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Abstract

Rationale Aripiprazole (Abilify) is an atypical antipsychotic
drug characterized by partial agonist activity at dopamine
(DA) D,/D; receptors and a low side-effect profile. While
we previously demonstrated that acute aripiprazole blocked
the reinstatement of cocaine seeking in an animal model of
relapse, clinical treatment of relapse prevention necessitates
testing the effects of aripiprazole following prolonged
abstinence, as well as after repeated administration during
withdrawal from cocaine.

Objectives We assessed the effects of repeated aripiprazole
treatment on cocaine seeking after abstinence and during
conditioned cue-induced and cocaine-primed reinstatement
in rats.

Materials and methods Rats self-administered intravenous
cocaine paired with a light + tone stimulus for 10-14 days,
followed by 2 weeks of abstinence. Following post-abstinence
relapse testing, lever responding was allowed to extinguish,
with subsequent reinstatement testing occurring either in the
presence of the conditioned stimulus, or after a cocaine-
priming injection (10 mg/kg, intraperitoneal (IP)). Following
3 or 7 days of pretreatment, rats received an injection of
aripiprazole (0.25, 0.5, and 1.0 mg/kg, IP) or vehicle prior to
post-abstinence relapse and reinstatement testing.

Results Vehicle-pretreated animals showed robust cocaine
seeking during relapse and reinstatement testing, an
effect that was significantly attenuated by aripiprazole
pretreatment, although no lasting effects were found in
the absence of acute injection.
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Discussion These findings support the possibility that
repeated aripiprazole may be an effective therapeutic agent
for the prevention of relapse in abstinent cocaine users.
Based on its antipsychotic profile, aripiprazole may be
particularly useful for individuals diagnosed with comorbid
psychoses, such as schizophrenia or bipolar disorder.
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Introduction

Drug addiction is a chronic relapsing disorder, characterized
by compulsive drug-seeking and drug-taking behaviors,
despite negative consequences. In particular, psychostimu-
lant abuse and dependence (especially cocaine and amphet-
amines) constitutes a major psychiatric disorder, both in
terms of severity and incidence (O’Brien and Anthony 2005;
Sloboda 2002). While several therapeutic compounds are in
various stages of testing for the treatment of psychostimu-
lant addiction (Bergman 2008; Vocci et al. 2005), no
medications are currently approved by the Food and Drug
Administration for the treatment of cocaine or amphetamine
addiction. However, one therapeutic approach involves the
use of dopamine (DA) receptor partial agonists (Childress
and O’Brien 2000; Kosten et al. 2002; Platt et al. 2002).
Given its efficacy and low side-effect profile, the
atypical antipsychotic aripiprazole has been identified as
one of the best DA receptor partial agonist treatment
options for schizophrenia (DeLeon et al. 2004; Lieberman
2004) and bipolar disorder (Keck et al. 2003). While having
some affinity for serotonin SHT;, (i.e., partial agonist
(Jordan et al. 2002a; Jordan et al. 2002b) and SHT,4 (i.e.,
antagonist (Davies et al. 2004; Grunder et al. 2003)
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receptors, aripiprazole’s primary mechanism of action
involves both postsynaptic DA D,/Dj3 receptors and
presynaptic DA autoreceptors (Lawler et al. 1999). For
example, an examination of the in vivo receptor occupancy
profile in rat brain revealed an EDs, of 0.44 mg/kg for D,
receptors, while the EDsy was 7.2 and 8.8 mg/kg for SHT
and 5HT,, receptors, respectively (Langlois et al. 2005).
Furthermore, in vivo binding studies in animal models
(Natesan et al. 2006) and humans (Mamo et al. 2007) have
demonstrated relatively selective and unique DA D, partial
agonist properties of aripiprazole. Compared with other
antipsychotic drugs, aripiprazole is generally safe and well
tolerated by patients, and produces fewer side effects,
including less extrapyramidal symptoms, reduced incidence
of weight gain and sedation, and a minimal risk for diabetes
and hyperlipidemia (DeLeon et al. 2004; Kane et al. 2002;
Newcomer 2005). The antipsychotic effects of aripiprazole
are hypothesized to involve the “stabilization” of meso-
corticolimbic DA neurotransmission (Burris et al. 2002;
Stahl 2001; Yokoi et al. 2002), a pathway that has been
extensively implicated in drug addiction and relapse
(Robinson and Berridge 2000; White and Kalivas 1998).
Since DA receptor partial agonists do not produce the
physiological and behavioral effects of full agonists, while
simultaneously acting as partial antagonists when DA
activity is increased (Ariens 1983), it has been hypothesized
that DA partial agonists, such as aripiprazole, may be
effective for the prevention of relapse in cocaine-dependent
individuals (Platt et al. 2002).

Treatment management of addiction is hampered by the
high incidence of relapse to drug-seeking and drug-taking
behaviors following prolonged periods of abstinence
(Dackis and O’Brien 2001; Wagner and Anthony 2002).
A number of factors contribute to drug craving and relapse,
including drug-associated stimuli and exposure to a small
amount of the previously self-administered drug. For
example, abstinent cocaine users report an increase in drug
craving following exposure to cocaine-associated stimuli
(Childress et al. 1993) or in response to a noncontingent
dose of cocaine (Jaffe et al. 1989). These trigger factors
have been extensively applied in animal models of relapse,
primarily the extinction-reinstatement paradigm following
chronic cocaine self-administration, in which previously
cocaine-paired stimuli or noncontingent cocaine adminis-
tration results in a robust reinstatement of cocaine seeking
(i.e., relapse) as indexed by responding on a previously
cocaine-paired operandum (Shaham et al. 2003).

We previously demonstrated that acute doses of aripi-
prazole blocked both conditioned-cued and cocaine-primed
reinstatement of cocaine seeking at doses that failed to
affect other behaviors, including reinstatement of food-
seeking behavior or basal locomotor activity (Feltenstein et
al. 2007). Similar reductions in drug reinforcement and/or

@ Springer

drug-seeking behavior following aripiprazole pretreatment
have been reported both preclinically and clinically for
alcohol (Janiri et al. 2007), opiates (Li et al. 2009), nicotine
(Liu et al. 2009), and psychostimulants (Beresford et al.
2005; Brown et al. 2005; Serensen et al. 2008), although
not in a methamphetamine-dependent population (Newton
et al. 2008). However, in order to assess the potential
clinical utility of aripiprazole in relapse prevention, it is
necessary to test cocaine seeking following prolonged
abstinence in the absence of extinction, as well as the
effects of repeated aripiprazole administration during
withdrawal from cocaine. To test the hypothesis that
repeated aripiprazole treatment may be an effective phar-
macotherapy for preventing relapse, we assessed the effects
of repeated administration of various doses of aripiprazole
on relapse behavior after forced abstinence. In addition, we
also examined the effects of repeated aripiprazole admin-
istration on conditioned-cued and cocaine-primed reinstate-
ment of cocaine seeking following explicit extinction trials.

Materials and methods
Subjects

Male, Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA, USA; initial weight 275-300 g) were
individually housed in a temperature- and humidity-
controlled vivarium on a 12-h reverse light cycle with the
lights on at 18:00. Animals were given water ad libitum and
maintained on 20-25 g of standard rat chow (Harlan,
Indianapolis, IN, USA) per day for the duration of the
experiment. Rats were habituated to the vivarium for at
least 4 days prior to the start of the experiment. All
experimental procedures were approved by the Institutional
Animal Care and Use Committee of the Medical University
of South Carolina and conformed to federal guidelines as
described in the “Guide for the Care and Use of Laboratory
Rats” of the Institute of Laboratory Animal Resources on
Life Sciences, National Research Council.

Surgery

Rats were anesthetized using a mixture of ketamine
hydrochloride and xylazine (66 and 1.33 mg/kg, respec-
tively, intraperitoneal (IP)), followed by equithesin (sodium
pentobarbital 4 mg/kg, chloral hydrate 17 mg/kg, and
21.3 mg/kg magnesium sulfate heptahydrate dissolved in
44% propylene glycol, 10% ethanol solution, IP) and
chronic indwelling catheters were implanted into the
right jugular vein using previously described methods
(Feltenstein et al. 2007). Catheter patency was maintained
by flushing with 0.1 ml of 10 U/ml heparinized saline
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(Elkins-Sinn, Cherry Hill, NJ, USA) immediately prior to
self-administration sessions with a 0.1 ml antibiotic
solution of cefazolin (Schein Pharmaceuticals, Florham
Park, NJ, USA; 10 mg/ml dissolved in 70 U/ml heparinized
saline) and 0.1 ml 70 U/ml heparinized saline regimen
following each session. Stylets were inserted into the
catheters when the rats were not connected to the infusion
pumps. If lever responding became erratic during self-
administration, rats received a 0.12 ml intravenous (IV)
infusion of methohexital sodium (Eli Lilly, Indianapolis,
IN, USA; 10 mg/ml dissolved in 0.9% physiological
saline), a short-acting barbiturate that produces a rapid loss
of muscle tone when administered intravenously in order to
verify catheter patency.

Cocaine self-administration

Rats lever pressed for cocaine in standard self-administration
chambers (30 cm*20 cmx20 cm) linked to a computer-
ized data collection program (MED-PC, Med Associates
Inc., St. Albans, VT, USA). The chambers were equipped
with two retractable levers, a white stimulus light above
each lever, a tone generator, and a white house light on
the wall opposite the levers. Each chamber was contained
within a sound-attenuating cubicle equipped with a
ventilation fan.

Figure 1 illustrates the phases of cocaine self-administration,
abstinence, extinction, and reinstatement, and the times when
aripiprazole or vehicle treatment occurred. Rats self-
administered cocaine (cocaine hydrochloride dissolved in
0.9% physiological saline; cocaine provided by the National
Institute on Drug Abuse, Research Park Triangle, NC, USA)
during daily 2-h sessions according to an FR1 schedule of
reinforcement. At the start of each session, the catheter was
connected to a liquid swivel (Instech, Plymouth Meeting, PA,
USA) via polyethylene 20 tubing that was encased in steel
spring leashes (Plastics One Inc., Roanoke, VA, USA). The
house light signaled the initiation of the session and remained
illuminated throughout the entire session. Lever presses on the
active (i.e., cocaine-paired) lever resulted in a 2-s activation of
the infusion pump (0.2 mg cocaine per 50 pl infusion) and a
5-s presentation of a stimulus complex, consisting of illumi-

Cocaine Self-Administration
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nation of the white stimulus light above the active lever and
activation of the tone generator (4.5 kHz, 78 dB). After each
infusion, responses on the active lever resulted in no
consequences during a 20-s time-out period. During the
sessions, responses on the inactive lever were recorded, but
had no programmed consequences. All self-administration
sessions occurred during the animals’ dark cycle and were
conducted 6 days/week until the animals achieved the self-
administration criterion of ten sessions with at least ten
infusions per session (i.e., 10-14 days).

Abstinence, relapse, and reinstatement testing

After chronic self-administration, rats were made abstinent
from cocaine for a period of 14 days. For the first 7 days of
abstinence, animals remained in their home cages in the
colony room. For the final 7 days of abstinence, animals
were transported to a testing room where they were placed
in an alternate, nondrug-paired environment (i.e., a poly-
carbonate cage covered with a filter top) for 2-h at the same
time of day. This procedure was designed to mitigate the
potential stress of not being handled for an extended period
of time. On the 15th day following the last cocaine self-
administration session, animals were returned to the self-
administration chamber to assess cocaine seeking during a
2-h test session (i.e., relapse testing). We use the term
“relapse” rather than “reinstatement” for this initial test day,
because rats did not experience extinction learning before
this post-abstinence test day. During testing, lever presses
were recorded but had no scheduled consequences (i.c.,
within-session extinction).

Following relapse testing and before the first reinstate-
ment test, animals underwent additional daily 2-h extinction
sessions. Once active lever responding extinguished to a
criterion of a minimum of six extinction sessions with <25
active lever responses per session for two consecutive days
(i.e., 6-9 days), animals underwent conditioned-cued and
cocaine-primed reinstatement testing. During conditioned-
cued reinstatement testing, active lever presses resulted in the
presentation of the previously drug-paired light + tone
conditioned stimulus (CS) in the absence of cocaine reinforce-
ment. Immediately prior to the cocaine-primed reinstatement

Relapse Reinstatement

cp |

T

| RT cc

111

Vehicle or Aripiprazole (0.25, 0.5, or 1 mg/kg, IP)

Fig. 1 Schematic representing the phases of cocaine self-administration,
abstinence, relapse testing (R7), extinction, and conditioned-cued (CC)
and cocaine-primed (CP) reinstatement testing. Arrows indicate when

vehicle or aripiprazole was administered (i.e., immediately following the
last 3 days of abstinence or extinction trials and 30 min prior to relapse
and reinstatement testing)
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test, animals received an injection of cocaine hydrochloride
(10 mg/kg dissolved in 0.9% physiological saline, IP), a dose
that has been shown to produce robust reinstatement in
previous studies (Cornish et al. 1999; Feltenstein et al. 2007;
Fuchs et al. 2004). During cocaine-primed reinstatement
testing, lever presses had no programmed consequences.
Further extinction sessions occurred between reinstatement
testing until the extinction criteria were reestablished (i.e., a
minimum of 3 days with <25 active lever presses per session
for two consecutive days).

Aripiprazole treatment

Table 1 illustrates the different treatment groups. To assess the
effects of repeated aripiprazole treatment on cocaine seeking
following abstinence, animals received an injection of
aripiprazole hydrochloride (0.25, 0.5, or 1.0 mg/kg, IP) or
vehicle (0.9% physiological saline and Tween 80; 20:1) in a
volume of 1.0 ml/’kg on the last 3 days of abstinence (i.e.,
immediately following the 2-h alternate environment session).
Although not a chronic regimen, the 3-day pretreatment
period was selected based on consultation with addiction
psychiatrists aimed at matching clinical laboratory trials,
while the doses of aripiprazole were selected based on prior
evidence that acute injections at these doses effectively
reduced conditioned-cued and cocaine-primed reinstatement
without significantly affecting locomotor activity (Feltenstein
et al. 2007). Thirty minutes before relapse testing, each rat
received the same drug treatment (aripiprazole/aripiprazole
groups) or vehicle injections (vehicle/vehicle or aripiprazole/
vehicle groups) prior to being placed back in the self-
administration chamber.

Following additional extinction sessions, animals re-
ceived the same drug or vehicle treatment regimen that
occurred during abstinence immediately following the last
3 days of extinction training, with the same drug treatment
or vehicle injections occurring 30 min prior to conditioned-
cued and cocaine-primed reinstatement testing.

Data analysis

To determine if any preexisting group differences existed,
analysis of variance (ANOVA) or independent ¢ tests were
used to analyze lever responses and number of cocaine
infusions during the last 2 days of cocaine self-administration,

as well as the number of days of cocaine self-administration,
with drug treatment as the between-subjects factor. Similar
analyses were used for lever responding during relapse and
reinstatement testing, as well as the number of extinction
sessions, with repeated measures ANOVA used to analyze
lever responses during extinction with drug and session as the
between- and within-subjects factors, respectively. Data
points were eliminated if they were 2.5 standard deviations
beyond the group mean. All post-hoc analyses were
conducted using Tukey’s tests with the alpha set at 0.05,
and only significant F or ¢ values are presented.

Results

Rats readily acquired cocaine self-administration, responded
preferentially on the active lever, and displayed stable
lever responding and drug intake during the self-
administration maintenance phase. Statistical analyses on
active and inactive lever responding (Fig. 2) and the mean
number of cocaine infusions across the last 2 days of
cocaine self-administration, as well as total number of days
of cocaine self-administration (Table 2), failed to reveal any
preexisting differences between the groups subsequently
pretreated with aripiprazole or vehicle. In addition, no
significant group differences were noted for inactive lever
responding.

Similar to previous research (Fuchs et al. 2006; Pickens
and Thompson 1968; Schuster and Johanson 1981; See et
al. 2007), reexposure to the cocaine-paired environment in
the absence of cocaine reinforcement resulted in robust active
lever responding in vehicle-pretreated rats (i.e., vehicle/
vehicle groups; Fig. 2). However, animals pretreated with
aripiprazole during abstinence and on the test day (i.e.,
aripiprazole/aripiprazole groups) showed significantly lower
active lever responding during the relapse test (£ 4;=8.36,
p<0.001), with post-hoc analyses revealing a significant
attenuation in responding for all three aripiprazole/aripipra-
zole groups when compared with the vehicle/vehicle group
(ps<0.05). In contrast, this reduction in relapse responding
did not occur for animals pretreated with aripiprazole
(1.0 mg/kg) during abstinence, but not the day of test (i.e.,
aripiprazole/vehicle group).

Following relapse testing, animals underwent additional
extinction trials prior to reinstatement testing. While all

Table 1 Experimental treatment
groups indicating the injections

given during the 3-day pre
treatment phase and on
the test day

Group 3-day pretreatment Test day

Vehicle/vehicle Vehicle Vehicle

Aripiprazole/aripiprazole Aripiprazole (0.25, 0.5, or Aripiprazole (0.25, 0.5, or
1.0 mg/kg) 1.0 mg/kg)

Aripiprazole/vehicle Aripiprazole (1.0 mg/kg) Vehicle
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Fig. 2 Effects of 3 days of
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groups demonstrated normal extinction curves, animals in
the 1.0 mg/kg aripiprazole/aripiprazole group exhibited
slightly higher responding on the first post-relapse extinc-
tion day when compared with the vehicle/vehicle group
(Fig. 2). A two-way repeated measures ANOVA of active
lever responding showed significant main effects for group
(F5.46=4.67, p<0.01) and session (£5230=64.82, p<0.001),

IL AL IL 1 2 3 4 5 6
Relapse test Extinction (days)

as well as a significant group x session interaction (Fys 230=
1.92, p<0.05). One-way ANOVA for each session only
revealed a significant main effect for the first post-relapse
extinction day (F349=3.81, p<0.05), with significantly
higher responding for the 1.0 mg/kg aripiprazole group
(»<0.05). Similar analyses for the aripiprazole/vehicle
groups only revealed a significant main effect for session

Table 2 Mean number of infu-
sions across the last 2 days of
cocaine self-administration, the
total number of cocaine self-

Self-administration

Extinction

Mean # of cocaine infusions

Total # of sessions  Total # of sessions

administration sessions, and

the total number of extinction
sessions prior to reinstatement
testing. Data are expressed as
mean + SEM

Aripiprazole/aripiprazole
VEH/VEH (n=13)
0.25 mg/kg ARI/ARI (n=12)
0.5 mg/kg ARI/ARI (n=12)
1.0 mg/kg ARI/ARI (n=13)
Aripiprazole/vehicle
VEH/VEH (n=13)
1.0 mg/kg ARI/VEH (n=12)

35.19+2.76 11.00+0.32 7.62+0.39
30.33+2.83 11.83+0.42 7.42+0.19
29.87+2.91 11.17+0.39 7.75+0.28
34.00+2.27 11.69+0.57 7.54+0.24
34.46+2.16 12.394+0.56 8.23£0.58
34.50+2.32 11.83+0.61 7.83+£0.51
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(F'5,115=29.65, p<0.001). No significant group differences
were noted for responding at the end of extinction, or in the
number of extinction sessions (Table 2), prior to reinstatement
testing.

Compared with responding at the end of extinction,
animals in the vehicle/vehicle groups exhibited a significant
increase in active lever responding during the conditioned-
cued reinstatement test (#sg.,4=3.39-5.16, ps<0.01-0.001;
Fig. 3). This effect was significantly attenuated by
aripiprazole/aripiprazole treatment (F346=3.55, p<0.05),
with post-hoc analyses revealing a significant reduction in
conditioned-cued reinstatement for all three aripiprazole/
aripiprazole groups relative to the vehicle/vehicle group
(ps<0.05). However, this reduction in cue-induced rein-
statement did not occur following aripiprazole/vehicle
treatment (Fig. 3). Similar to conditioned-cued reinstatement
testing, animals in the vehicle/vehicle groups exhibited a
significant increase in active lever responding (zsg.p4=3.53—
3.76, ps<0.001) during cocaine-primed reinstatement

10091 VEH/VEH
E=FE ARI/ ARI (0.25)
ARI/ ARI (0.5)
80 mmEE ARI/ ARI (1.0)

Lever responses/2 hr

AL

Extinction Conditioned cue  Cocaine prime
100 VEH/VEH
EE ARI (1.0)/ VEH
£ 80
o
(7]
3 60
=
o
o
(7]
Q 40
o
>
3 20
0_
AL IL AL IL AL IL
Extinction Conditioned cue  Cocaine prime

Fig. 3 Effects of 3 days of aripiprazole pretreatment on reinstatement
responding in animals given aripiprazole (4RI/ARI; top panel) or
vehicle (ARI/VEH; bottom panel) on test day. The number in
parentheses equals the dose of aripiprazole in mg/kg. Panels show
active (4L) and inactive (/L) lever responding (mean + SEM) for the
last 2 days of extinction training and during conditioned-cued and
cocaine-primed reinstatement testing. Significant differences relative
to vehicle/vehicle (VEH/VEH) treatment are indicated (*p<0.05)
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(Fig. 3). Moreover, this effect was significantly attenuated
by aripiprazole/aripiprazole (£546=3.19, p<0.05), but not
aripiprazole/vehicle treatment, with post-hoc analyses reveal-
ing a significant reduction in cocaine-primed reinstatement
responding for animals in the 0.5 and 1.0 mg/kg aripiprazole/
aripiprazole groups (ps<0.05).

In order to further investigate whether the lack of effect
for the aripiprazole/vehicle group was due to the relatively
short 3 day pretreatment period, we conducted an additional
experiment in which animals were pretreated with 1.0 mg/
kg aripiprazole for 7 days prior to relapse and reinstatement
testing in the absence of the drug (i.e., 7 day aripiprazole/
vehicle group). Similar to the 3 day group, no significant
reductions in cocaine-seeking behavior were found after
7 days of pretreatment (Fig. 4). Additionally, in order to
verify the effects of an acute injection of aripiprazole in the
absence of pretreatment, we administered aripiprazole
(0.5 mg/kg) following vehicle pretreatment (3 days).
Similar to results previously reported for acute aripiprazole
reduction of reinstatement responding (Feltenstein et al.
2007), we saw a significant decrease in cocaine seeking
(t6=2.77, ps<0.05; Fig. 5).

Discussion

The current results demonstrate that repeated aripiprazole
attenuates cocaine-seeking behavior following 2 weeks of
forced abstinence and after exposure to cocaine-paired cues
or a priming injection of cocaine, stimuli that have been
shown to induce craving in humans (Childress et al. 1993;
Jaffe et al. 1989) and drug seeking in animals (Cornish et
al. 1999; Fuchs et al. 2004; Stewart 2000). In our previous
study, acute aripiprazole dose-dependently attenuated
conditioned-cued and cocaine-primed reinstatement of
cocaine seeking (Feltenstein et al. 2007). The current study
importantly shows that tolerance to the effects of aripipra-
zole does not develop with repeated treatment, in that the
degree of reduced responding seen in the current study is
comparable to the effects of single treatment at these same
doses (Feltenstein et al. 2007). Moreover, repeated admin-
istration of aripiprazole is not necessary to reduce relapse
responding following forced abstinence, in that an acute
dose of 0.5 mg/kg produced a similar reduction in cocaine-
seeking behavior. While other DA receptor partial agonists
have demonstrated some efficacy in various models of
cocaine seeking (Cervo et al. 2003; Gal and Gyertyan 2006;
Gilbert et al. 2005; Khroyan et al. 2000; Pilla et al. 1999),
these effects do not appear to be specific to drug-seeking
behavior. For example, effective doses of the D, partial
agonist, terguride, significantly reduced food-seeking be-
havior (Platt et al. 2003), while the D5 partial agonist, BP-
897, reduced cocaine seeking at doses that also elicited
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Fig. 4 Effects of 7 days of
aripiprazole pretreatment

(1.0 mg/kg) on relapse

(top panel) and reinstatement
(bottom panel) responding in
animals given vehicle on test
day (ARI (1.0)/VEH). Top left
panel shows active (AL) and
inactive (IL) lever responding
(mean + SEM) for the last

2 days of self-administration and
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of abstinence. Top right panel
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conditioned place aversion (Duarte et al. 2003; Gyertyan
and Gal 2003). In contrast, effective doses of aripiprazole in
the current study do not affect spontaneous locomotor activity,
cocaine self-administration, food self-administration, or rein-
statement of food-seeking behavior (Feltenstein et al. 2007).
Similar effects have been noted following chronic aripipra-
zole treatment, in that a 5-day continuous aripiprazole
infusion regimen of 0.32 or 0.56 mg/kg/h was found to
have no significant effect on food self-administration in rats
(Thomsen et al. 2008), suggesting that decreases in cocaine
seeking in the current experiment were not due to locomotor
inhibitory or aversive properties of the drug. Taken together,
these results suggest that aripiprazole may be an effective
therapeutic for reducing cocaine craving and preventing
relapse in abstinent users.

In contrast to significantly reduced cocaine seeking after
repeated aripiprazole treatment, cocaine seeking was unaf-
fected in animals repeatedly given the highest dose of
aripiprazole (1.0 mg/kg) but not administered the drug at
the time of testing. While it could be argued that a longer
pretreatment may be necessary to produce an effect, 7 days

Self-administration

L |

il E QESSS

IL AL IL 1 2 3 4 5 6
Relapse test Extinction (days)

1409 VEH/VEH
EEE ARI (1.0)/ VEH

L AL L AL IL
Conditioned cue Cocaine prime

of pretreatment at this higher dose failed to affect drug
seeking. Taken together, these results suggest that aripipra-
zole needs to be bioavailable at the time of testing in order
to reduce cocaine seeking. As previous research has shown
that the half-life of aripiprazole is around 2 h in rats
(Shimokawa et al. 2005), sufficient aripiprazole levels were
not likely present 1 day after final administration. While
aripiprazole has a half-life of 60 h in humans (McGavin and
Goa 2002), abstinent users would most likely need to be on
a maintenance aripiprazole regimen in order to achieve
maximal efficacy for preventing relapse.

Despite both preclinical (Feltenstein et al. 2007; Jerlhag
2008; Li et al. 2009; Schwabe and Koch 2007; Serensen et
al. 2008; Wee et al. 2007) and clinical (Beresford et al.
2005; Brown et al. 2005; Lile et al. 2005; Stoops et al.
2006) reports suggesting that aripiprazole may be an effective
pharmacotherapy for the treatment of addiction, several recent
studies have indicated possible limitations. For example, a
recent study found that while acute aripiprazole administration
reduced cocaine self-administration and shifted responding
towards an alternate food reinforcer, this effect was not
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Fig. 5 Effects of aripiprazole (0.5 mg/kg) on relapse responding in
animals given 3 days of vehicle pretreatment [VEH/ARI (0.5)]. Panel
shows active (4L) and inactive (/L) lever responding (mean + SEM)
for the last 2 days of self-administration and during relapse following
14 days of abstinence. Significant differences relative to vehicle/
vehicle (VEH/VEH) treatment are indicated (¥p<0.05)

maintained with chronic treatment (Thomsen et al. 2008).
Several recent clinical studies have reported that chronic
aripiprazole was either without effect or even increased drug
use and desire in addicts exposed to acute cocaine or
amphetamines (Haney and Spealman 2008; Newton et al.
2008; Stoops et al. 2007; Tiihonen et al. 2007). Interestingly,
a number of preclinical (Kleven and Woolverton 1990;
Kosten 1997; LeDuc and Mittleman 1993) and clinical
(Haney et al. 2001; Romach et al. 1999) studies examining
the effectiveness of various DA receptor antagonists for
attenuating drug-seeking behaviors have reported a similar
loss in acute efficacy with chronic treatment, an effect
hypothesized to be due to an enhancement in DA receptor
upregulation and/or sensitivity (Creese and Chen 1985; Hess
et al. 1986). Given the ability of aripiprazole to act as an
antagonist in the presence of increased DA levels, repeated
aripiprazole treatment may enhance sensitivity to psychosti-
mulants by senzitization of mesocorticolimbic DA neurons,
although no evidence to date has shown such an effect.
While this potential effect could be problematic in some
individuals, the key feature of aripiprazole of attenuated
responsiveness to stimuli that trigger craving during periods
of no drug (i.e., abstinence) supports the use of the drug as
an antirelapse medication. Furthermore, the efficacy of
aripiprazole in comorbid patients (Beresford et al. 2005;
Brown et al. 2005) suggests particular utility in targeted
subpopulations of addicted individuals.

While aripiprazole possesses affinity for serotonin 5-HT 5
(partial agonist) and 5-HT, 5 (antagonist) receptors (Jordan et
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al. 2002b; Lawler et al. 1999), the primary mechanism of
action for reducing relapse likely involves partial agonist
activity at DA D, receptors (Bowles and Levin 2003; Stahl
2001). Aripiprazole has been shown to inhibit DA neurons in
the ventral tegmental area (Momiyama et al. 1996) and the
substantia nigra (Matsubayashi et al. 1999), suggesting that
the drug alters mesocortical and mesostriatal pathways
implicated in relapse to drugs of abuse (Feltenstein and See
2008). Microdialysis studies have demonstrated increases in
hippocampal (Li et al. 2004) and prefrontal (Li et al. 2004;
Zocchi et al. 2005) DA with doses as low as 0.1 mg/kg,
while higher doses reduced DA release in the nucleus
accumbens (Li et al. 2004). However, extracellular levels
of other monoamines were generally unaffected, in that no
changes in 5-HT (Assié et al. 2005; Zocchi et al. 2005) or
norepinephrine (Zocchi et al. 2005) were found with similar
treatment.

Further evidence for the selectivity of aripiprazole
comes from the in vivo receptor occupancy profile of
aripiprazole relative to other receptor subtypes (e.g., D, D3,
5-HT;a, 5-HT,, and 5-HT,, receptors), whereby aripipra-
zole demonstrated 10-20 times higher affinity for D,
receptors (Langlois et al. 2005). Despite evidence for
5-HT,, antagonist reduction of cocaine seeking (Filip
2005; Fletcher et al. 2002), 5-HT,, receptor occupancy by
aripiprazole does not exceed 50%, even at doses as high as
30 mg/kg, while D, receptor occupancy shows an EDs, of
0.7 mg/kg (Natesan et al. 2006). It would be premature to
rule out a role for other receptor targets of aripiprazole,
however, as some of the effects of aripiprazole on DA may
involve interactions with 5-HT} 4 receptors (Bortolozzi et al.
2007), as well as modulation of glutamate activity in the
prefrontal cortex (Yang and Wang 2008), a pathway well
implicated in relapse (Kalivas et al. 2005).

Similar to evidence indicating efficacy of other partial
agonist-based therapeutics for treating opioid (e.g., bupre-
norphine (Gonzalez et al. 2004; Wilcox and Erikson 2004)
and nicotine (e.g., varenicline (Cahill et al. 2008; Tonstad
2007) dependence, an abundance of preclinical (Feltenstein
et al. 2007; Jerlhag 2008; Li et al. 2009; Schwabe and Koch
2007; Serensen et al. 2008; Wee et al. 2007) and clinical
(Beresford et al. 2005; Brown et al. 2005; Lile et al. 2005;
Stoops et al. 2006) data indicates that DA partial agonist
compounds such as aripiprazole may be effective therapeu-
tic agents for preventing relapse in abstinent cocaine users.
Despite some evidence of limited efficacy under certain test
conditions (Newton et al. 2008; Stoops et al. 2007;
Tiihonen et al. 2007), further study of aripiprazole and
similar partial receptor agonists is warranted. As compared
with other antipsychotic drugs, aripiprazole produces far
fewer side effects that often lead to cessation of treatment
(Davies et al. 2004; McQuade et al. 2004; Newcomer
2005). Additionally, given the chronic nature of addiction,
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it is noteworthy that aripiprazole possesses superior safety
and tolerability than most drugs with long-term treatment
(Kasper et al. 2003). Thus, aripiprazole may offer a viable
choice for pharmacotherapy in select populations of
addicted individuals, particularly during periods of absti-
nence from active drug use.
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