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Introduction

Drug addiction is a chronic, relapsing disease and a persistent health problem in the United
States with few available treatment options. While there are multiple aspects of the addiction
process, a critical component is the development of sensitization, which may explain drug
craving, believed to strongly contribute to relapse (Kalivas and Stewart, 1991; Robinson and
Berridge, 1993). Sensitization to psychomotor stimulants such as cocaine can be observed at
the behavioral, cellular and molecular levels. Recent insights into the mechanisms
underlying drug sensitization have come from the study of molecular changes in the
mesolimbic dopaminergic system, the major reward pathway known to be affected by
cocaine and other drugs of abuse. In particular, adaptive changes in synaptic plasticity
within the mesolimbic system accompany drug sensitization and may be an underlying
mechanism responsible for drug craving (Vanderschuren and Kalivas, 2000; Kauer and
Malenka, 2007; Thomas et al., 2008, Gong et al., 2006)

The mammalian target of rapamycin (mTOR) pathway has emerged as a regulator of
neuroplasticity in the CNS (Jaworski and Sheng, 2006). The mTOR is a Ser/Thr protein
kinase complex which responds to multiple extracellular stimuli such as nutrients, energy,
growth factors, and mitogens that regulate cell growth, cell survival, transcription and
protein synthesis (Sarbassov et al., 2005). The mTOR activation phosphorylates its
downstream targets S6K1 and Akt which, in turn, regulate protein translation and cell
survival. The mTOR pathway is implicated in neuronal development and synaptic plasticity,
presumably via influencing axon growth, dendritic arborization, changes in neuronal
morphology, as well as synaptogenesis (Schratt et al., 2004; Tavazoie et al., 2005; Jaworski
and Sheng, 2006; Park et al., 2008). The mTOR pathway regulates hippocampal long-term
potentiation (LTP), long-term depression (LTD) and fear memory formation (Horwood et
al., 2006; Parsons et al., 2006). Apparently, the mTOR activity is regulated during synaptic
transmission. For example, activation of NMDA and dopamine receptors activates mTOR
(Lenz and Avruch, 2005; Gong et al., 2006). Importantly, recent studies have also revealed
that mTOR regulates synaptic plasticity in the ventral tegmental area (VTA) (Mameli et al.,
2007), suggesting that mMTOR may be an important mediator of drug sensitization, and
consequently, drug addiction.
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Sensitization to cocaine and other psychomotor stimulants is often characterized
behaviorally by measuring increases in locomotor activity observed following a period of
withdrawal from chronic drug exposure. Generally, sensitization requires an initial induction
phase followed by drug withdrawal and then a re-exposure to the drug to allow for the
expression of sensitization. In this study, we examined whether cocaine exposure influences
the mTOR pathway. We also assessed whether treatment with rapamycin, an inhibitor of
mMTOR, influences the induction and/or expression of cocaine-induced locomotor
sensitization.

Materials and Methods

Animals and drugs

Female Sprague-Dawley (SD) rats weighing approximately 225-250g upon arrival were
obtained from Taconic Farms (Germantown, NY). Rats were individually-housed in a room
maintained on a 12-hr light/dark cycle (lights on 0700). Food and water were provided ad
libitum. Cocaine hydrochloride was dissolved in saline, and rapamycin was dissolved in 4%
ethanol and 5% Tween-20 in water at a concentration of 5mg/ml. Both drugs were injected
intraperitoneally (i.p.) at a volume of 1 ml/kg. All experiments were performed in
accordance with National Institutes of Health guidelines for the care and use of laboratory
animals and were approved by our Institutional Animal Care and Use Committees.

Acute cocaine and rapamycin administration

Rats were injected with 15 mg/kg cocaine or 15 mg/kg cocaine plus 5 mg/kg rapamycin
(i.p.)- Rats received a single rapamycin injection 60 min before cocaine injection. One hour
after cocaine injection, brain cortex, ventral tegmental area (VTA), and nucleus accumbens
(NACc) were dissected on an ice-cold platform from 1 mm-thick coronal sections using a
micropunch technique as described (Palkovits, 1973). Tissues were homogenized in a buffer
containing 50 mM Tris-HCI pH 7.4, protease inhibitor cocktail, 2 mM sodium
orthovanadate, 10 mM sodium fluoride, 100 uM PMSF. After adding the equivalent volume
of 2X LDS sample buffer, brain tissue lysates were further boiled at 90°C for 5 min.
Samples were centrifuged at 16,000 g for 10 min and the resulted supernatants were applied
to western blot.

Western blot

Protein samples were separated in 8% Bis-Tris gel and then transferred onto a 0.45 uM
nitrocellulose membrane. The membrane was blocked by 5% nonfat dry milk in TBST (25
mM Tris-HCI, pH 7.4; 150 mM NacCl; 0.05% Tween-20) for 1 hr at room temperature. The
antibodies of rabbit anti-S6 and anti-phosphorylated S6 (Cell Signaling Technologies Inc.
Boston, MA) were diluted at 1: 1000 in TBST with 3% BSA and incubated with membrane
overnight at 4°C. The HRP-conjugated secondary antibody (GE Healthcare, Piscataway, NJ)
was diluted at 1:5000 in 5% milk in TBST and incubated with membrane for 1 hr at room
temperature. Signals were detected by ECL solutions (Pierce, Rockford, IL) for 3 min and
scanned by FUJI image Analyzer LAS-4000. The intensity of phosphorylated S6 detected by
western blot was normalized to total S6. Additionally, GAPDH was also used as a loading
control.

Locomotor activity test

The experimental paradigm was performed essentially as described by Szumlinski et al.
(1999). Behavioral testing was conducted in cylindrical (60-cm) photocell activity
chambers, each equipped with three intersecting photobeams. All photocells and detectors
were interfaced to a microprocessor that continuously recorded photobeam interruptions
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throughout a session using software supplied by Med Associates, Inc. (St. Albans, VT,
USA). Prior to behavioral testing, each rat was habituated in the locomotor-activity testing
room for 20 min daily. A 30 min baseline period was recorded before receiving an
intraperitoneal (i.p.) injection of 15 mg/kg cocaine or 1 ml/kg saline, followed by a 2-hr
locomotor activity test session. This procedure was conducted for 5 consecutive days. Rats
were subsequently withdrawn from cocaine for 13 days and remained in the colony room
during this time. On the test day (Day 19), after the 30 min baseline activity period, a
challenge dose of 15 mg/kg cocaine was given to all rats immediately prior to the 2 hr
activity test. For the rapamycin treatment, rats were randomly divided into 4 groups: cocaine
with rapamycin (CR) or vehicle (CV), and saline control with rapamycin (SR) or vehicle
(SV). All activity tests were performed during the day.

Induction of sensitization

To examine the effect of rapamycin on induction of cocaine-induced locomotor
sensitization, rats either received rapamycin or vehicle 5 minutes prior to cocaine or saline
via i.p. injection during the first 5 days (Figure 2C). For the rapamycin dose-response
experiment, rats were treated with 0, 0.1, 1, 2.5 or 5 mg/kg rapamycin, respectively.

Expression of sensitization

To investigate the effect of rapamycin on expression of locomotor sensitization, rats were
given injections of rapamycin or vehicle for 4 consecutive days beginning on day 15, just
prior to the test for sensitization on Day 19.

Data analysis

Statistical analysis was performed using STATISTICA (StatSoft, Inc., Tulsa, OK, USA).
Groups were compared using one- or two-way repeated measures ANOVA with Fisher LSD
post-hoc tests, or student’s t-test where appropriate.

Results

Cocaine activates mTOR in vivo

To determine whether mTOR is involved in mediating cocaine’s effects, we examined the
effect of cocaine on phosphorylation of S6, a downstream target of the mTOR, in rat brains.
A single injection of cocaine (15 mg/kg) markedly stimulated S6 phosphorylation in the
cortex within one hour (Figure 1A & 1B). The increased S6 phosphorylation observed was
completely depleted by the mTOR inhibitor rapamycin (5mg/kg), suggesting that the levels
of phospho-S6 reflect in vivo mTOR activity (control vs cocaine: p=0.004; cocaine vs
cocaine & rapamycin: p=0.005; control vs cocaine & rapamycin: 0.592; t-test; n=6). We
further examined mTOR activity in the mesolimbic dopamine pathway, specifically the
ventral tegmental area (VTA) and nucleus accumbens (NAc). We found that cocaine also
evoked S6 phosphorylation in these regions (control vs cocaine: p=0.026; cocaine vs cocaine
& rapamycin: p=0.011; control vs cocaine & rapamycin: 0.697; t-test; n=6 in VTA) (control
vs cocaine: p=0.031; cocaine vs cocaine & rapamycin: p=0.042; control vs cocaine &
rapamycin: 0.881; t-test; n=6 in NAc) (Figure 1C, 1D, 1E and 1F). Again, S6
phosphorylation was nearly completely abolished by rapamycin. However, cocaine exposure
did not increase S6 phosphorylation in cerebellum and hippocampus (Supplemental Figure
1).
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Inhibition of mMTOR by rapamycin blocks the induction of cocaine-induced locomotor

sensitization

The induction phase of sensitization is associated with synaptic adaptive changes
(Vanderschuren and Kalivas, 2000). Having demonstrated that the mTOR pathway, known
to mediate neuronal plasticity, is activated by cocaine, we next examined whether cocaine-
induced locomotor sensitization in this induction period involves mTOR. To test this
possibility, rats were injected with cocaine (0 or 15 mg/kg) and rapamycin (0 or 5 mg/kg)
for 5 consecutive days as indicated in Figure 2A. We started with rapamycin at 5mg/kg
because as shown in Figure 1 and recently studies (Zeng et al., 2009; Huang et al., 2010) this
dose can effectively inhibit mTOR in rat brains. After a 13-day withdrawal period, a
challenge injection of cocaine (15 mg/kg) was given to test for locomotor sensitization. Rats
that were pre-exposed to cocaine (CV group) for 5 days showed significantly greater
locomotor activity in the 2 hr test sesssion than vehicle-treated rats (SV group; F (3,27) =
4.05, p < 0.01; Figure 2B), reflecting cocaine-induced locomotor sensitization. However,
locomotor activity in rats receiving both cocaine and rapamycin (CR group) was
significantly lower than that of cocaine-sensitized rats (CV; p < 0.05) and indistinguishable
from that of vehicle-treated rats (SR; Figure 2B), suggesting that mTOR inhibition by
rapamyecin during the induction phase completely suppresses the induction of locomotor
sensitization. No differences in locomotor activity were observed in vehicle-treated rats
given rapamycin (SR) compared to those vehicle rats given saline injections (SV),
confirming that rapamycin itself exhibited no effects on locomotor activity (Figure 2B). We
tested additional doses of rapamycin (0.1, 1 and 2.5 mg/kg). The locomotor sensitization
was still significantly inhibited by the doses at 1 and 2.5 mg/kg, but not at 0.1 mg/kg (Fig.
2C).

Rapamycin blocks the expression of cocaine-induced locomotor sensitization

After initial repeated exposure to cocaine followed by a two-week withdrawal period, rats
normally develop hyperlocomotor activity when re-exposed to cocaine. To determine
whether a later rapamycin treatment can suppress the expression of locomotor sensitization,
we treated rats with rapamycin daily on the last 4 days before the test day, when a challenge
injection of cocaine was given (see Figure 3A). A one-way ANOVA by group revealed a
significant difference between treatment groups (F (3, 20) = 7.24; p < 0.01). Rapamycin
treatment significantly reduced the locomotor activity in rats pre-exposed to cocaine (CR
group) such that locomotor activity was significantly lower than that of sensitized rats (CV
group; p < 0.05; Figure 3B), but not different from that of the saline-treated rats (SV group;
p > 0.05). Mean activity counts for the 30-minute habituation period prior to cocaine
injection were calculated for cocaine-vehicle and cocaine-rapamycin treated animals on Day
19 and there were no differences between the two groups (cocaine-vehicle = 510.7 + 24.3
vs. cocaine-rapamycin 396.5 + 70.1; p =0.15; data not shown). When ten-minute activity
bins were examined on Day 19 (Fig. 3C), a repeated-measures ANOVA revealed a main
effect of group (F (3, 20) = 7.24, p < 0.01) and post-hoc analyses indicated higher activity
counts in cocaine-vehicle treated rats than those given cocaine and rapamycin (p < 0.05),
with no significant differences between the saline-rapamycin and saline-vehicle treated
groups, further indicating that rapamycin alone does not inhibit locomotor activity. These
data suggest that the inhibition of mTOR by rapamycin at a later stage can also block the
expression of locomotor sensitization to cocaine.

Discussion

Here we report that acute cocaine exposure activates the mTOR in cortical forebrain as well
as in ventral tegmental area (VTA) and nucleus accumbens (NAc). Furthermore, inhibition
of mTOR by systemically administered rapamycin blocks both the induction and expression
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of cocaine-induced locomotor sensitization, suggesting that the mTOR pathway may be
critically involved in cocaine sensitization and perhaps play a role in the development of
drug addiction.

Cocaine-induced locomotor sensitization involves two separate stages: the initial induction
and the later expression phase; these stages are associated with different cellular and/or
molecular changes and tend to be differentially mediated within the mesolimbic dopamine
pathway. For instance, Mameli and colleagues (Mameli et al., 2009) showed that a single
exposure to cocaine triggered synaptic plasticity only in VTA dopamine neurons whereas
repeated cocaine exposure led to persistent plasticity in the nucleus accumbens (NAc). The
adaptive changes in the NAc tend to be longer-lasting than those in the VTA (Wolf, 1998).
The mTOR inhibitor rapamycin prevented both the induction and the expression of
sensitization, suggesting that the mTOR pathway is engaged during multiple stages of the
sensitization process, and/or mTOR activation in both VTA and NAc contributes to cocaine
sensitization. Our findings are also consistent with recently reported observations that
rapamyecin reduces craving in heroin addicts (Shi et al., 2009) and methamphetamine
sensitization in rodents (Narita et al., 2005).

Rapamycin apparently specifically blocks cocaine sensitization, rather than having
nonspecific general suppression on locomotor activity because it does not significantly
affect locomotor activity in vehicle-treated rats (i.e. no difference between SV and SR
groups; Figure 2B). Rapamycin’s half life is about 60 hrs (Zimmerman and Kahan, 1997).
We would expect that there is only little, if any, residual rapamycin after two weeks of
abstinence. Therefore, the long lasting effect of rapamycin treatment on cocaine-induced
locomotor sensitization could be through blocking cocaine-induced synaptic modification
during the induction phase.

We observed that acute cocaine treatment significantly increases mTOR activity in brain
cortex, VTA and NAc with little effect in hippocampus and cerebellum. The detailed
mechanism by which cocaine exposure activates the mTOR remains to be elucidated. One of
the most well studied mechanisms of action of cocaine in the central nervous system is the
blockade of the dopamine transporters which leads to accumulation of dopamine in synaptic
cleft, resulting in an enhanced and prolonged activation of dopamine receptors at
postsynaptic neurons that receive dopaminergic input (Ritz et al., 1987). Of particular note,
dopaminergic signaling represents one of the key components in the reward circuitry
composed of VTA, NAc and the prefrontal cortex in the regulation of reward and
movement. In fact, previous studies reported that dopamine treatment increases
phosphorylation of S6K and its downstream target S6 in primary cultured neurons (Lenz and
Avruch, 2005). Therefore, it is conceivable that acute cocaine exposure would stimulate
dopaminergic transmission, which in turn leads to mTOR activation in this reward circuitry.

The precise molecular mechanism of mTOR in cocaine sensitization remains entirely
unclear. The mTOR pathway is implicated in various neuronal processes including
influencing axon growth and navigation, dendritic arborization, changes in soma and spine
morphology, synaptogenesis, as well as expression of receptor/ channels (Schratt et al.,
2004; Tavazoie et al., 2005; Jaworski and Sheng, 2006; Park et al., 2008). It is possible that
inactivation of mTOR by rapamycin could attenuate the adaptive changes or neuronal
plasticity elicited by cocaine exposure, therefore abolishing locomotor sensitization.
Additionally, the mTOR pathway is known to be regulated by glutamatergic and
dopaminergic systems which, in VTA, NAc and subregions of the cortex, are critically
involved in drug sensitization, providing a potential link between cocaine exposure, aberrant
activation of the mTOR, and locomotor sensitization (Lenz and Avruch, 2005, Huang et al,
2007).
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Psychomotor stimulant-induced locomotor sensitization presumably shares similar cellular
and molecular mechanisms with compulsive drug-seeking behavior. Moreover, increasing
evidence suggests that the behavioral changes, i.e. locomotor activity and drug seeking,
reflect adaptations in synaptic transmission that bear some resemblance to hippocampal
learning (del Olmo et al., 2006; Chen et al., 2008). For example, it has been reported that
drugs of abuse such as cocaine induce long-term potentiation (LTP) at excitatory synapses in
the VTA (Chen et al., 2008). The mTOR pathway, which regulates protein translation, plays
a critical role in synaptic plasticity, learning and memory and associated behavioral changes.
Genetic studies have revealed that conditional knock out of the rapamycin-binding FKBP12
in the mTOR pathway leads to an enhanced basal mTOR activity along with enhancement of
LTP, contextual fear memory formation and perseverative/repetitive behavior (Hoeffer et
al., 2008). The mTOR pathway is also involved in mGluR-mediated long-term depression
(LTD) in the VTA through control of rapid local protein synthesis (Mameli et al., 2007). In
the present study, we demonstrated that cocaine exposure stimulates mTOR activity and
inhibition of mMTOR by rapamycin abolishes cocaine-induced locomotor sensitization,
suggesting that the mTOR pathway may be involved in cellular and molecular adaptation
processes underlying the transition from initial drug use to sensitization. It is noteworthy
that rapamycin blocked the expression of cocaine sensitization when administered after
cocaine. Since an effective pharmacotherapy for cocaine addiction would likely be used
after cocaine exposure, the ability of rapamycin to attenuate both the induction and the
expression of cocaine sensitization may have some clinical relevance. Future studies will be
necessary in order to fully characterize the inhibitory effect of rapamycin on drug seeking,
such as conditioned place preference and self administration. Nevertheless, our results
suggest that the mTOR pathway could be a new therapeutic target to alleviate drug
addiction. Furthermore, since most drugs of abuse share common cellular and molecular
mechanisms of action, it is possible that rapamycin may also be an effective treatment for
abuse of drugs other than cocaine.
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Figure 1.

Cocaine stimulates S6 phosphorylation in rat brain. Cocaine activates mTOR in rat brain
cortex (A), ventral tegmental area (VTA) (C), and Nucleus accumbens (NAc) (E). Cocaine
was delivered via ip injection, and regions were dissected 1 hr after injection. S6
phosphorylation was detected by western blot. Quantification of S6 phosphorylation in
cortex (B), ventral tegmental area (VTA) (D), and nucleus accumbens (NAc) (F). Data were
presented as relative intensities of phosphorylated S6 to total S6 with GAPDH as an
additional loading control. * indicates significant difference between control vs cocaine and
cocaine (Coc) vs cocaine plus rapamycin (Rap) (p< 0.05) (t-test, n=6).
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Figure 2.

Inhibition of mMTOR by rapamycin blocks induction of cocaine-induced locomotor
sensitization. A, Schematic diagram showing timing of drug treatment and locomotor
activity monitored. B, Rapamycin blocks cocaine induced locomotor sensitization. Rats
were co-injected with rapamycin (5 mg/kg) and cocaine (15 mg/kg) or vehicle, during the
first five days of treatment. Locomotor activity data (the number of beam breaks) acquired
from the test day are presented as mean and SEM (n=8). The cocaine-treated group (CV)
showed significantly higher locomotor activity than that of cocaine and rapamycin-treated
(CR), saline/rapamycin-treated (SR), and control groups (SV). * indicates p<0.05 following
one-way ANOVA. C, Dose-response of rapamycin’s effects on induction of cocaine-
induced locomotor sensitization. Rapamycin at 1, 2.5 and 5 mg/kg, but not at 0.1 mg/kg,
blocked induction of cocaine-induced locomotor sensitization. Data are presented as mean
and SEM (0 mg/kg and 5 mg/kg, n=8; 0.1 mg/kg, n=6; 1 mg/kg, n=10; and 2.5 mg/kg, n=4).
* indicates significant difference between cocaine-vehicle (CV) and saline-vehicle (SV)
groups following individual t-tests (p=0.019). No significant differences were found
between CR and vehicle groups (SR, SV; p > 0.05 using individual t-tests).
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Figure 3.
Rapamycin blocks the expression of cocaine-induced locomotor sensitization. A, Schematic

diagram showing timing of drug treatment and locomotor activity tests. B, Data from the
sensitization test on Day 19 are presented as mean and SEM (n=6). Rats repeatedly exposed
to cocaine (CV) showed significantly higher locomotor activity (determined by beam
breaks) than that of cocaine and rapamycin-treated (CR; p < 0.05), rapamycin-treated (SR; p
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< 0.01), and control groups (SV; p < 0.01, using post-hoc tests following one-way
ANOVA). There were no differences between CR, SR and SV groups. C, A plot of
locomotor activity data acquired in 10-minute intervals. * indicates significant differences
(p<0.05) from saline-rapamycin group (SR) (two-way repeated measures ANOVA, followed
by post-hoc test).
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