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A new generation of mTORC1 inhibitor attenuates
alcohol intake and reward in mice

Nadege Morisot1, Christopher J. Novotny2, Kevan M. Shokat2 & Dorit Ron1

Department of Neurology, University of California, San Francisco, CA USA1 and Howard Hughes Medical Institute and Department of Cellular and Molecular
Pharmacology, University of California, San Francisco, San Francisco, CA USA2

ABSTRACT

Alcohol use disorder (AUD) is a chronic condition associated with devastating socioeconomic consequences. Yet,
pharmacotherapies to treat behavioral phenotypes such as uncontrolled heavy drinking are limited. Studies in rodents
suggest that the mammalian target of rapamycin complex 1 (mTORC1) plays an important role in mechanisms
underlying alcohol drinking behaviors as well as alcohol seeking and relapse. These preclinical evidence suggest that
mTORC1 may be a therapeutic target for the treatment of AUD. Thus, the aim of the present study was to test the
potential use of newly developed mTORC1 inhibitors, RapaLink-1 and MLN0128, in preclinical mouse models of
AUD. First, we used the intermittent access to 20 percent alcohol in a two-bottle choice paradigm and tested the
efficacy of the drugs to reduce alcohol intake in mice with a history of binge drinking and withdrawal. We found that
both inhibitors reduce excessive alcohol intake and preference with RapaLink-1 exhibiting higher efficacy. We further
observed that RapaLink-1 attenuates alcohol consumption during the first alcohol-drinking session in naïve mice, and
interestingly, the effect was still present 14 days after the initial treatment with the drug. We also found that
RapaLink-1 did not alter the consumption of water or saccharin, revealing a specific effect of the inhibitor on alcohol
intake. Finally, we report that RapaLink-1 blocks the retrieval but not acquisition of alcohol place preference without
affecting locomotion. Together, our findings suggest that RapaLink-1 may be developed as a new medication to treat
and prevent the development of AUD.
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INTRODUCTION

Alcohol use disorder (AUD) is a major public health
problem with about 11 percent of worldwide alcohol
consumers engaging in weekly heavy episodic drinking
(WHO 2014). AUD phenotypes such as excessive and
compulsive drinking are thought to result from, and
are maintained by, aberrant forms of learning and
memory (Hyman, Malenka & Nestler 2006; Torregrossa,
Corlett & Taylor 2011). Alcohol promotes learning of
environmental stimuli associated with its rewarding
properties, while suppressing learning about the adverse
consequences of intake (Torregrossa et al. 2011). As a
result, individuals with an alcohol drinking problem
spend an increasing amount of time obtaining and
consuming alcohol (APA 2013). The progression of the
disease also parallels the transition from goal-directed

alcohol seeking to habitual and compulsive alcohol intake
(Everitt & Robbins 2016). Growing literature indicates
that AUD and normal learning and memory processes
share common neuronal mechanisms (Hyman et al.
2006; Torregrossa et al. 2011). Thus, targeting molecular
participants of such processes may represent a potential
strategy for the treatment of the disorder.

An important molecular transducer of learning and
memory processes is the mammalian target of rapamycin
(mTOR) complex 1 (mTORC1). mTORC1 is a multiprotein
complex consisting of the serine and threonine kinase
mTOR (Zoncu, Efeyan & Sabatini 2011). mTORC1 plays
an essential role in various cellular processes including
cell growth, proliferation, autophagy and protein
synthesis (Wullschleger, Loewith & Hall 2006; Zoncu
et al. 2011). In the central nervous system, mTORC1
promotes the dendritic translation of proteins initiating
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synaptic plasticity processes and learning and memory
(Buffington, Huang & Costa-Mattioli 2014; Santini,
Huynh & Klann 2014). Dysregulation of mTORC1
signaling contributes to various disease states including
cancer, autoimmune disorders, neurodegenerative diseases,
autism and addiction (Wullschleger et al. 2006; Lipton &
Sahin 2014; Neasta et al. 2014; Santini et al. 2014).

Accumulating evidence reveal that mTORC1 plays a
central role in mechanisms underlying AUD (Neasta
et al. 2014). Specifically, genetic variants in mTOR
signaling-related genes predict heavy consumption in
humans (Meyers et al. 2015). In rodents, excessive
alcohol drinking promotes mTORC1 activation in the
nucleus accumbens (NAc) and orbitofrontal cortex
(OFC) (Neasta et al. 2010; Beckley et al. 2016; Laguesse
et al. 2016), and the recall of alcohol memories triggered
by re-exposure to the smell and taste of alcohol activates
mTORC1 in the OFC, the prelimbic cortex and central
nucleus of the amygdala (CeA) (Barak et al. 2013).
Activation of mTORC1 by alcohol in the NAc initiates
the translation of synaptic proteins, producing long-
lasting synaptic and structural modifications that in turn
drive alcohol drinking phenotypes (Neasta et al. 2010;
Beckley et al. 2016; Liu et al. 2016).

Much of the information regarding the potential role
of mTORC1 in AUD stemmed from the use of rapamycin,
a selective allosteric mTORC1 inhibitor (Dowling et al.
2010). Specifically, systemic administration of rapamycin
decreases home cage alcohol intake in mice and rats with
a history of heavy alcohol drinking (Neasta et al. 2010)
and reduces ‘binge-like’ alcohol intake following the first
4-hour drinking episode in mice (Beckley et al. 2016).
Systemic administration of rapamycin as well as intra-
NAc infusion of the drug attenuates rat operant alcohol
self-administration and seeking (Neasta et al. 2010).
Furthermore, systemic as well as Intra-CeA
administration of rapamycin disturb the reconsolidation
of alcohol-related memories, resulting in reduced
alcohol-seeking and taking behaviors (Barak et al.
2013). Finally, systemic administration of rapamycin
reduces alcohol-induced locomotor sensitization as well
as conditioned place preference (CPP; Neasta et al.
2010), without producing place aversion or reward
(Neasta et al. 2010; Barak et al. 2013). Rapamycin does
not alter water or sucrose intake, nor does it alter the
consumption of quinine and does not affect ambulatory
activity or motor coordination (Neasta et al. 2010; Barak
et al. 2013). Together, these data strongly suggest that
mTORC1 is a key mediator of molecular adaptations
and behavioral phenotypes associated with AUD. Thus,
targeting mTORC1 appears to be a very promising
therapeutic approach for the treatment of AUD.

Rapamycin is an FDA-approved drug that is used in the
clinic for the prevention of organ rejection after

transplantation and has numerous beneficial effects for
the treatment of cancer, neurodegenerative diseases and
aging (Guertin & Sabatini 2007; Bove, Martinez-Vicente
& Vila 2011; Li, Kim & Blenis 2014). However, rapamycin
suffers from several limitations. First, the drug is an
immunosuppressant (Li et al. 2014). In addition,
rapamycin has poor solubility and pharmacokinetic
profile (Li et al. 2014). Furthermore, rapamycin does not
block a subset of mTORC1-dependent processes (Shor
et al. 2009; Li et al. 2014), and some tumors in which
mTORC1 is hyperactivated are resistant to the drug
(Ducker et al. 2014; Rodrik-Outmezguine et al. 2016).
To overcome these issues, second and third generations
of mTORC1 inhibitors have been developed. These include
MLN0128, which blocks the catalytic domain of mTOR
(Hsieh et al. 2012), and RapaLink-1, in which rapamycin
and an mTOR kinase inhibitor are covalently linked,
allowing simultaneous inhibition and a long-lasting full
blockade of mTORC1 (Rodrik-Outmezguine et al. 2016).
Both RapaLink-1 and MLN0128 effectively cross the
blood–brain barrier and block mTORC1 activity in in vivo
models of brain cancer (Fan et al. 2017). Thus, the present
study was aimed at testing the efficacy of MLN0128 and
RapaLink-1 in preclinical mouse models of AUD.

MATERIAL AND METHODS

Animals

Male C57BL/6J and DBA/2J mice (Jackson Laboratory, Bar
Harbor, ME, USA) were 8–9 weeks old at the beginning of
the experiment. C57BL/6J mice were individually housed
under a reversed 12-hour light/dark cycle (lights on at
10:00 PM), and DBA/2J mice were grouped-housed (four
per cage) under normal 12-hour light/dark cycle (lights on
at 07:00 AM). Housing rooms were temperature-controlled
and humidity-controlled, and food and water were available
ad libitum. The mice were weighed once a week and again
prior to receiving drug treatment. All animal procedures
were approved by the University of California San Francisco
Institutional Animal Care and Use Committee and were
conducted in agreement with the Association for
Assessment and Accreditation of Laboratory Animal Care.

Reagents

RapaLink-1 was synthesized as described in Rodrik-
Outmezguine et al. (2016). MLN0128 was purchased from
Tocris Biosciences (Minneapolis, MN, USA). Ethyl alcohol
(190 proof) was purchased from VWR (Randor, PA, USA).
Dimethyl sulfoxide and saccharin were purchased from
Sigma Aldrich (St. Louis, MO, USA). Polyethylene glycol
300 (PEG300) was obtained from Spectrum Chemical
(Gardena, CA, USA), and Tween80 was purchased from
Fisher Scientific (South San Francisco, CA, USA).
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Drug preparation

RapaLink-1 (0.75–1.5 mg/kg) and MLN0128 (1.5 mg/kg)
were dissolved in 5 percent dimethyl sulfoxide, 5 percent
PEG300 and 5 percent Tween 80 in distilled water, which
constitutes the vehicle solution. Drug and vehicle
solutions were injected intraperitoneum (i.p.) at a volume
of 10 ml/kg. Alcohol solution was prepared from ethyl
alcohol solution (190 proof) that was diluted to 20 percent
v/v in tap water (voluntary intake) or in 0.9 percent saline
(systemic administration). Saccharin (0.03 percent w/v)
was prepared in tap water.

Voluntary alcohol intake

Voluntary consumption of alcohol was conducted as
described in Warnault et al. (2013). C57BL/6J mice had
access to one bottle containing 20 percent alcohol and

one bottle of water (two-bottle choice (2 BC)) in their
home-cage. Animals were subjected to an intermittent
access (IA) 2 BC paradigm for 8 weeks during which the
mice had 24-hour access to a bottle of water and a bottle
of 20 percent alcohol on Monday, Wednesday and Friday
with 24 or 48 hours of alcohol deprivation sessions in
between during which the mice had access to water only
Fig. 1a. The mice drank significantly more on week 8 as
compared with week 1 (week 1: 14.58 ± 0.56; week 8:
16.92 ± 0.46; t20 = 2.52, P < 0.05, n = 21).

Drug administration

Mice were systemically administered with vehicle,
RapaLink-1 (0.75 mg/kg) or MLN0128 (1.5 mg/kg)
3 hours prior to the beginning of a 24-hour drinking
session, a time point that was previously used to test
the effect of rapamycin on alcohol-dependent behaviors

Figure 1 RapaLink-1 and MLN0128 reduce alcohol intake and preference in mice with a history of excessive alcohol drinking. (a) Schematic
depiction of alcohol drinking paradigm and drug administration. (b,c) Vehicle, RapaLink-1 (0.75mg/kg), or MLN0128 (1.5mg/kg) were
administered systemically (i.p.) 3 hours before the beginning of the 24-hour alcohol-drinking session. Alcohol (g/kg) (bi, ci) and water (ml/kg)
(biii, ciii) intake were measured 4 hours (b) and 24 hours (c) after the beginning of the drinking session. Alcohol preference (bii, cii) was calculated
as the ratio of consumed alcohol vs. total fluid (alcohol+water). Data are presented as mean±SEM. (c) n=21 vehicle, n=20 RapaLink-1 and
MLN0128. (c) n=20 per treatment. *p<0.05 and **p<0.001 vs. vehicle, Newman Keuls’ post hoc test.
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(Neasta et al. 2010; Barak et al. 2013; Beckley et al.
2016). Specifically, vehicle or drug was administered at
9 AM, drinking sessions started at 12 PM, and alcohol
and water intake were measured 4 and 24 hours later.
The 4-hour time point was chosen because the mice
drink about 30 percent of the total alcohol consumed
during the first 4 hours of the 24-hour session (Morisot
and Ron, unpublished observation). All subjects received
each drug treatment in a counterbalanced manner with
one injection per week. An independent cohort of
C57BL/6J mice received a single systemic injection of
RapaLink-1 (0.75 mg/kg) or vehicle 3 hours prior to
the beginning of the first 4-hour alcohol drinking session
Fig. 2a.

Saccharin intake

Mice were treated with RapaLink-1 (0.75 mg/kg) or
vehicle as described in the preceding texts but had
access to 0.03 percent saccharin instead of alcohol
(Fig. 3a). Fluid (saccharin and water) consumption
was measured at the end of the drinking session.

Conditioned place preference paradigm

The CPP paradigm (Fig. 4a) was conducted as described
in Neasta et al. (2010). The testing apparatus (Columbus
Instrument) consists of a rectangular Plexiglas box
(length 42 cm, width 21 cm and height 21 cm) divided
by a central partition into two equal compartments
equipped with horizontal photo beams. The
compartments differ by the wall color (black versus
white) and the texture of the translucent grip liner that
covers the floor (ribbed versus raised-dot pattern). During
the conditioning phase, the individual compartments are
closed off from each other. During the test sessions, the
central partition is elevated 4 cm above the floor of the
apparatus, allowing the mice to move freely in both
compartments. The time spent in each of the two
compartments of the apparatus is quantified by an
automated system (Optomax, Columbus Instrument).
CPP testing was conducted during the light phase of the
12-hour light/dark cycle in a quiet room dimly
illuminated (30 lux). On day 1 (pre-conditioning test),
DBA/2J mice were allowed to freely explore the entire
CPP apparatus for 15 minutes. The mice were then

Figure 2 Rapalink-1 produces a long-lasting attenuation of binge
drinking in alcohol naïve mice. (a) Schematic representation of
alcohol intake paradigm and drug administration. (b) Alcohol intake
(g/kg), (c) preference and (d) water intake (ml/kg) were measured
at the end of each of the 4-hour drinking sessions. Data are
presented as mean ± SEM. n = 7 vehicle, n = 6 RapaLink-1.
*P < 0.05 versus vehicle, Newman Keuls’ post hoc test

Figure 3 RapaLink-1 does not affect saccharin intake and
preference. (a) Schematic presentation of saccharin drinking paradigm
and drug administration. (b) Saccharine intake (ml/kg/4 hours), (c)
preference and (d) water intake (ml/kg/4 hours) were measured at
the end of the drinking sessions. Data are represented as mean ± SEM.
n = 7 vehicle, n = 7 RapaLink-1

716 Nadege Morisot et al.

© 2017 Society for the Study of Addiction Addiction Biology, 23, 713–722



pseudo-randomly assigned to receive saline or alcohol
conditioning. The groups were counterbalanced based
on pre-conditioning time values in the two
compartments. Conditioning training consisted of six
daily sessions (days 2–7) during which the mice were
confined to one of the compartments for 5 minutes

immediately following an i.p. injection of saline or
1.8 g/kg of alcohol, a dose that produces a robust CPP
response in DBA/2J mice (Neasta et al. 2010). On days
2, 4 and 6, mice received a saline injection prior
confinement in the ‘drug-unpaired’ compartment. On
days 3, 5 and 7, mice were administered with saline

Figure 4 RapaLink-1 reduces alcohol-induced conditioned place preference. (a) Mice were daily (6 days) conditioned to receive a systemic
injection of alcohol (1.8 g/kg, i.p., ‘Alc’) or saline solution (‘Sal’) in the drug-paired or unpaired compartment of the CPP apparatus, respectively.
A control group received saline conditioning only. On the day following the last conditioning session, saline-conditioned or alcohol-conditioned
mice were treated with vehicle or RapaLink-1 (0.75 mg/kg, i.p.). Three hours later, the post-conditioning test 1 was carried out. On the following
day, animals underwent the post-conditioning test 2: Mice that received vehicle on post-conditioning test 1 were treated with RapaLink-1
(1.5 mg/kg) on the post-conditioning day 2 and vice versa. CPP score expressed as percentage of time spent by the mice in the drug-paired
compartment on the pre-conditioning test (b), post-conditioning test 1 (c) and 2 (d). (e) Ambulatory activity is expressed as number of infrared
beam breaks by vehicle-treated and RapaLink-1 (1.5 mg/kg)-treated mice, during the post-conditioning day 2. (f) An independent experiment
was conducted as described in (a), except that mice were treated with vehicle or RapaLink-1 (1.5 mg/kg) prior to the first drug-paired
conditioning. CPP score on the pre-conditioning (g) and post-conditioning (h) test was calculated as in (a). Data are represented as mean ± SEM.
(b and c) n = 8 Sal/vehicle, n = 8 Sal/RapaLink-1, n = 7 Alc/vehicle and n = 9 Alc/RapaLink-1. (d) n = 8 Sal/vehicle, n = 8 Sal/RapaLink-1, n = 9
Alc/vehicle and n = 7 Alc/RapaLink-1. (e) n = 17 vehicle and n = 15 RapaLink-1. (g and h) n = 5 Sal/vehicle, n = 6 Sal/RapaLink-1, n = 7 Alc/
vehicle and n = 8 Alc/RapaLink-1. ###P < 0.0005, main conditioning effect. *P < 0.05 versus all other groups, Newman Keuls’ post hoc test
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(saline conditioning group) or alcohol (alcohol
conditioning group) and were then confined to the
‘alcohol-paired’ compartment. On day 8 (post-
conditioning test), mice were allowed to freely explore
the entire CPP apparatus for 15 minutes. CPP score was
calculated as the percentage of time spent in the alcohol
or saline-paired compartment during the pre-
conditioning or post-conditioning tests.

To test whether RapaLink-1 affects the retrieval of
alcohol associative memories, on day 8, mice were
pseudo-randomly assigned to receive systemic
administration of vehicle or RapaLink-1 (0.75 mg/kg)
3 hours prior to the post-conditioning test 1. On day 9,
mice that previously received RapaLink-1 were treated
with vehicle, whereas mice that were previously assigned
to the vehicle group received an injection of RapaLink-1
(1.5 mg/kg) 3 hours prior to the post-conditioning test
2 (Fig. 4a).

To test whether RapaLink-1 prevents the formation of
alcohol associative memories, another cohort of DBA/2J
mice were pseudo-randomly assigned to receive systemic
administration of vehicle or RapaLink-1 (1.5 mg/kg)
3 hours prior to the first confinement to the ‘alcohol-
paired’ compartment (day 3; Fig. 4f).

Data analysis

Drinking volumes were corrected for spillage by
deducting the average loss of fluid from bottles placed in
an empty cage. Measurements of twofold above the
average consumption data were excluded from the
analysis. A one-way or two-way analysis of variance
(ANOVA) was used for analysis of the drinking data with
drug treatment as a between-subject factor and post-
injection days as a within-subject factor when
appropriate. A two-way ANOVA was used to examine
the CPP score with conditioning and drug treatment as
between-subject factors. Newman Keul’s post-hoc test
was used for individual group comparison. Statistical
significance was set at P < 0.05.

RESULTS

RapaLink-1 and MLN0128 reduce excessive alcohol
drinking

First, we tested whether similar to rapamycin (Neasta
et al. 2010), the new generation of mTORC1 inhibitors
MLN0128 and RapaLink-1 alter alcohol drinking in mice
with a history of long-term heavy alcohol consumption.
Mice first underwent IA-2 BC for 8 weeks. On test day,
vehicle, RapaLink-1 (0.75 mg/kg) or MLN0128
(1.5 mg/kg) was systemically administered 3 hours prior
to the beginning of a drinking session and alcohol intake

was measured following a 4-hour binge drinking session
and at the end of a 24-hour period (Fig. 1a). Dosage of
drugs was based on previous studies (Slotkin et al.
2015; Rodrik-Outmezguine et al. 2016). Because
RapaLink-1 at the dose of 1.5 mg/kg affects body weight
in mice (Rodrik-Outmezguine et al. 2016), we initially
tested a lower dose (0.75 mg/kg). The dose of
MLN0128 was chosen based on the dosing range used
in Slotkin et al. (2015).

Treatment of mice with both MLN0128 and
RapaLink-1 produced a significant reduction of alcohol
intake at the 4-hour time point (Fig. 1bi, one-way
ANOVA: F2,58 = 4.41, P < 0.05) and preference
(Fig. 1bii, one-way ANOVA: F2,58 = 3.98, P < 0.05)
without affecting water intake (Fig. 1biii, one-way
ANOVA: F2,58 = 0.18, P = 0.83). However, the drugs
exhibited different profiles when alcohol intake (Fig. 1ci,
one-way ANOVA: F2,57 = 8.85, P < 0.001), preference
(Fig. 1cii, one-way ANOVA: F2,57 = 6.19, P < 0.05)
and water intake (Fig. 1ciii, one-way ANOVA:
F2,57 = 4.33, P < 0.05) were measured at the end of
a 24-hour session. Specifically, RapaLink-1 reduced the
consumption of (P < 0.001, Fig. 1ci) and preference for
(P < 0.05, Fig. 1cii) alcohol, without affecting water
intake (P = 0.15, Fig. 1ciii), compared with the vehicle-
treated group. In contrast, MLN0128 did not alter alcohol
intake (Fig. 1ci, P = 0.1), and because water intake was
increased (Fig. 1ciii, P < 0.05), alcohol preference was
reduced (Fig. 1cii, P < 0.05).

Neither RapaLink-1 nor MLN0128 altered alcohol
intake 48 hours after drug administration (one-way
ANOVA: F2,53 = 2.18, P = 0.12; data not shown).
Similar to what we found on the treatment day,
MLN0128 reduced alcohol preference (one-way ANOVA:
F2,53 = 4.01, P < 0.05; data not shown) by increasing
water intake (one-way ANOVA: F2,53 = 5.48,
P < 0.05; data not shown) at the end of the 48-hour
time point. Together, these results show that RapaLink-
1 reduces excessive alcohol consumption throughout
the 24-hour drinking session, whereas MLN0128 only
attenuated alcohol intake during the first 4-hours of 2 BC

access. Moreover, MLN0128 increased water consumption
up to 48 hours following drug administration, which could
indicate an adverse reaction due to xerostomia and/or an
increase in polydipsia (Cosgray et al. 1990; Dundas, Harris
& Narasimhan 2007). Thus, the remaining of the study
focused on RapaLink-1.

RapaLink-1 reduces the initial binge alcohol drinking
session and gates excessive alcohol intake during
subsequent drinking episodes

We previously found that the first bout of alcohol intake
activates mTORC1 in the NAc of mice and that
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rapamycin inhibits alcohol drinking during the
subsequent drinking sessions (Beckley et al. 2016). Thus,
we tested whether RapaLink-1 exhibits a similar profile.
To do so, alcohol-naïve mice received a single systemic
administration of vehicle or RapaLink-1 (0.75 mg/kg),
3 hours prior to the beginning of the initial binge
drinking session (Fig. 2a). We found that systemic
administration of RapaLink-1 produces a long-lasting
reduction of alcohol intake (two-way ANOVA, drug
treatment X RM interaction effect: F7,77 = 2.13,
P < 0.05; Fig. 2b) and preference (two-way ANOVA,
drug treatment X RM interaction effect: F7,77 = 2.12,
P = 0.05; Fig. 2c). Specifically, RapaLink-1-treated mice
displayed reduced ‘binge-like’ alcohol intake (P < 0.05,
Fig. 2b) and preference (P < 0.05, Fig. 2c) without
affecting water intake (two-way ANOVA, main drug
treatment effect: F1,11 = 0.66, P = 0.43; drug treatment
X RM interaction effect: F7,77 = 0.96, P = 0.45; Fig. 2d)
for up to 14 days compared with vehicle-treated mice.
These results reveal that a single administration of
RapaLink-1 prevents the onset of alcohol drinking,
which is sustained even 14 days after drug
administration.

RapaLink-1 does not alter saccharin intake

Next, to verify that the reduction of alcohol intake by
RapaLink-1 is not due to changes in palatability or
general reward sensitivity, naïve mice received vehicle
or RapaLink-1 (0.75 mg/kg) 3 hours prior to the
beginning of a 4-hour access to a sweet saccharin
solution, and consumption was determined on the
initial drinking session as well as the following day
(Fig. 3a). We found that RapaLink-1 did not affect
saccharin intake (two-way ANOVA, main drug
treatment effect: F1,12 = 2.08, P = 0.17; drug treatment
X RM effect: F1,12 = 0.01, P = 0.91; Fig. 3b) or
preference (two-way ANOVA, main drug treatment
effect: F1,12 = 0.40, P = 0.54; drug treatment X RM
effect: F1,12 = 0.93, P = 0.35; Fig. 3c). Water intake
was also unaltered (two-way ANOVA, main drug
treatment effect: F1,12 = 0.28, P = 0.60; drug treatment
X RM effect: F1,12 = 0.13, P = 0.72; Fig. 3d). These
results reveal the specificity of RapaLink-1’s action on
alcohol drinking.

RapaLink-1 prevents the retrieval of alcohol place
preference

As mTORC1 plays a role in learning and memory
(Buffington et al. 2014; Santini et al. 2014), we
determined whether RapaLink-1 affects the maintenance
of alcohol-paired contextual memory by utilizing the CPP
paradigm (Fig. 4a). Following the pre-conditioning test,

the mice were assigned to four groups with similar basal
CPP score (one-way ANOVA: F3,28 = 0.11, P = 0.98;
Fig. 4b). After conditioning, mice received vehicle or
RapaLink-1 (0.75 mg/kg), and 3 hours later, mice
underwent a post-conditioning test 1 (Fig. 4b). We
found that while alcohol conditioning produced a strong
place preference response (two-way ANOVA, main
conditioning effect: F1,28 = 28.78, P < 0.0005),
RapaLink-1 (0.75 mg/kg) did not affect alcohol place
preference (two-way ANOVA, conditioning X drug
treatment effect: F1,28 = 0.24, P = 0.62, Fig. 4c). Next,
mice that received vehicle on post-conditioning test 1
were treated with RapaLink-1 (1.5 mg/kg) on the post-
conditioning day 2 and mice that received RapaLink-1
(0.75 mg/kg) on post-conditioning test 1 were treated
with vehicle on post-conditioning day 2. We found that
RapaLink-1 (1.5 mg/kg) differentially affects the CPP
score (two-way ANOVA, conditioning X drug treatment
effect: F1,28 = 4.94, P < 0.05, Fig. 4d). Specifically,
systemic administration of mice with RapaLink-1
(1.5 mg/kg) produced a robust reduction of alcohol
place preference compared with alcohol-conditioned
mice treated with vehicle (P < 0.005; Fig. 4d). Neither
the vehicle (P = 0.62) nor RapaLink-1 (1.5 mg/kg;
P = 0.87) affected place preference in the saline-treated
mice, suggesting that the drug by itself is not aversive or
rewarding. Finally, RapaLink-1 (1.5 mg/kg) did not affect
ambulatory activity as measured by the number of infrared
beam breaks on post-conditioning day 2 (t30 = 0.86,
P = 0.39; Fig. 4e). Thus, RapaLink-1 (1.5 mg/kg) blocks
the retrieval of alcohol-associated memory.

RapaLink-1 does not affect the acquisition of alcohol
place preference

Finally, we tested whether a single systemic
administration of RapaLink-1 (1.5 mg/kg) would be
sufficient to prevent the formation of alcohol-paired
contextual memory. To do so, mice with similar pre-
conditioning CPP score (one-way ANOVA:
F3,22 = 0.13, P = 0.94; Fig. 4g) were assigned to receive
vehicle or RapaLink-1 (1.5 mg/kg) 3 hours prior to the
first (but not prior to the second or third) ‘alcohol-
paired’ conditioning. We found that RapaLink-1
(1.5 mg/kg) did not affect the expression of alcohol place
preference (two-way ANOVA, main conditioning effect:
F1,22 = 21.12, P < 0.0005; conditioning X drug
treatment effect: F1,22 = 0.02, P = 0.88; Fig. 4h). These
findings reveal that a single administration of the
inhibitor prior the beginning of conditioning training
was insufficient to block learning of alcohol place
preference, and thus, mTORC1 activation during the
first alcohol-context pairing is not essential to the
acquisition of alcohol-paired contextual memory.
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DISCUSSION

Our data herein suggest that the new generation of
mTORC1 inhibitors and specifically Rapalink-1 could be
developed as novel therapeutics to treat AUD. Alcohol
addiction is characterized by excessive alcohol drinking,
repeated cycles of intoxication, withdrawal, craving
and relapse (Koob & Volkow 2010; APA 2013).
Phenotypes related to the disorder can be modeled by
using the IA-2 BC procedure in which animals
intermittently drink large amounts of alcohol for a
relatively long period of time (i.e. 2 months; Carnicella,
Ron & Barak 2014). Using this model, we show that
similar to rapamycin (Neasta et al. 2010), RapaLink-1
and MLN0128 reduce alcohol intake in mice with a
history of long-term heavy alcohol drinking.
Interestingly, the profile of drug effects on drinking of
RapaLink-1, MLN0128 and rapamycin is different.
While the reduction in alcohol consumption in response
to RapaLink-1 and rapamycin (Neasta et al. 2010)
treatment was observed at both the 4 and 24 hours of
2 BC access, MLN0128 attenuated alcohol drinking only
at the beginning of the drinking session (i.e. 4-hour time
point). In addition, MLN0128 but not Rapalink-1 and
rapamycin increased water intake a finding which may
compromise its further development of the compound
as treatment for AUD. Furthermore, RapaLink-1 reduces
alcohol consumption during the first binge-like episode,
whereas rapamycin dampens alcohol intake only on
the second binge-drinking session (Beckley et al. 2016),
and RapaLink-1 but not rapamycin (Beckley et al.
2016) produces a long-lasting reduction of binge-like
alcohol intake that is still observed 2 weeks after the
drug administration. It is possible that the three
inhibitors differ in their ability to inhibit mTORC1-
dependent protein translation, the mechanism by which
mTORC1 contributes to alcohol-drinking behaviors
(Neasta et al. 2010; Beckley et al. 2016; Liu et al.
2016). Specifically, protein translation requires mTORC1
phosphorylation of the ribosomal machinery proteins
eukaryotic translation initiation factor 4E binding protein
(4EBP) and S6 kinase (S6K) (Feldman & Shokat 2010;
Hsieh et al. 2010; Buffington et al. 2014), and
RapaLink-1 is more potent than MLN0128 and
rapamycin at dampening the phosphorylation
of 4EBP and S6K in cells (Rodrik-Outmezguine et al.
2016). Differences in pharmacokinetics among the three
inhibitor could be another reason, and, in line with
this possibility, RapaLink-1 has a longer half-life than
MLN0128 in cells (Rodrik-Outmezguine et al. 2016).
These potential mechanisms require further exploration.

While a single administration of RapaLink-1 prevents
the development of excessive alcohol drinking for a
relatively long period (i.e. 2 weeks), its ability to reduce

alcohol consumption in mice with a history of long-term
excessive alcohol drinking was apparent 24 hours but
not 48 hours following treatment. The difference in
duration of RapaLink-1’s actions could be explained by
the different time course of mTORC1 activation by
alcohol. Specifically, we previously found that the level
of mTORC1 activation returns to baseline 24 hours
following a single binge session of alcohol drinking
(Beckley et al. 2016), whereas alcohol-induced mTORC1
activation was still present 24 hours following the last
drinking session (Neasta et al. 2010; Laguesse et al.
2016; Liu et al. 2016). Furthermore, chronic alcohol
intake produces long-lasting neuroadaptations that are
harder to overcome as compared with short-term initial
molecular alterations induced in response to the first
bout of alcohol intake (Beckley et al. 2016). Thus,
attenuation of the short-term alcohol-induced
adaptations by RapaLink-1 may be sufficient to inhibit
alcohol drinking for a longer duration of time.

Alcohol-related memories are powerful drivers of
alcohol seeking and relapse (Seo & Sinha 2014). We
previously showed that mTORC1 contributes to the
reconsolidation and retrieval of alcohol-associated
memories (Neasta et al. 2010; Barak et al. 2013; Neasta
et al. 2014). Herein, we assessed whether RapaLink-1
could prevent the retrieval and learning of alcohol-paired
contextual memory. We found that Rapalink-1 inhibited
the expression of alcohol place preference, raising the
possibility that Rapalink-1 abolishes the retrieval of
alcohol-associated memories.

We found that administration of RapaLink-1 at a dose
of 1.5 but not 0.75 mg/kg was sufficient to block the
expression of alcohol place preference. Interstrain
difference may explain why a higher dose of RapaLink-1
is required to block alcohol CPP compared with alcohol
drinking. Specifically, we used C57BL/6J mice that display
a high level of alcohol intake to assess the efficacy of
mTORC1 inhibitor on alcohol consumption and DBA/2J
mice that exhibit high alcohol CPP (Cunningham et al.
1992; Yoneyama et al. 2008) to study the effect of
mTORC1 inhibition on alcohol reward processes. We
previously found that systemic administration of alcohol
(2 g/kg, i.p.) promotes a higher level of mTORC1
activation in the NAc of DBA/2J as compared with
C57BL/6J mice (Neasta et al. 2010). Therefore, it is
plausible that a higher dose of the inhibitor may be
required to prevent alcohol-dependent mTORC1
activation in DBA/2J as compared with C57BL/6J mice.

We also showed herein that a single treatment with
RapaLink-1 (1.5 mg/kg) administered prior to the first
alcohol conditioning session did not affect acquisition of
alcohol place preference, revealing intact learning of
alcohol-related memory. However, we cannot exclude
the possibility that RapaLink-1 treatment prior to each
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alcohol conditioning would prevent learning of alcohol-
paired contextual memory.

What could be the behavioral mechanism(s) that
underlies RapaLink-1-mediated reduction in voluntary
alcohol intake? The smell and taste of alcohol are
powerful cues that promote the reconsolidation of the
memory of alcohol seeking and consumption (Everitt &
Robbins 2005; Barak et al. 2013). Interestingly, we
previously found that mTORC1 plays an essential role in
these phenotypes (Barak et al. 2013). Thus, it is plausible
that RapaLink-1 attenuates the association of alcohol
cues, i.e. smell and/or taste with alcohol intake resulting
in a reduction in alcohol intake on the initial and
subsequent drinking sessions.

In summary, our study puts forward initial evidence
supporting the potential use of Rapalink-1 for the
treatment of heavy drinkers. Furthermore, RapaLink-1,
by reducing the amount of alcohol consumed during
initial binge drinking episodes, could be developed as a
therapeutic approach to reduce the initial risk of alcohol
use and thus the prevalence of AUD. This possibility is of
importance because the occurrence of binge pattern of
alcohol consumption, especially in young adults, is on
the rise (Naimi et al. 2003; Margret & Ries 2017).
Furthermore, RapaLink-1 may be used as a prevention
therapy in vulnerable populations with high propensity
of harmful alcohol use. Finally, mTORC1 has been shown
to play an important role in neuroadaptations induced
by other classes of addictive substances such as
stimulants and opiates (Neasta et al. 2014); thus,
RapaLink-1 may be beneficial for the treatment of several
substance use disorders.
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