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Drug abuse and addiction are excessively common in schizo-
phrenia. Chronic antipsychotic treatment might contribute
to this comorbidity by inducing supersensitivity within the
brain’s dopamine system. Dopamine supersensitivity can
enhance the incentive motivational properties of reward cues,
and reward cues contribute to the maintenance and severity
of drug addiction. We have shown previously that rats with-
drawn from continuous haloperidol (HAL) treatment (via
subcutaneous minipump) develop dopamine supersensitivity
and pursue reward cues more vigorously than HAL-naive
rats following an amphetamine (AMPH) challenge. Atypical
antipsychotic drugs are thought to be less likely than typicals
to produce dopamine supersensitivity. Thus, we compared the
effects of HAL and the atypical antipsychotic olanzapine
(OLZ) on the pursuit of reward cues. Rats were trained to
associate a light-tone cue with water then treated with HAL
or OLZ. Following antipsychotic withdrawal, we assessed
AMPH-induced enhancement of lever pressing for the cue.
Withdrawal from HAL, but not from OLZ, enhanced this
effect. HAL, but not OLZ, also enhanced AMPH-induced
psychomotor activation and c-fos mRINA expression in the
caudate-putamen. Thus, prior HAL, but not OLZ, enhanced
conditioned reward following an AMPH challenge, and
this was potentially linked to enhanced behavioral sensi-
tivity to AMPH and AMPH-induced engagement of the
caudate-putamen. These findings suggest that HAL, but not
an atypical like OLZ, modifies reward circuitry in ways that
increase responsiveness to reward cues. Because enhanced
responsiveness to reward cues can promote drug-seeking
behavior, it should be investigated whether atypical anti-
psychotics might be a preferential option in schizophrenic
patients at risk for drug abuse or addiction.
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Introduction

Of all individuals with a lifetime diagnosis of
schizophrenia, up to half have a substance abuse problem.!
This subpopulation of schizophrenia patients are more
difficult to treat’> and have a poorer long-term outcome.?
Schizophrenia patients might take drugs to self-medicate?
and/or because the neuropathology of schizophrenia
includes neural changes that increase the vulnerability
to drug addiction.’> A complementary hypothesis is that
chronic antipsychotic treatment might alter brain reward
circuits in ways that could contribute to the abnormally
high rates of drug abuse and addiction in schizophrenia.®®
This idea is supported by a number of observations. First,
both schizophrenic and nonschizophrenic psychiatric
patients treated with antipsychotic compounds exhibit
higher rates of psychostimulant drug addiction than the
general population.® Second, the onset of drug abuse
follows the onset of schizophrenia (and of antipsychotic
treatment) in a considerable proportion of patients (38%)°,
and substance abuse is more prevalent in schizophrenia
than in many other psychiatric populations.! In laboratory
animals, chronic antipsychotic treatment increases
sensitivity to the place-conditioning effects of cocaine!’
and heroin,!! increases cocaine self-administration,'? and
enhances brain self-stimulation.'?

It is not known how prolonged exposure to anti-
psychotic medication might enhance reward function.
One potential mechanism is by making dopamine
receptors supersensitive to agonist stimulation.
Antipsychotic-induced dopamine supersensitivity is
documented in both humans and laboratory animals.
For example, medicated schizophrenic patients given
doses of psychostimulant drugs that are subpsychoto-
genic in nonschizophrenic individuals show an increase
in the occurrence of psychosis relative to untreated
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schizophrenics.'* In rats, chronic antipsychotic treat-
ment can augment the psychomotor response to
dopamine agonists.*'>!® At the neurobiological level,
antipsychotic-induced dopamine receptor sensitivity is
linked to increases in the density and sensitivity of stria-
tal D2 receptors.!>!7:13

A supersensitive dopamine system can increase sensi-
tivity to the psychotogenic and psychomotor effects of
drugs but also to the motivational properties of reward
cues. Such cues can play a significant role in the mainte-
nance and severity of drug addiction. In both humans and
laboratory animals, drug cues can generate motivational
states that can elicit or energize drug-seeking behav-
iors'*? and precipitate drug craving and relapse to drug
use following abstinence.’’*> We have shown previously
that withdrawal from continuous (via subcutaneous [SC]
osmotic minipumps), but not from intermittent (via daily
SC injections) haloperidol (HAL) treatment enhances
the ability of a small dose of amphetamine (AMPH) to
potentiate the operant pursuit of reward cues.® Would
chronic treatment with an atypical antipsychotic drug
have similar effects? There are currently no published
studies examining how a history of exposure to clinically
pertinent doses of an atypical antipsychotic might influ-
ence reward function. It is important to address this issue
for three principal reasons. First, atypical antipsychotics
are now more widely used in the management of schizo-
phrenia. Second, it is thought that atypical antipsychotics
are less likely to induce dopamine receptor supersensitiv-
ity,”?* suggesting that they might thus be less likely to
perturb reward function. Third, given the disproportion-
ate rates of drug abuse in schizophrenia, factors that
might promote or protect from this comorbidity need to
be studied. Here, we evaluated the hypothesis that unlike
HAL, withdrawal from chronic olanzapine (OLZ) treat-
ment would not alter AMPH-induced potentiation of
conditioned reward (CR). To assess neuronal activation
by AMPH following antipsychotic treatment, we also
compared AMPH-induced expression of striatal c-fos
mRNA following HAL versus OLZ treatment.

Methods

Subjects

Male Sprague-Dawley rats (Charles River Labora-
tories, Montréal, QC, Canada; 200-225 g) were housed
2/cage in a climate-controlled colony room (12-h reverse
light/dark cycle; lights off at 8§ am). Food and water were
available ad libitum unless noted otherwise. Testing
occurred during the dark phase of the animals’ circa-
dian cycle. Procedures complied with principles outlined
by the Canadian Council on Animal Care. The Animal
Ethics Committee of the Universit¢ de Montréal
approved all experiments (Protocol Number: 10-106).
Experimenters made all reasonable efforts to minimize
animal suffering.
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Drugs

HAL (Sabex, Boucherville, Canada) was dissolved in
a 0.5% acetic acid/distilled water solution (pH adjusted
to ~5 with sodium hydroxide [IM NaOH)]) for treatment
via minipump (Alzet model 2ML2, 19-day drug delivery;
Durect Corporation, Cupertino, CA). This HAL/acetic
acid/water formulation produces stable striatal D2 recep-
tor occupancy levels for at least 2 weeks when delivered via
minipump.'* OLZ (Toronto Research Chemicals, Toronto,
Canada) was dissolved in a 2% acetic acid/distilled water
solution (pH adjusted to ~5 with 1M NaOH) for treatment
via minipump. An OLZ/acetic acid formulation delivered
via minipump can lead to declining plasma levels of the
antipsychotic 14 days into treatment.>?¢ However, stria-
tal D2 occupancy remains within the clinical range (74%
* 7% SD) at the 14-day time point.?® For SC injections,
OLZ was dissolved in a 20 mmol/L phosphate-buffered
saline (PBS) vehicle instead of an acetic acid solution.
This is because the rats were injected daily for 17 days
(see below) and an acetic acid/water solution can cause
irritation. The OLZ/PBS solution was prepared daily (pH
adjusted to ~7 with 1M NaOH). p-Amphetamine sulfate (
Sigma-Aldrich, Dorset, UK) was dissolved in 0.9% saline
and given SC. All injections were in a volume of 1 ml/kg.

Antipsychotic Treatment

Our goal was to compare the effects of HAL and OLZ
using equivalent and clinically pertinent doses and modes
of administration. To select appropriate antipsychotic
doses in animal studies, a straightforward approach using
the same mg/kg dose in rats as is used in humans would
be inadequate, given the important pharmacokinetic dif-
ferences that distinguish the two species.”’ Instead, we
have used a validated approach based on in vivo occu-
pancy of a critical neurobiological target; the dopamine
D2 receptor in the striatum.”

For many antipsychotics, doses that produce 65%—-75%
striatal D2 receptor occupancy are efficacious and unlikely to
produce extrapyramidal side effects.® * The HAL and OLZ
doses used here produce striatal D2 occupancy levels that lie
within this range and that are equivalent. We used 0.5mg/kg/
day HAL for administration via minipump because it pro-
duces 73% D2 occupancy ex vivo (£14 SD; see online supple-
mentary material for a color version of this figure), as assessed
using the procedures described in Samaha et al."> We used
10mg/kg/day OLZ for administration via minipump based
on our previous work'> and on work showing that a similar
dose (7.5mg/kg/day) produces 74% (7% SD) D2 receptor
occupancy 2 weeks into treatment.”® We used 1mg/kg/day
OLZ for administration via daily SC injection because it yields
peak levels of 74% (£4.6% SD) D2 occupancy.® In addition,
in humans, a single dose of antipsychotic can maintain high
striatal D2 receptor occupancy levels for several days’! In
rats, striatal D2 occupancy declines significantly 24h follow-
ing a single SC injection but is continuous if antipsychotics
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are given via SC osmotic minipump.”’ Thus, to achieve the
relatively continuous D2 receptor occupancy that is produced
by clinical antipsychotic treatment regimens, we administered
HAL or OLZ via minipump. We also treated a group of rats
with daily SC injections of OLZ because we have shown previ-
ously that withdrawal from continuous (via SC minipumps),
but not from intermittent (via daily SC injections), HAL
treatment enhances CR.° Thus, four groups were generated as
follows: CONT-HAL, receiving 0.5mg/kg/day HAL via SC
minipump; CONT-OLZ, receiving 10mg/kg/day OLZ via SC
minipump; INT-OLZ, receiving 1mg/kg OLZ via daily SC
injection; VEH, receiving PBS via daily SC injection.

Under 1.5% isoflurane anesthesia, CONT-HAL and
CONT-OLZ rats were implanted with minipumps as in
Samaha et al."” The INT-OLZ and VEH animals received
sham surgery (an incision closed with wound clips). The
next day and for 17 consecutive days, the INT-OLZ group
was injected daily with OLZ. All remaining animals were
injected daily with PBS. Thus, all animals were subjected
to equivalent surgical, handling, and injection proce-
dures. On the 18th day, under 1.5% isoflurane anesthesia,
the minipumps were removed. INT-OLZ and VEH ani-
mals received a sham surgery.

Experiment 1: Effects of HAL or OLZ on Responding
for Conditioned Reward and AMPH-Induced
Locomotion

Here, we determined the effects of HAL or OLZ pretreat-
ment on operant responding for a CR. We also assessed the
locomotor response to AMPH to determine whether oper-
ant responding for a CR was linked to the development of
supersensitivity to dopamine receptor stimulation.

Paviovian Conditioning and Operant Responding  for
Conditioned Reward. Figure 1A shows the sequence of manip-
ulations. Rats were restricted to 2h/day of access to water. For
10 daily sessions (~35min/session) in standard operant cages
(MED Associates, St. Albans, VT, USA), the rats were trained
to associate the delivery of 0.1 ml tap water (the unconditioned
stimulus; UCS) into a receptacle with a light-tone stimulus
(the conditioned stimulus; CS), as in Bedard et al.® Nose-pokes
into the receptacle during the 5-s CS presentation (CSR)
and during the 5-s preceding CS presentation (PCSR) were
recorded. A CSR/PCSR ratio served as an index of the learn-
ing of the CS-UCS association. Animals were then assigned to
the VEH, CONT-HAL, CONT-OLZ, and INT-OLZ groups
such that the average CSR/PCSR ratios were comparable
across groups. Following antipsychotic treatment cessation,
rats received an additional CS-UCS training session followed
by two lever training sessions during which two levers were
present. Pressing the left (active) lever produced the CS (now
the CR) according to a random-ratio 2 schedule. Pressing the
right lever (inactive) had no programmed consequences. The
session ended following 40 min or 10 active-lever presses. No
water was delivered. Next, two CR tests were given under the
same conditions, except that lever presses were not limited and

Typical Antipsychotic Treatment Enhances Reward

the rats were injected SC with saline (first test) or 0.5mg/kg
AMPH (second test) before testing.

AMPH-Induced Locomotion. One day following CR
testing, locomotor activity was measured for 30 min
before and 60 min after AMPH (1.5mg/kg, SC), in
Plexiglas cages, as in Samaha et al."”

Experiment 2: Effects of HAL or OLZ on c-fos mRNA
Expression

In a separate set of rats, we examined the influ-
ence of CONT-HAL or CONT-OLZ treatment on
the cells engaged by AMPH. To this end, we mapped
AMPH-induced c-fos mRNA expression in cortical and
striatal regions following antipsychotic treatment. We did
not include INT-OLZ rats because they showed similar
AMPH-induced responding for a CR and locomotion
compared with VEH (see figures 2 and 3).

Antipsychotic Treatment and In Situ Hybridization.
Figure 1B shows the sequence of events. Antipsychotic
treatment was as above and three groups were generated
as follows: VEH, CONT-OLZ, and CONT-HAL.

On the 9th or 10th day following treatment cessation, rats
from each group received a SC injection of saline, 0.5 or
1.5mg/kg AMPH in the home cage. Rats were sacrificed 1h
following the injection. Brains were extracted, plunged into
isopentane (—50°C) for 7 s and stored at —80°C until pro-
cessing. c-fos mRNA expression was labeled on 12-um-thick
coronal brain sections using a [**S]-UTP-labeled riboprobe
complementary to c-fos, as in Bedard et al.® Brain sections
were then apposed against X-ray film (Kodak Biomax-MR;
Kodak, New Haven, CT, USA) for 4 days. mR NA was quan-
tified on autoradiographs using ImageJ software (National
Institutes of Health [NIH], Bethesda, MD, USA). ImageJ
translates optical gray densities into uCi/g of tissue using
a "“C standard curve (ARC-146A; American Radiolabeled
Chemicals, St-Louis, MI, USA). A background value,
obtained from the corpus callosum of each section, was
subtracted from analysis. c-fos mRNA levels were quan-
tified in the dorsomedial (DM), dorsolateral (DL), ven-
tromedial (VM), and ventrolateral (VL) quadrants of the
caudate-putamen (+1.6, +1.2, +0.8, +0.4, and 0.0mm rela-
tive to Bregma), in the core (AcbC) and shell (AcbSh) of
the nucleus accumbens (+1.6, +1.2, and +0.8mm relative
to Bregma), in the anterior cingulate (Cgl and Cg3) and
infralimbic (IL) cortices (+2.6mm relative to Bregma), and
in the ventrolateral (VLO) and lateral (LO) orbitofrontal
cortices (+3.0mm relative to Bregma). Anatomical regions
were identified according to Paxinos and Watson.? Sections
were analyzed without awareness of group membership.

Statistics

Lever presses were analyzed using three-way ANOVA
(group X lever type X AMPH dose). Significant interactions
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Fig. 1. The sequence of experimental procedures for Experiment 1 (A), where operant responding for a conditioned reward was assessed
following haloperidol/olanzapine treatment cessation, and Experiment 2 (B), where amphetamine (AMPH)-induced c-fos mRNA

expression was measured. Loco, locomotion.

were investigated with the Bonferroni test. AMPH-induced
locomotion and striatal c-fos mRNA levels were analyzed
using two-way ANOVA (group X time or rostrocaudal level).
Cortical c-fos mRNA levels were analyzed using one-way
ANOVA followed by Tukey’s Multiple Comparison Test.

Results

Experiment 1: Effects of HAL or OLZ on Responding
for Conditioned Reward and AM PH-Induced
Locomotion

All rats were given an additional Pavlovian condition-
ing session following antipsychotic treatment cessation.
During this session, all animals nose-poked more into the
magazine containing the water receptacle during the 5-s
CS period (CSR) than in the 5-s period before the onset

Page 4 of 11

on the CS (PCSR), and there were no group differences
in this behavior (data not shown; one-way ANOVA on
average CSR/PCSR ratios; F(3,52) =0.00001, P = 1.00).
Thus, all groups retained the CS-UCS contingency dur-
ing the antipsychotic or VEH treatment period.

Figure 2 shows active (A) and inactive (B) lever presses
during CR tests. All groups pressed more on the active
than on the inactive lever (F(1,52) = 122.19, P = 0.000).
Thus, all groups showed lever discrimination and spon-
taneously learned a novel operant behavior reinforced
only by the CR. There was a significant group X injec-
tion X lever interaction (F(3, 52) = 3.90, P = 0.014). Post
hoc analysis of this interaction revealed that following
an injection of AMPH, CONT-HAL rats pressed sig-
nificantly more on the active lever compared with VEH
(P = .043) or INT-OLZ rats (P = .044). There were no
other group differences following AMPH. In all groups,
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Fig. 2. Continuous haloperidol (0.5 mg/kg/day via minipump; CONT-HAL), but not continuous olanzapine (10 mg/kg/day via
minipump; CONT-OLZ) or intermittent olanzapine (1 mg/kg/day via subcutaneous [SC] injection; INT-OLZ) treatment enhanced the
ability of amphetamine (AMPH) to potentiate operant responding for a conditioned reward. n's = 14/condition. *P < .05 compared with
vehicle (VEH) and INT-OLZ. Data are means =+ SEM. VEH, group injected daily with SC phosphate-buffered saline. SAL, saline.

AMPH did not affect inactive lever presses (all P > .05).
There were no group differences in active or inactive lever
pressing following saline (all P > .05).

CONT-HAL rats showed greater AMPH-induced
locomotion than VEH and CONT-OLZ rats (figure 3).
Main effect of group on minutes 40-90 of the test session;
versus VEH, F(1,26) = 24.04; versus CONT-OLZ, F(1,
26) = 11.01, all P < .003). CONT-OLZ and INT-OLZ
rats did not differ from VEH rats (all P > .05).

Experiment 2: Effects of HAL or OLZ on c-fos mRNA
Expression

In all groups, 0.5mg/kg AMPH did not increase c-fos
mRNA levels relative to saline in any caudate-putamen
quadrant at +0.8, +0.4, or 0.0mm relative to Bregma
(data not shown; all P > .05). This is consistent with
previous work showing that 0.5mg/kg AMPH does not
increase the density of c-fos immunoreactive cells in
striatal subregions.™

Saline-induced c-fos mRNA levels in VEH,
CONT-OLZ, and CONT-HAL rats were similar in all
striatal and cortical regions analyzed (data not shown; all
P > .05). Thus, for each region (figures 4A-F and 5A-D),
we pooled all saline-treated animals into one control
(CTRL) group. In all caudate-putamen quadrants and in
the nucleus accumbens shell and core (figures 4A-F), all
AMPH-treated groups had greater c-fos mRNA expres-
sion compared with CTRL (all P < .0005). In addition,

antipsychotic treatment altered the c-fos mRNA response
to AMPH in the caudate-putamen (figures 4A—-D; main
effects of group; A, F(3,24) = 40.14; B, F(3,24) = 32.41;
C, F(3,24) = 35.17; D, F(3,24) =18.47; group X rostro-
caudal level interaction effects; A, F(12,24) = 4.149; B,
F(12,24)=9.037; C, F(12,24) = 4.845; D, F(12,24) = 2.929;
all Ps < .05), but not in the nucleus accumbens. In all
caudate-putamen quadrants and across the rostro-
caudal gradient, CONT-HAL treatment potentiated
AMPH-induced c-fos mRNA expression relative to VEH
(A, F(1,11)=43.01; B, F(1,11) = 54.87; C, F(1,11) = 19.28;
D, F(1,11) = 12.32; all Ps < .005). In all caudate-putamen
quadrants but the VL (figure 4D, where CONT-OLZ >
VEH; F(1,11) = 7.16, P = .02), AMPH-induced c-fos
mRNA levels were similar in CONT-OLZ and VEH
rats (all P > .05). No other comparisons were signifi-
cant. There were no group differences in AMPH-induced
c-fos mRNA in the nucleus accumbens (figures 4E-F; all
P> .05).

Figure 5 shows c-fos mRNA levels in the ventro-
lateral (A; VLO) and lateral (B; LO) orbitofrontal
cortex, as well as in the infralimbic (C; IL) and ante-
rior cingulate (D; Cgl + Cg3) cortices. In all of these
areas, AMPH increased c-fos mRNA expression above
CTRL levels only in CONT-HAL and CONT-OLZ rats
(A, F(3,22) = 5.03; B, F(3,22) = 5.10; C, F(3,23) = 5.45;
D, F(3,23) = 5.96; all P < .01). In the VEH group,
AMPH did not induce c-fos mRNA expression above
saline (ie, CTRL; all P > .095).
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Fig. 3. Continuous haloperidol (0.5 mg/kg/day via minipump; CONT-HAL), but not continuous olanzapine (10 mg/kg/day via
minipump; CONT-OLZ) or intermittent olanzapine (1 mg/kg/day via subcutaneous [SC] injection; INT-OLZ) treatment enhanced
amphetamine-induced locomotion. n's = 14/condition. *P < .05 compared with vehicle (VEH). Data are means = SEM. VEH, group
injected daily with SC phosphate-buffered saline. AMPH, amphetamine.

Discussion

A history of continuous exposure to HAL enhances the
ability of AMPH to potentiate the operant pursuit of a
CR, to produce psychomotor activation, and to augment
immediate early gene expression in the caudate-putamen.®
Here, we asked whether a history of exposure to a clini-
cally pertinent dose of the atypical antipsychotic OLZ
would have the same effects. We found that it does not.
Consistent with our previous work,® withdrawal from
HAL augmented the ability of AMPH to potentiate
instrumental responding for a reward cue (a light-tone cue
associated with water), to elicit locomotor activity, and
to induce c-fos mRNA expression across the rostrocau-
dal gradient of the caudate-putamen. These effects were
either absent or significantly less pronounced following
a history of continuous or intermittent treatment with
OLZ. HAL and OLZ led to different outcomes in spite of
the fact that we used comparable and clinically represen-
tative doses (as measured by striatal D2 occupancy levels)
and held constant the route and the duration of antipsy-
chotic drug administration. Thus, our findings suggest
that a history of continuous exposure to a typical antipsy-
chotic such as HAL, but not to an atypical antipsychotic
such as OLZ, can produce sensitization-like changes in
incentive motivation and CR processes that persist after
the discontinuation of antipsychotic treatment.
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Why does a history of HAL, but not OLZ, treatment
enhance the ability of AMPH to potentiate CR? We com-
pared doses of OLZ and HAL that produce similar levels
of D2 occupancy, and when administered to rats via mini-
pump, both HAL" and OLZ?® maintain high striatal D2
receptor occupancy for the duration of the ~2-week treat-
ment used here. As such, both treatments likely produce
continual disruption of D2 receptor-mediated dopamine
neurotransmission. However, the degree of dopaminergic
disruption might be different under the two conditions.
Atypical antipsychotics including OLZ are more loosely
bound to the D2 receptor compared with typical antipsy-
chotics.** Assuch, OLZ might be moreeasily displaced from
dopamine receptors by endogenous dopamine, therefore
permitting a greater degree of endogenous dopaminergic
stimulation.* This in turn could reduce the likelihood or
magnitude of compensatory neuroadaptations within the
dopamine system produced by prolonged antipsychotic
exposure. As the present findings suggest, the functional
consequences of such neuroadaptations could include
hypersensitivity to reward and psychomotor activation
following dopaminergic stimulation (achieved here with
an AMPH challenge), and altered AMPH-induced gene
regulation within the caudate-putamen. Alternatively, the
present findings might involve the fact that OLZ, but not
HAL, has potent inverse agonist/antagonist actions at
the 5-HT,. receptor.”** 5-HT, . receptor inverse agonists/
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Fig. 4. Continuous haloperidol treatment (0.5 mg/kg/day via minipump; CONT-HAL) enhanced the c-fos mRNA response to
amphetamine in the quadrants of the caudate-putamen (A-D) but not in the nucleus accumbens shell (E) or core (F). n's = 6-9/
condition. *P < .05 compared with VEH. Data are means £ SEM. VEH, group injected daily with subcutaneous phosphate-buffered
saline. CONT-OLZ, group treated with 10 mg/kg/day olanzapine via osmotic minipump; CTRL, combined control group receiving
saline; AMPH, amphetamine; AcbSh, nucleus accumbens shell; AcbC, nucleus accumbens core; DM, dorsomedial; DL, dorsolateral;

VM, ventrolateral; VL, ventrolateral.
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Fig. 5. Continuous treatment with either haloperidol (0.5 mg/kg/
day via minipump; CONT-HAL) or olanzapine (10 mg/kg/day
via minipump; CONT-OLZ) enhanced amphetamine-induced
c-fos mRNA expression in the ventrolateral (A: VLO) and lateral
(B: LO) orbitofrontal cortices and in the infralimbic (C: IL) and
anterior cingulate (D: Cgl and Cg3) cortices when compared
with the CTRL group. n's = 6-9/condition. a: P < .05 compared
with CTRL. Data are means = SEM. VEH, group injected daily
with subcutaneous phosphate-buffered saline; CTRL, combined
control group receiving saline; AMPH, amphetamine.

antagonists enhance striatal dopamine release in vivo.*’
As such, OLZ could increase endogenous striatal dopa-
mine levels via its actions at 5-HT,. receptors. This in
turn would displace some of the OLZ that is bound to
D2 receptors, thereby partially restoring D2-mediated
dopamine neurotransmission during antipsychotic treat-
ment and preventing or minimizing compensatory neu-
roadaptations. A number of additional pharmacological
properties distinguish OLZ from typical antipsychotics.
For example, OLZ has effects on D4, D1, muscarinic, and
histaminergic receptors.® Any of these actions could con-
tribute to the effects seen here.

What implications might the current findings have for
understanding the high rates of drug abuse and addiction
in schizophrenia? To begin to address this question, we
must consider the role of reward cues in drug-seeking and
drug-taking behaviors. Environmental and interoceptive
cues that predict drug reward contribute in powerful ways
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to the initiation and persistence of drug addiction.® As
stated by Levison* 30 years ago, “When stimuli in the
environment indicate availability to the addict, steps to
taking a substance or engaging in an activity appear to be
inexorable” (p. 29). Indeed, clinical observations suggest
that compulsive drug use can be highly stimulus bound.*
Many psychological mechanisms contribute to the abil-
ity of reward cues to control behavior. For example,
drugs cues can elicit strong incentive motivational states
that can in turn drive drug-seeking behavior. Indeed, in
addicts, stimuli that predict drug availability elicit atten-
tion and approach*** and invoke states (eg, conditioned
craving) that can support compulsive drug seeking and
induce relapse during abstinence.”>* In laboratory ani-
mals, drug-associated cues also elicit attention and
approach,* precipitate the reinstatement of previously
extinguished drug-seeking behaviors,”’* and promote
drug-taking behaviors.* The current findings show that
a history of continuous treatment with HAL, but not
with OLZ, can markedly enhance the ability of reward
cues to gain control over behavior. Thus, combined with
our previous work,® these results suggest that prolonged
exposure to HAL can change incentive motivational pro-
cesses in ways that could contribute to the compulsive
and persistent nature of drug addiction and that expo-
sure to OLZ might be less likely to induce such changes.
An implication of the present work is that the likeli-
hood and/or severity of drug addiction would be less
in individuals treated with atypical antipsychotics such
as OLZ than in those treated with typicals like HAL. Is
there evidence supporting this? First, it should be noted
that in the clinic, antipsychotic treatment is an especially
dynamic process. Many schizophrenia patients frequently
switch medications, take more than one medication at a
time and are exposed to both typical and atypical antipsy-
chotics throughout their lifetime.’ This reality in mind,
prolonged exposure to a typical antipsychotic like HAL
versus an atypical like OLZ is associated with greater sen-
sitivity to certain effects of drugs and drug cues that are
relevant for addiction. A small but rigorous double-blind
study found that HAL-treated schizophrenic individuals
have significantly higher scores on the energy subcom-
ponent of cue-elicited cocaine craving compared with
OLZ-treated individuals.®® A study examining the outcome
of schizophrenia patients before and following a switch
from a typical antipsychotic to OLZ found that com-
pared with baseline (but not to a group of patients who
remained on typical antipsychotics), alcohol and other
drug use decreased following the medication switch.”
Finally, both schizophrenic and nonschizophrenic psy-
chiatric patients prescribed typical antipsychotics have
high rates of psychostimulant drug abuse, suggesting a
link between neuroleptic treatment and vulnerability to
drug use®. In animal studies, chronic exposure to a typi-
cal versus atypical antipsychotic is more likely to poten-
tiate the psychomotor-activating effects of drugs such as
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methamphetamine,®® AMPH (Samaha et al.'>; and present
results), and apomorphine.’' Finally, the present findings
show that long-term exposure to HAL versus OLZ also
enhances AMPH-induced potentiation of CR.

A number of considerations must be noted when inter-
preting our findings. First, we have evaluated the effects
of HAL and OLZ on CR in neurologically healthy ani-
mals. This has allowed us to better understand the impact
of chronic antipsychotic treatment on an otherwise unal-
tered reward system. An important next step is to extend
the current finding to animal models of schizophrenia-like
symptoms. Second, we have assessed operant responding
for CR following antipsychotic treatment cessation. It
remains to be determined how ongoing treatment might
influence this behavior. In this regard, it is worthy to note
that administration of either OLZ or HAL (via intraperi-
toneal injection) disrupts conditioned approach behavior
to reward-predicting cues in rats.? Nevertheless, assessing
reward-directed behavior during withdrawal from anti-
psychotic has clear clinical implications. This is because
frequent cessation of treatment is widespread in schizo-
phrenia, particularly in individuals who abuse drugs.’
Third, we have assessed only one effect of a reward cue
on motivated behavior—the ability to support the spon-
taneous learning of a new action. Reward cues have other
effects that are relevant for addiction, including the ability
to elicit approach and invigorate or trigger reward-seeking
behavior. Additional work is needed to determine whether
chronic antipsychotic treatment influences these effects.
Fourth, we have compared rats treated with continu-
ous HAL or OLZ. Is continuous antipsychotic exposure
clinically pertinent? Current oral antipsychotic dosing
regimens consist of daily medication intake, and this
can result in high levels of D2 receptor occupancy in the
brain that can last for several days following a dose.?->%
This is because antipsychotics have a very long half-life
in humans (eg, 24h for HAL).» Thus, the long half-life
of antipsychotics in humans makes it such that standard
treatment regimens can result in the continuous presence
of antipsychotic in the brain. Fifth, how do these findings
reconcile with data showing that schizophrenia patients
treated with antipsychotics—particularly typical antipsy-
chotics—show what might be a neurobiological correlate
of reduced rather than enhanced reward function (blunted
activation of the ventral striatum during reward anticipa-
tion)?*%%7 It is possible that in subjects with altered dopa-
mine systems (such as in schizophrenia, but not in our
neurologically intact rats), treatment with a typical anti-
psychotic might indeed blunt reward function. This possi-
bility must be investigated. However, it must also be noted
that our rats were treated with either a typical or an atypi-
cal antipsychotic, while subjects in the previous imaging
studies were often exposed to both medication classes in
their lifetimes.**%” Another possibility is that HAL-induced
dopamine supersensitivity might be potentially advanta-
geous in some schizophrenia patients, particularly those

Typical Antipsychotic Treatment Enhances Reward

with anhedonia-related symptoms. However, this remains
speculative and not supported by clinical observations.
Finally, we have assessed the effects of a systemic injection
of AMPH on CR in antipsychotic-exposed animals. This
leaves open the question of where in the brain a history of
exposure to HAL and an acute exposure to AMPH might
interact to potentiate CR. Dopamine neurotransmission
in the nucleus accumbens and in the caudate-putamen
modulates AMPH-induced potentiation of CR.*®% Our
data show a correspondence between AMPH-induced
potentiation of CR and induction of c-fos mRNA in
the caudate-putamen, but not in the nucleus accumbens
(albeit separate groups of rats were used for the behav-
ioral and c-fos measures). This prompts the speculation
that AMPH might be acting in the caudate-putamen to
potentiate CR following chronic HAL treatment. This
hypothesis can be evaluated in the future using intracere-
bral infusion techniques.

In summary, the present findings show that (1) exposure
to a clinically pertinent dose and mode of HAL treatment
subsequently enhances the operant pursuit of a reward
cue following an AMPH challenge, (2) this is potentially
related to the development of dopamine supersensitiv-
ity (as indicated by enhanced AMPH-induced loco-
motion) and an enhanced ability of AMPH to recruit
caudate-putamen cells, and (3) these changes in brain
and behavior are either absent or markedly weaker fol-
lowing a history of exposure to OLZ. The implication is
that compared with atypicals, typical antipsychotics can
promote forms of neural plasticity that underlie the abil-
ity of reward cues to gain control over behavior. Because
enhanced responsiveness to reward cues can prompt and
exacerbate drug-taking behavior, it should be investi-
gated whether atypical antipsychotics might be a better
option in schizophrenic patients at risk for drug abuse or
addiction.
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