as alcohol intake during the rest of the
drinking period (i.e., 30min to 24 h; Fig. S4). These data show that
themTORC1pathway in theNAc contributes to both thefirst bout
and sustained consumption of alcohol.

Systemic Administration of Rapamycin Decreases Binge Drinking in
Mice. To determine whether rapamycin can be used systemically,
and if its actions to reduce excessive alcohol consumption can be
generalized across species, rapamycin was administered i.p. to
binge-drinking mice 3 h before the beginning of an alcohol-intake
session in a limited alcohol access paradigm (Fig. S5A). We found
that rapamycin treatment dose-dependently reduced excessive
alcohol drinking (Fig. 6A and Fig. S5B–D) without affecting water
intake (Fig. 6B and Fig. S5E). Importantly, systemic administra-
tion of rapamycin did not induce place preference or aversion (Fig.
S6), and did not affect taste palatability (Fig. S7) or motor co-
ordination in the absence or presence of alcohol in mice (Fig. S8).
Furthermore, mice locomotor activity and anxiety-like behavior
were previously shown to be unaltered by rapamycin treatment
(19). Therefore, the decrease of alcohol consumption following
rapamycin administration is unlikely to be caused by nonspecific
alterations in behavior but is likely to be caused by a selective effect
of mTORC1 inhibition on binge drinking of alcohol.

Fig. 3. Excessive alcohol consumption activates the mTORC1-mediated sig-
naling pathway in the NAc of rodents. (A) C57BL/6J mice had access to a 20%
solution of alcohol for 4 h every other day for 3 wk. Three hours before the
tenth 4-h alcohol-drinking session, mice were treated (i.p.) with vehicle or
20 mg/kg of rapamycin (Rapa), and the NAc were removed immediately after
the alcohol-drinking session (n = 8 per group). Two-way ANOVA showed
a significant main effect of the fluid [water or alcohol; F(1,28) = 5.27, P < 0.05]
and treatment [Veh or rapamycin; F(1,28) = 63.26, P < 0.001] but no interaction
[F(1,28) = 2.86, P = 0.10]. Subsequent analysis using the method of contrasts
detected a significant difference between water and alcohol within the ve-
hicle group (**P<0.01) but notwithin the rapamycingroup. The level of 4E-BP
phosphorylation was determined by Western blot (the level of S6K phos-
phorylation was too low to be accurately quantified). (B and C) Rats experi-
enced at least 3 mo of intermittent-access 20% alcohol two-bottle choice
drinking sessions. Control animals underwent the same paradigms but did not
have access to alcohol. (B) After the last 24 h of alcohol deprivation, rats had
access to a 20% solution of alcohol for 30min, leading to an average intake of
1.16 ± 0.06 g/kg, and the NAc were immediately removed. (C) The NAc were
removed after the last 24 h of alcohol deprivation session (withdrawal). The
levels of S6Kand4E-BPphosphorylationweredeterminedbyWesternblot (n=
9 per group in B and C). Data are presented as mean ± SEM and expressed as
percentage of control; *P < 0.05, two-tailed unpaired t test.

Fig. 4. The synaptic proteins GluR1 and Homer are up-regulated in the NAc
of rodents with a history of excessive alcohol drinking. (A) Rats experienced
the same procedure as Fig. 3C (n = 12–13 per group); *P < 0.05 and **P <
0.01, two-tailed unpaired t test. (B) C57BL/6J mice experienced the same
procedure as Fig. 3A (n = 10 per group). Two-way ANOVA detected an in-
teraction between the fluid (water or alcohol) and the treatment (Veh or
Rapa) [F(1,36) = 4.34, P < 0.05]; *P < 0.05 and **P < 0.01 by Newman-Keuls
post hoc test. The levels of GluR1 and Homer proteins were determined by
Western blot analyses using pan antibodies. Data are presented as mean ±
SEM and expressed as percentage of control.
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Systemic Administration of Rapamycin Decreases Alcohol Self-
Administration and Seeking. To gain insight into the behavioral
processes underlying the decrease in alcohol intake by rapamy-
cin, we examined the effect of the drug on the motivation of rats
to consume alcohol. For this purpose, rats with a history of ex-

cessive alcohol consumption were trained to self-administer al-
cohol in an operant procedure (31). Consistent with the results
described earlier, a single rapamycin administration (i.p.) sig-
nificantly reduced operant responding for alcohol (Fig. 7A),
which was accompanied by a large decrease (>50%) in the
amount of alcohol consumed by the rats during the 30-min ses-
sion (Fig. 7B). This effect of rapamycin on operant alcohol self-
administration cannot be attributed to a nonspecific alteration in
locomotion because acute administration of rapamycin did not
affect rats’ locomotor activity (Fig. S9). Importantly, we observed
that rapamycin reduced the high rate of lever presses occurring
at the beginning of the self-administration session (Fig. 7C),
suggesting that the drug decreases the motivation to seek alco-

Fig. 5. Intra-NAc infusion of rapamycin reduces alcohol drinking in rats.
Vehicle (Veh) or 0.005, 0.5, 5, or 50 ng rapamycin per side was infused into
the NAc 3 h before the beginning of the 24-h alcohol-drinking session in rats
trained to consume a high amount of a 20% solution of alcohol in a two-
bottle choice paradigm. (A) Alcohol intake after 24 h. One-way ANOVA with
repeated measures showed significant effects of treatment [F(4,32) = 3.58, P <
0.05]. (B) Water intake at the end of the 24-h session. (C) Alcohol intake after
the first 30 min of the session. One-way ANOVA with repeated measures
showed significant effects of treatment [F(4,32) = 4.11, P < 0.01]. Alcohol and
water consumptions are expressed in g/kg body weight (n = 9 per group in
A–C). Data are presented as mean ± SEM; *P < 0.05 and **P < 0.01 compared
with vehicle (Newman-Keuls post hoc test).

Fig. 6 Systemic administration of rapamycin in mice dose-dependently
reduces alcohol intake. (A) C57BL/6J mice had access to a 20% solution of
alcohol for 4 h every other day for 3 wk. Three hours before the tenth 4-h
alcohol-drinking session, mice were treated (i.p.) with vehicle (Veh) or 1, 5,
10, or 20 mg/kg of rapamycin. Alcohol intake was measured at the end of
the 4-h drinking session. One-way ANOVA showed significant effects of the
treatment [F(4,68) = 6.95, P < 0.001; n = 26 (vehicle) and n = 11–12 per
rapamycin group]. (B) After 2 wk without access to alcohol, mice were sys-
temically treated with 10 mg/kg of rapamycin or vehicle 3 h before the
beginning of a water-drinking session. Water intake was measured 4 h later
(n = 11–12 per group). Data are presented as mean ± SEM and expressed as
percentage of vehicle. *P < 0.05, **P < 0.01, and ***P < 0.001 compared
with the vehicle group and #P < 0.05 (Newman-Keuls post hoc test).

Fig. 7 Systemic administration of rapamycin selectively decreases operant
alcohol self-administration-related behaviors. (A–D) Rats with a history of
high levels of alcohol consumption were trained to self-administer a solution
of 20% alcohol. Three hours before the beginning of a 30-min session, rats
were systemically administered (i.p.) 10 mg/kg of rapamycin or vehicle (Veh).
(A) Number of lever presses during the 30 min operant alcohol self-adminis-
tration session. Two-way ANOVA with repeated measures showed main
effects of lever [F(1,6) = 23.81, P < 0.01]; treatment [F(1,6) = 6.12, P < 0.05]; and
a significant interaction [F(1,6) = 7.40, P < 0.05]. (B) Amount of alcohol con-
sumed during the session. One-way ANOVA with repeated measures showed
significant effect of treatment [F(1,6) = 7.92, P < 0.05]. (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(14,84) = 15.86, P < 0.001] and treatment [F(1,84) = 7.49, P < 0.05].
Subsequent analysis using the method of contrasts detected a significant
difference between vehicle and rapamycin treatments for all time intervals
(all P values < 0.05). (D) Number of presses on the alcohol lever during a
30-min extinction session. One-way ANOVA with repeated measures showed
significant effect of treatment [F(1,6) = 6.02, P < 0.05]. (E) Three hours before
the beginning of a 30-min session, rats were systemically treated (i.p.) with 10
mg/kg of rapamycin or vehicle (Veh), and the number of presses on the su-
crose lever in rats trained to self-administer a solution of 1.5% sucrose was
recorded (n = 7 per group in A–E). Data are presented as mean ± SEM; *P <
0.05 and **P < 0.01 compared with vehicle (Newman-Keuls post hoc test).
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hol. To test this possibility, instrumental performance was ana-
lyzed during an extinction session in which alcohol was not de-
livered upon lever-pressing. As shown in Fig. 7D, rapamycin
administration decreased alcohol-seeking in rats as reflected by
a reduction in the number of presses on the alcohol lever during
an extinction session, revealing a potential mechanism un-
derlying the inhibitory effect of rapamycin on alcohol intake.

Systemic Administration of Rapamycin Does Not Decrease Sucrose
Self-Administration. To determine whether the effect of rapamycin
was specific to alcohol or could be generalized to other reinforcing
substances, we examined the ability of rapamycin to modulate the
self-administration of sucrose, a nondrug reinforcer.We observed
that systemic rapamycin administration did not alter lever-press
responding for sucrose (Fig. 7E). This result further confirms that
the decrease in alcohol self-administration induced by rapamycin
was not a result of a deficit in locomotor activity. It also indicates
that the effect of rapamycin on operant self-administration is se-
lective for alcohol and does not reflect a general attenuation of
motivation to obtain a reward. Taken together, our data suggest
that rapamycin selectively decreases alcohol intake by reducing
motivation to seek alcohol.

Discussion
Here we show that the mTORC1-mediated signaling pathway
contributes to mechanisms that underlie alcohol-mediated be-
haviors such as the expression of locomotor sensitization and CPP
to alcohol, as well as excessive alcohol consumption. Our results
further imply that mTORC1 is an important contributor to mech-
anisms underlying alcohol-seeking behaviors. This conclusion stems
from the finding that a single administration of rapamycin reduces
the expression ofCPP, ameasure of seeking for alcohol reward, and
attenuates seeking during rat operant alcohol self-administration.
We observed that both mTORC1 substrates, S6K and 4E-BP,

are phosphorylated in the NAc of rodents in response to a single
exposure to alcohol, in response to voluntary alcohol consump-
tion, and after 24 h of alcohol deprivation. S6K and 4E-BP are
key regulators of the translation initiation, the major rate-limit-
ing step in mRNA translation into proteins (6, 11). For example,
phosphorylation of S6K and 4E-BP by mTORC1 is thought to
result in the translation initiation of mRNAs displaying a 5′ cap
structure (11, 32). Importantly, the mTORC1 pathway plays an
important role in local translation at synapses (8, 9), and local
cap-dependent translation of mRNAs has been implicated in
various forms of synaptic plasticity (33). We show that the pro-
tein levels of the AMPA receptor GluR1 and Homer, whose
translation is mediated by mTORC1 (13, 28), were up-regulated
in the NAc of rats with a history of excessive alcohol consump-
tion. We further show that rapamycin blocked alcohol-mediated
increase in Homer level in the NAc of mice. Our results are in line
with Cozzoli et al., showing that Homer expression is elevated in
the NAc of mice that experienced alcohol binge drinking (34).
Homer plays a key role in the expression of adverse phenotypes
associated with exposure to alcohol by modulating glutamate
neurotransmission (35). Together, these findings raise the possi-
bility that the mTORC1-mediated translation of proteins such as
GluR1 and Homer that regulate synaptic functions contribute to
the molecular mechanisms that underlie the development, main-
tenance, and/or expression of excessive alcohol consumption. In-
terestingly, the level of several other synaptic proteins, including
the scaffolding protein postsynaptic density protein 95 (PSD-95)
and the activity-regulated cytoskeleton-associated protein (Arc),
have been linked to themTORC1pathway (36, 37). The possibility
that the activation of themTORC1 pathway in response to alcohol
exposure results in the translation of these and other synaptic
proteins is intriguing and merits further investigation.
Rapamycin is a Food and Drug Administration-approved drug

used for the prevention of host rejection of organ transplants (38).

Our results document that rapamycin not only decreases the ex-
pression of alcohol-induced locomotor sensitization and place
preference, but also attenuates excessive alcohol intake as well as
the motivation to seek alcohol in preclinical rodent models of al-
cohol use and abuse. It is unlikely that rapamycin blocks the effects
of alcohol per se, as it does not alter the acute increase in loco-
motor activity or the latency to fall off the Rotarod following
a single administration of alcohol. Furthermore, systemic rapa-
mycin treatment does not alter the ability of rats to discriminate
between the lever delivering alcohol and the inactive lever, and
does not affect the responding for sucrose in the same paradigm.
Therefore, the inhibitory effect of rapamycin on alcohol-related
behaviors is unlikely to be a result of the mere impairment of
learning and memory processes. It is plausible, however, that
rapamycin, by inhibiting mTORC1, selectively reverses certain
maladaptive neuroadaptations associated with alcohol disorder,
such as the up-regulation of Homer in the NAc (35).
mTOR signals through two multiprotein complexes, mTORC1

andmTOR complex 2 (mTORC2), which phosphorylate different
substrates and regulate different cellular functions (10, 11). As
mTORC1, but not mTORC2, is sensitive to acute rapamycin
treatment (10), the inhibitory actions of rapamycin on alcohol-
relatedbehaviors are likely to result frommTORC1blockadeonly.
In addition, the inhibition of alcohol operant self-administration
by rapamycin is specific for alcohol and does not affect natural
reward, which is a critical point from a therapeutic perspective
(39). Notably, we found that rapamycin attenuates “binge-like”
alcohol drinking behavior. This last finding is of particular interest
because binge drinking is an increasingly prevalent problemduring
adolescence and young adulthood, and is a strong predictor of
future alcohol-related problems (40, 41). Our findings are also
relevant for the treatment of alcoholism, in which the pattern of
alcohol consumption is often characterized by successive cycles of
daily episodes of binge drinking and withdrawal (25).
Rapamycin treatment was recently reported to delay aging

processes and increase longevity and lifespan in mice (42), to
reverse neurodegenerative progression in a mouse model of
Alzheimer disease (43, 44), and to reduce high fat diet-induced
obesity in mice (45). Our data therefore put forward the possi-
bility of yet another beneficial action of novel rapamycin-like
compounds that are currently being developed (10). Importantly,
clinical studies indicate that mTORC1 inhibitor therapies in
humans are tolerated with manageable side effects and no cog-
nitive impairments have been reported (46–48). Therefore, our
work suggests that targeting the mTORC1 signaling cascade may
be an innovative and valuable strategy for the treatment of al-
cohol use and abuse disorders.

Materials and Methods
All animal procedures in this report were approved by the Gallo Center In-
stitutional Animal Care and Use Committee and were conducted in agree-
ment with the Guide for the Care and Use of Laboratory Animals (National
Research Council, 1996). Information on reagents, animals, preparation of
solutions, Western blot analysis; mouse experiments including systemic ad-
ministration of alcohol, sensitization, CPP, BAC measurements, intermittent
limited-access 20% alcohol drinking paradigm, quinine intake, and Rotarod
test; rat experiments including intermittent 20% drinking paradigm, surgery,
and intra-NAc administration of rapamycin; and operant self administration
of alcohol and sucrose, locomotor activity, histology and data analysis are
available in SI Materials and Methods.
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