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Abstract
Background Cognitive deficits in schizophrenia are severe
and do not respond well to available treatments. The
development and validation of animal models of cognitive
deficits characterizing schizophrenia are crucial for clarify-
ing the underlying neuropathology and discovery of
improved treatments for such deficits.
Materials and methods We investigated whether single and
repeated administrations of the psychotomimetic phency-
clidine (PCP) disrupt performance in the five-choice serial
reaction time task (5-CSRTT), a test of attention and
impulsivity. We also examined whether PCP-induced
disruptions in this task are attenuated by atypical antipsy-
chotic medications.
Results A single injection of PCP (1.5–3 mg/kg, s.c., 30-min
pre-injection time) had nonspecific response-depressing
effects. Repeated PCP administration (2 mg/kg for two
consecutive days followed by five consecutive days, s.c.,
30-min pre-injection time) resulted in decreased accuracy,
increased premature and timeout responding, and increased
response latencies. The atypical antipsychotic medications
clozapine, risperidone, quetiapine, and olanzapine and the
typical antipsychotic medication haloperidol did not disrupt
5-CSRTT performance under baseline conditions except at

high doses. The response depression induced by a single
PCP administration was exacerbated by acute clozapine or
risperidone and was unaffected by chronic clozapine.
Importantly, chronic clozapine partially attenuated the
performance disruptions induced by repeated PCP adminis-
tration, significantly reducing both the accuracy impairment
and the increase in premature responding.
Conclusions Disruptions in 5-CSRTT performance induced
by repeated PCP administration are prevented by chronic
clozapine treatment and may constitute a useful animal
model of some cognitive symptoms of schizophrenia.
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Cognition

Introduction

Schizophrenia is associated with substantial cognitive impair-
ments (Nuechterlein and Dawson 1984; Goldberg et al. 1988;
Morice 1990; Nelson et al. 1990; Tamlyn et al. 1992; Paulus
et al. 1996; Kuperberg and Heckers 2000) that constitute core
aspects of the disorder (Elvevag and Goldberg 2000). These
cognitive deficits are highly correlated with functional
impairment and long-term disability (McGurk and Meltzer
2000; Sharma and Antonova 2003; Green et al. 2004). The
newer atypical antipsychotic agents show some promise for
ameliorating cognitive dysfunction (Meltzer and McGurk
1999; Bilder et al. 2002; Bender et al. 2005), but produce, at
best, only partial recovery that falls well short of restoring
normal functioning (Sharma and Antonova 2003; Keefe et al.
2004), while typical antipsychotic medications can worsen
these deficits (Bilder et al. 1992; Mortimer 1997). Cognitive
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schizophrenia symptoms affect a wide range of cognitive
domains and include attentional deficits (Nuechterlein and
Dawson 1984; Laurent et al. 1999), cognitive impulsivity
characterized by disinhibition of inappropriate responding
(Kiehl et al. 2000; Weisbrod et al. 2000; Wykes et al. 2000;
Badcock et al. 2002; Chan et al. 2006), cognitive inflexibility
(Goldberg et al. 1988; Morice 1990), and decreased process-
ing speed (Nelson et al. 1990). The development and
validation of translational animal models of these deficits are
crucial for the investigation of the neurobiological bases of
cognitive schizophrenia symptoms and the search for im-
proved treatments.

A promising approach to the development of such
animal models is the use of phencyclidine (PCP), a
dissociative anesthetic that noncompetitively blocks N-
methyl-D-aspartate (NMDA) glutamate receptors. When
administered to humans, acute PCP intoxication resembles
a schizophrenia-like state (Luby et al. 1959; Bakker and
Amini 1961; Allen and Young 1978; Castellani et al. 1982;
Javitt 1987; Steinpreis 1996). Importantly, PCP, as well as
its congeners MK-801 and ketamine, also disrupts cognitive
function in both humans and animals (Handelmann et al.
1987; Hudzik and Wenger 1993; Krystal et al. 1994; Verma
and Moghaddam 1996; Jentsch and Roth 1999; Stefani and
Moghaddam 2005), producing deficits paralleling those
present in schizophrenia (Pradhan 1984). Therefore, PCP
may be a useful agent to induce schizophrenia-like
cognitive deficits in animal models. A few studies have
demonstrated that PCP-induced cognitive impairment may
be attenuated by atypical antipsychotic medications
(Jentsch et al. 1997a; Schroeder et al. 2000; Idris et al.
2005; Abdul-Monim et al. 2006). Intriguingly, in one of
these studies, typical antipsychotic agents failed to amelio-
rate PCP-induced cognitive deficits (Abdul-Monim et al.
2006), mirroring the lack of responsiveness of cognitive
schizophrenia symptoms to typical antipsychotic com-
pounds. However, such studies are still few in number,
and little is known about the potential of PCP to
produce deficits that are sensitive to partial reversal with
atypical antipsychotic agents (a situation that would
mimic the clinical reality) in a number of important
cognitive domains impaired in schizophrenia, particular-
ly in animal models of attentional function.

The 5-CSRTT used in the present study is a well-
established test of divided and sustained attention (Robbins
2002) that allows for the simultaneous examination of
multiple aspects of cognition. Correct detection of a brief
visual stimulus across five spatial locations provides a
measure of attentional performance. Premature responses
(i.e., responses before the onset of the light cue stimulus)
gauge impulsivity or response disinhibition. Timeout
responses (i.e., persistent responding after the onset of a
penalizing timeout period) reflect inability to shift out of an

initiated behavioral pattern, and therefore allow the evalua-
tion of cognitive inflexibility. Finally, the animal’s latency to
respond correctly presents a measure of its speed of
processing; comparison with the animal’s latency to retrieve
a food reward permits control for nonspecific effects on
locomotion or motivation. Previous studies indicated that PCP
administration disrupts 5-CSRTT performance (Le Pen et al.
2003; Greco et al. 2005). However, it is not known how
atypical antipsychotic medications affect such PCP-induced
cognitive deficits. Amelioration of PCP-induced 5-CSRTT
disruption with atypical antipsychotic compounds would
support the predictive validity of this model for cognitive
impairments in schizophrenia (Geyer and Markou 1995).
Moreover, in light of studies suggesting that different PCP
regimens can significantly influence how PCP affects cog-
nitive performance (Jentsch and Roth 1999), we endeavored
to determine the regimen that best models schizophrenia-like
cognitive deficits. We therefore compared the effects of a
single PCP injection to the effects of repeated PCP
administration on 5-CSRTT performance and then investi-
gated whether these PCP effects were attenuated with
atypical antipsychotic medications.

Materials and methods

Subjects

Male Wistar rats were purchased from Charles River
Laboratories (Wilmington, MA) and housed two per cage
on a 12-h:12-h reversed light–dark cycle (lights on at
6:00 A.M.). All testing was conducted during the animals’
dark cycle. Rats were allowed to reach a body weight of at
least 275 g before being restricted to 15 g of food per
day (in addition to the food pellets earned during
testing) and before behavioral training was initiated.
Rats received water ad libitum at all times except
during testing. In total, 144 rats were used for the study.
All experiments were conducted in accordance with the
guidelines of the American Association for the Accred-
itation of Laboratory Animal Care and the National
Research Council’s Guide for Care and Use of Labora-
tory Animals and were approved by the institute’s Animal
Care and Use Committee.

Drugs

D-Phencyclidine sulfate (PCP) was obtained from the
National Institute on Drug Abuse. Risperidone and halo-
peridol were purchased from Sigma-Aldrich (St. Louis,
MO) and olanzapine from Anawa Trading SA (Wangen,
Switzerland). Clozapine and quetiapine were provided as
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generous gifts by Novartis Pharma AG and AstraZeneca
Pharmaceuticals, respectively. PCP was dissolved in 0.9%
saline solution. Clozapine, olanzapine, risperidone, and
quetiapine were dissolved in saline with one-sixteenth to
one-eighth equivalents HCl 0.1 N; matched vehicle so-
lutions were prepared from saline containing the same
amounts of HCl 0.1 N. Haloperidol was diluted with saline
from a stock solution of 5 mg/ml. PCP was administered by
subcutaneous (s.c.) injection in a volume of 1 ml/kg (single
administration) or 2 ml/kg (repeated administration). Anti-
psychotic compounds were administered by intraperito-
neal (i.p.) injection in a volume of 2 ml/kg. In some
experiments, clozapine was delivered via subcutaneous
osmotic minipumps at a dose of 2, 4, or 6 mg kg−1

day−1; in those cases, clozapine was dissolved in HCl
0.1 N and diluted with saline (approximately half of the
volume) according to the rats’ body weight.

Apparatus

Training and testing were conducted in operant condition-
ing boxes (Med Associates, St Albans, VT) containing a
curved rear wall with nine contiguous apertures, with a
photocell beam located at the entrance of each aperture to
detect nosepoke response, and a 3-W stimulus light located
at the rear of each aperture. Metal inserts blocked every
alternate hole, leaving open holes 1, 3, 5, 7, and 9. In the
opposite wall, a magazine connected to a food dispenser
permitted the automatic delivery of food pellets (NOYES
Precision Pellets 45 mg rodent food pellets; Research Diets,
New Brunswick, NJ), with a photocell beam detecting head
entries into the magazine. The apparatus was controlled by
a PC running MedPC software (Med Associates). Operant
conditioning boxes were located within light- and sound-
attenuated chambers.

Five-choice serial reaction time task procedure

During two initial 20-min training sessions, five to ten
pellets were placed in each open aperture and the magazine
of the operant conditioning boxes to encourage rats to
explore them. For the next three training sessions, all
apertures were blocked with metal inserts, and a food pellet
was delivered noncontingently into the magazine every 20 s to
allow the rats to learn to retrieve food rewards from the
magazine. The metal inserts were then removed from holes 1,
3, 5, 7, and 9 again, and rats were gradually trained on the 5-
CSRTT task. The training procedure was based on the
protocol established by Carli et al. 1983. Briefly, each trial
was initiated by head entry into the food magazine. An initial
pellet was delivered into the magazine at the start of each
session to facilitate initiation of the first trial. After a 5-s
intertrial interval (ITI), a light stimulus was presented in one

of the response apertures. A nosepoke in this aperture within
a limited hold period (correct response) resulted in the
delivery of a food pellet into the magazine. Nosepokes in a
wrong aperture (incorrect responses) were punished by a 5-s
timeout, marked by extinction of the house light and no
delivery of food reward. Failure to respond within the limited
hold period (omission) likewise resulted in a timeout and no
food reward, as did nosepokes in any aperture made before
presentation of the target stimulus (premature responses).
Nosepokes during the timeout period (timeout responses)
reset the timeout. Each session lasted 30 min or until 100 trials
had been completed, whichever occurred first. Duration of the
light stimulus and limited hold period were initially set at 30
and 60 s, respectively, and gradually decreased over the course
of training to their final length (stimulus duration, 1 s; limited
hold, 5 s). Rats were trained until they had achieved criterion
performance (>70% accuracy and <20 omissions) and stable
baselines (<10% variation in accuracy over five consecutive
days). On average, 40 sessions were required for rats to attain
criterion performance. New cohorts of rats were trained for
every experiment.

The following measures were recorded to assess task
performance:

– Accuracy: the number of correct responses divided by the
sum of correct and incorrect responses [number of correct
responses/(number correct responses + number of incor-
rect responses)×100]. Accuracy was only computed if
correct + incorrect responses totaled ten or more.

– Percent of correct responses: total number of correct
responses divided by the total number of trials.

– Percent of incorrect responses: total number of incor-
rect responses divided by the total number of trials.

– Percent of omissions: total number of omissions
divided by the total number of trials.

– Total trials: total number of trials initiated (through a
head entry into the food magazine after either a correct
response or the end of the timeout following an
incorrect response or omission) during the session.

– Premature responses: total number of responses per-
formed during the ITI, before presentation of the light
stimulus.

– Timeout responses: total number of responses per-
formed during a timeout period.

– Perseverative responses: nosepoke responses per-
formed after a correct response but before collection
of the reward. These responses were assessed in all
experiments but are not reported here, as they did not
show any systematic changes in any of the experiments
(see “Discussion”).

– Latency to correct response: time from the onset of the
light stimulus to the performance of a correct nosepoke
response.
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– Latency to incorrect response: time from the onset of
the light stimulus to the performance of an incorrect
nosepoke response. This latency measure was assessed
in all experiments, but is not reported here, as it
exhibited essentially the same drug effects as latency to
correct response.

– Latency to reward retrieval: time from the performance
of a correct response to the retrieval of the food reward
from the magazine.

Experimental design

Experiment 1: effects of a single PCP administration on 5-
CSRTT performance Rats were injected subcutaneously
(s.c.) with 1.5, 2.25, or 3 mg/kg PCP or saline 30 min
before 5-CSRTT testing (n=5 or 6 per group). A between-
subjects design was necessary due to our observation that
PCP exposure significantly altered the effects of any
subsequent PCP administrations (a phenomenon that was
exploited in subsequent studies described below).

Experiment 2: effects of antipsychotic medications on 5-
CSRTT performance under baseline conditions Rats were
injected intraperitoneally (i.p.) with 1, 2 or 3 mg/kg
clozapine; 0.1, 0.2, or 0.3 mg/kg risperidone; 0.25, 0.5, or
1 mg/kg olanzapine; 2.5, 5 or 7.5 mg/kg quetiapine, 0.0125,
0.025, or 0.05 mg/kg haloperidol; or matched vehicle 1 h
before 5-CSRTT testing. Drugs were administered at a
concentration of 2 ml/kg to minimize possible aversive
effects from the slightly acidic vehicle. Clozapine/haloper-
idol and risperidone/olanzapine were administered using a
crossover design: A group of rats (n=10) received
clozapine and haloperidol, with half the rats receiving
first all doses of clozapine according to a within-subjects
Latin square design, followed by all doses of haloperidol
in a second Latin square design; the other half received
first haloperidol, then clozapine. Another group of rats (n=9)
received risperidone and olanzapine in a similar manner.
This within-subjects crossover design was necessitated by
the long training time required for rats to reach asymptotic
performance in the 5-CSRTT. The low doses of atypical
antipsychotic medications used here are unlikely to have
produced significant carryover effects. Further, any such
carryover effects that may have occurred were balanced
across time and doses with the designs used and assessed
statistically (see below). Quetiapine was administered to a
separate group of rats (n=13) according to within-subjects
Latin square design. In all cases, a minimum 5-day washout
period was allowed between drug administrations.

Experiment 3: effects of acute clozapine or acute risper-
idone on disruption of 5-CSRTT performance induced by a

single PCP administration Rats were injected i.p. with 1 or
2 mg/kg clozapine (n=8 per dose), 0.1 mg/kg risperidone
(n=8), or vehicle (n=9). Thirty minutes later, they received
an s.c. injection of 2 mg/kg PCP. Thirty minutes after PCP
administration, the rats were tested in the 5-CSRTT. Each
rat received only one pretreatment/PCP combination; as in
experiment 1, this between-subjects design was chosen due
to the effects of PCP exposure on any subsequent PCP
administrations.

Experiment 4: effects of chronic clozapine on disruption of
5-CSRTT performance induced by a single PCP admin-
istration Rats were prepared with two consecutive 7-day
osmotic minipumps delivering 2, 4, or 6 mg kg−1 day−1

clozapine or vehicle (n=8 or 9 per group). Limited
solubility of clozapine prevented the use of a single 14-
day osmotic minipump. On the 12th day of clozapine/vehicle
exposure, rats were injected with a single bolus dose of
2 mg/kg PCP s.c. 30 min before 5-CSRTT testing. Pumps
were removed on the 14th day of clozapine/vehicle exposure,
and rats were tested daily in the 5-CSRTT for ten additional
days to assess the return of performance to baseline (see
Fig. 1a for a diagram of the experimental design).

Experiment 5: effects of chronic clozapine on disruption of
5-CSRTT performance induced by repeated PCP admin-
istration Rats received two initial s.c. injections of 2 mg/kg
PCP separated by 24 h. The rats were then assigned into
two groups that did not differ in accuracy, correct
responses, incorrect responses, and premature responses
both under baseline conditions and during the initial PCP
exposure. One group (n=11) was prepared with two
consecutive 7-day osmotic minipumps delivering 4 mg
kg−1 day−1 clozapine; the other group (n=11) received
pumps containing vehicle only. After three initial days of
pump clozapine/vehicle exposure, all rats received five
consecutive daily saline injections s.c. 30 min before 5-
CSRTT testing, followed by five consecutive daily injec-
tions with 2 mg/kg PCP s.c. 30 min before 5-CSRTT

Fig. 1 Diagram of experimental designs for experiments 4 (a) and 5 (b)
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testing. Overall, this design allowed for the comparison of
the effects of clozapine vs vehicle (between-subjects factor)
as well as of PCP vs saline (within-subjects factor), with
all factorial combinations (vehicle/saline, vehicle/PCP,
clozapine/saline, clozapine/PCP) explored. The mixed
within-/between-subjects design was necessitated by the
long training times called for by the task, and the large
numbers of animals required in each group to reduce
the considerable variation in PCP effects. However,
other studies in our lab, in which saline was adminis-
tered in place of PCP throughout pump exposure,
demonstrated that the repeated injections alone do not
induce any changes in any of the task parameters.
Pumps were removed on the 14th day of clozapine
exposure, and rats continued to be tested daily in the 5-
CSRTT for 10 days (see Fig. 1b for a diagram of the
experimental design). The examination of clozapine’s
potential to prevent PCP effects resembles the prevention
of recurring psychotic episodes in schizophrenia. PCP was
administered at a concentration of 2 ml/kg because
irritation of the injection site had been observed with
repeated PCP injections at 1 ml/kg, even when varying the
injection site.

Data analyses

Data from experiments 1 and 3 were analyzed using
between-subjects one-way analyses of variance (ANOVA)
with drug dose as the between-subjects factor. Data from
experiment 2 were analyzed with one-way repeated-
measures ANOVA, with drug dose as the within-subjects
factor. A two-way mixed-design ANOVA was used to
analyze data from experiments 4 and 5, with pump content
(clozapine/vehicle) as the between-subjects factor and drug
challenge (PCP/saline) as the within-subjects factor. Aver-
age values from the 5 days of saline injection during
vehicle/clozapine treatment were compared to the values
obtained on the day of the single PCP administration
during vehicle/clozapine treatment (experiment 4) or
averages of values obtained during the 5 days of PCP
administration during vehicle/clozapine treatment (exper-
iment 5). In addition, the vehicle-treated animals in
experiment 5 were analyzed separately using one-way
repeated-measures ANOVA, with injection day as the
within-subjects factor, to explicitly assess the effects of
repeated PCP administration over time in the absence of
clozapine treatment. Where statistically significant
effects were found in the ANOVA, post hoc compar-
isons among means were conducted using Newman–
Keuls tests for one-way ANOVAs and Bonferroni tests
for two-way ANOVAs. The level of significance was set
at 0.05.

Results

Experiment 1: effects of a single PCP administration
on 5-CSRTT performance

Casual observation of the subjects revealed no stereo-
typed movements after any of the PCP doses in this or
later experiments. Some ataxia was observed after doses
above 1.5 mg/kg.

A single administration of PCP decreased accuracy [F
(3,16)=3.94, p<0.05], an effect that reached significance at
the 2.25-mg/kg dose (p<0.05; Fig. 2a). Percent correct
responses were suppressed by PCP [F(3,23)=10.99, p<
0.001] at the 2.25- and the 3-mg/kg PCP doses compared to
the vehicle group (p<0.001; Fig. 2b). Inspection of the data
reveals a noticeable tendency of PCP to lower percent
incorrect responses at the 3-mg/kg dose (Fig. 2c). PCP also
increased percent of omissions [F(3,23)=8.94, p<0.001] at
the 2.25- and the 3-mg/kg doses (p<0.01 and p<0.001,
respectively; data not shown) and decreased total trials
[F(3,23)=3.41, p<0.05; Fig. 2d]. PCP tended to reduce
premature responses, although statistical significance was
not reached (Fig. 2e). There was no effect of PCP on
timeout responses (Fig. 2f). PCP administration increased
the latency to correct response [F(3,21)=3.65, p<0.05] at
the 3-mg/kg dose (p<0.05; Fig. 2g). Latency to reward
retrieval was not affected (Fig. 2h).

Experiment 2: effects of antipsychotic medications
on 5-CSRTT performance under baseline conditions

Separate statistical analyses of data from rats that had
received each antipsychotic compound either initially or
after previous administration of another antipsychotic
agent revealed no order effects; therefore, these groups
were combined for further analyses.

None of the antipsychotic medications significantly
altered accuracy in the 5-CSRTT (Table 1). Clozapine
[F(3,39)=3.62, p<0.05], risperidone [F(3,35)=6.33, p<
0.05], quetiapine [F(3,51)=3.42, p<0.05], and olanzapine
[F(3,35)=6.57, p<0.01] decreased percent of correct
responses; however, this effect reached significance only
at the highest dose of each antipsychotic compound (3 mg/kg
for clozapine, 0.3 mg/kg for risperidone, 7.5 mg/kg for
quetiapine, 1 mg/kg for olanzapine; Table 1). None of the
haloperidol doses affected percent of correct responses.
Percent of incorrect responses was not altered by any
antipsychotic compound. At the highest dose, clozapine
[F(3,39)=3.42, p<0.05], risperidone [F(3,35)=7.00, p<0.01],
and olanzapine [F(3,35)=7.37, p<0.01] also increased
percent of omissions (data not shown), and olanzapine
[F(3,35)=7.66, p<0.001] decreased total trials (p<0.01;
Table 1). In general, none of the antipsychotic medications
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affected premature responses or timeout responses. The
only exception was a decrease in premature responses with
risperidone [F(3,35)=5.03, p<0.01)] at the 0.2- and 0.3-
mg/kg doses (p<0.05 and p<0.01, respectively; Table 1).
Clozapine [F(3,39)=5.54, p<0.01] and risperidone [F(3,35)=

6.67, p<0.01] significantly increased latency to correct
response at the highest doses tested (3 mg/kg for clozapine,
0.3 mg/kg for risperidone; p<0.01; Table 1). None of the
antipsychotic medications affected latency to reward retrieval
(Table 1).

Fig. 2 Effects of single PCP
administration in the 5-CSRTT.
Accuracy (a), correct responses
(b), incorrect responses (c), total
trials (d), premature responses
(e), timeout responses (f), laten-
cy to correct response (g), la-
tency to reward retrieval (g) are
shown as mean±SEM. Asterisks
indicate statistically significant
differences (*p<0.05; ***p<
0.001) compared to the vehicle
group
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Experiment 3: effects of acute clozapine or risperidone
on disruption of 5-CSRTT performance induced by a single
PCP administration

No significant effects of PCP or antipsychotic medications on
accuracy were found (Fig. 3a). PCP administration suppressed
percent of correct responses [F(4,41)=10.08, p<0.0001]. This
effect was not prevented by clozapine or risperidone
pretreatment (Fig. 3b). No significant effects of PCP or
antipsychotic medications on percent of incorrect responses

were observed (data not shown). PCP also increased percent
of omissions [F(4,41)=5.812, p<0.001; data not shown] and
decreased total trials [F(4,41)=6.87, p<0.001]. Clozapine or
risperidone pretreatment did not reverse this effect; in fact, the
reduction in total trials reached significance only after
clozapine or risperidone, but not vehicle, pretreatment (p<
0.01 compared to baseline; Fig. 3c). No significant effects of
PCP or antipsychotic agents on premature or timeout
responding, latency to correct response, or latency to reward
retrieval were found (data not shown).

Table 1 Effects of atypical antipsychotic medications in the 5-CSRTT

Antipsychotics Values

Clozapine (n=10) Vehicle 1 mg/kg 2 mg/kg 3 mg/kg
Accuracy (%) 89.36±1.95 91.48±1.13 88.85±1.28 84.96±3.02
Percent of correct responses 85.20±3.46 87.20±1.68 84.10±1.46 73.60±5.18*
Percent of incorrect responses 9.90±1.64 8.10±1.09 10.60±1.28 12.50±2.38
Premature responses 22.80±4.58 18.70±2.55 15.80±4.77 12.10±3.64
Total trials 100.00±0.00 100.00±0.00 100.00±0.00 100.00±0.00
Correct latency 0.63±0.03 0.64±0.02 0.65±0.03 0.77±0.04*
Reward latency 1.54±0.13 1.61±0.12 1.73±0.12 1.79±0.13

Risperidone (n=9) Vehicle 0.1 mg/kg 0.2 mg/kg 0.3 mg/kg
Accuracy (%) 84.51±2.25 86.61±2.96 88.79±2.26 87.47±4.30
Percent of correct responses 81.11±2.17 79.22±3.64 73.92±5.19 60.98±4.61**
Percent of incorrect responses 14.89±2.19 12.33±2.81 9.14±2.35 9.79±3.40
Premature responses 17.44±3.69 9.67±3.66 6.89±3.67* 2.56±1.40**
Total trials 100.00±0.00 100.00±0.00 84.56±10.92 85.56±8.59
Correct latency 0.69±0.04 0.75±0.03 0.79±0.02 0.89±0.05**
Reward latency 1.64±0.12 1.86±0.28 1.95±0.24 1.94±0.15

Quetiapine (n=13) Vehicle 2.5 mg/kg 5 mg/kg 7.5 mg/kg
Accuracy (%) 87.81±1.88 88.43±2.19 89.95±2.00 85.39±2.72
Percent of correct responses 81.46±2.52 82.00±3.51 81.14±3.51 75.23±3.59*
Percent of incorrect responses 11.38±1.84 10.85±2.11 9.39±1.99 12.85±2.39
Premature responses 14.54±3.38 15.62±3.44 14.23±4.22 11.62±3.24
Total trials 100.00±0.00 100.00±0.00 99.46±0.56 100.00±0.00
Correct latency 0.69±0.03 0.70±0.04 0.72±0.04 0.76±0.05
Reward latency 1.48±0.12 1.48±0.10 1.36±0.09 1.60±0.13

Olanzapine (n=9) Vehicle 0.25 mg/kg 0.5 mg/kg 1.0 mg/kg
Accuracy (%) 86.26±3.18 84.15±3.32 85.94±4.00 85.55±5.08
Percent of correct responses 81.67±3.51 73.44±4.51 72.96±5.63 53.88±6.67**
Percent of incorrect responses 12.89±2.89 13.78±3.01 11.35±2.80 9.35±3.94
Premature responses 13.78±3.04 12.11±3.34 6.11±2.07 5.67±3.15
Total trials 100.00±0.00 100.00±0.00 97.00±3.18 64.11±13.51**
Correct latency 0.71±0.04 0.75±0.05 0.80±0.07 0.88±0.06
Reward latency 1.89±0.41 1.61±0.13 1.79±0.21 2.00±0.24

Haloperidol (n=10) Vehicle 0.0125 mg/kg 0.025 mg/kg 0.05 mg/kg
Accuracy (%) 84.76±2.78 89.50±1.25 88.77±1.63 89.97±0.85
Percent of correct responses 81.90±2.92 85.29±1.73 85.40±1.42 77.74±4.99
Percent of incorrect responses 14.70±2.69 10.11±1.27 10.90±1.65 8.77±1.02
Premature responses 28.90±5.80 24.60±4.86 24.10±5.51 11.30±1.66
Total trials 100.00±0.00 100.00±0.00 100.00±0.00 92.70±7.69
Correct latency 0.65±0.03 0.61±0.02 0.63±0.02 0.69 0.03
Reward latency 1.53±0.12 1.62±0.15 1.59±0.11 1.74±0.21

Measures are shown as mean±SEM. Asterisks indicate statistically significant differences (*p<0.05; **p<0.01) compared to the vehicle group.
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Experiment 4: Effects of chronic clozapine on disruption
of 5-CSRTT performance induced by a single PCP
administration

There was a significant decrease in accuracy after PCP
injection [main effect of PCP: F(1,29)=46.27, p<0.0001].

No main effect of clozapine and no interaction between
clozapine and PCP were found (Fig. 4a). PCP treatment
also significantly decreased percent of correct responses
[main effect: F(1,29)=93.78, p<0.0001], increased percent
of omissions [main effect: F(1,29)=58.40, p<0.0001], and
decreased total trials [main effect: F(1,29)=41.98, p<
0.0001], but again, there was no clozapine main effect or
clozapine × PCP interaction (Fig. 4b and data not shown).
There were no PCP, clozapine, or interaction effects on
percent of incorrect responses (data not shown). PCP
increased premature [F(1,29)=11.91, p<0.01] and timeout
[F(1,29)=11.78, p<0.01] responses. However, neither pre-
mature nor timeout responses were affected by clozapine,
and there was no interaction (data not shown). PCP
increased the latency to correct response [F(1,29)=39.30,
p<0.0001], but there was no main effect of clozapine and
no interaction. There were no main or interaction effects on
the latency to reward retrieval (data not shown).

Experiment 5: Effects of chronic clozapine on disruption
of 5-CSRTT performance induced by repeated PCP
administration

No stereotyped movements were observed after repeated
PCP administration. Casual observation detected mild
ataxia after the first injection, but not after later PCP
injections.

Effects of repeated PCP in vehicle-treated animals

There was a significant main effect of repeated PCP on
accuracy [F(7,87)=4.52, p<0.001], with a significant
decrease in accuracy on all days of PCP administration
compared to baseline performance (p<0.05; Fig. 5a).
Repeated PCP also decreased percent of correct responses
[F(7,87)=13.22, p<0.0001] on all days (p<0.001; Fig. 5b).
Further, there was a significant main effect of repeated PCP
on percent of incorrect responses [F(7,87)=3.34, p<0.01],
although none of the post hoc tests indicated significant

Fig. 3 Effects of acute atypical antipsychotic medication (clozapine
or risperidone) treatment on 5-CSRTT performance disruption induced
by a single PCP administration. Accuracy (a), correct responses (b),
and total trials (c) are shown as mean±SEM. Asterisks indicate
statistically significant differences (**p<0.01; ***p<0.001) compared
to baseline. CLZ 1.0=1 mg/kg clozapine; CLZ 2.0=2 mg/kg
clozapine; RIS 0.1=0.1 mg/kg risperidone

Fig. 4 Effects of chronic clozapine treatment on 5-CSRTT performance disruption induced by single-dose PCP. Accuracy (a) and correct
responses (b) are shown as mean±SEM. Arrow pointing upwards indicates a PCP injection; CLZ Clozapine
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changes on any specific days of PCP treatment (Fig. 5c).
Inspection of the data suggests that the effect stems from
the difference between percent of incorrect responses after
the first PCP injection (which was slightly if nonsignifi-
cantly below baseline levels) and percent of incorrect
response after later PCP administrations (when percent of
incorrect responses tended to be increased). Percent of
omissions was increased [F(7,87)=10.05, p<0.0001] after
the first, third, and sixth PCP administration (p<0.001 and
p<0.05, respectively; data not shown). A main effect of
PCP on total trials [F(7,87)=6.41, p<0.0001] was due to a

significant decrease in trials after the first PCP injection (p<
0.001); total trials were not significantly decreased after any
of the later PCP administrations (Fig. 5d). Repeated PCP
significantly affected premature responses [F(7,87)=7.23, p<
0.0001]. Premature responses tended to be decreased after
the first initial PCP injection, although this effect did not
reach significance. In contrast, later PCP injections led to
increased premature responding compared to baseline levels
(p<0.05; Fig. 5e). There was also a significant effect of
repeated PCP on timeout responses [F(8.87)=3.73, p<0.01].
As with premature responding, the data show a tendency

Fig. 5 Effects of repeated PCP
in the 5-CSRTT. Accuracy (a),
correct responses (b), incorrect
responses (c), total trials (d),
premature responses (e), timeout
responses (f), latency to correct
response (g), latency to reward
retrieval (h) are shown as mean±
SEM. Asterisks indicate statisti-
cally significant differences (*p<
0.05; **p<0.01; p***<0.001)
compared to baseline
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towards decreased timeout responding after the first initial
PCP injection, followed by increased timeout responding
after later PCP injections (Fig. 5f). Repeated PCP adminis-
tration significantly increased latency to correct response [F
(7,87)=3.90, p<0.01] on all days of PCP exposure (p<0.05;
Fig. 5g). Latency to reward retrieval was not significantly
altered by repeated PCP (Fig. 5h).

Effects of chronic clozapine on the effects of repeated PCP
administration

ANOVA analysis indicated a significant main effect of
repeated PCP on accuracy [F(1,20)=27.38, p<0.0001;
Fig. 6a]. Chronic clozapine attenuated this decrease in
accuracy. While no main effect of clozapine and no
interaction effects could be detected with the ANOVA,
based on our a priori hypothesis outlined in “Introduction”,
a t test comparing vehicle-treated and clozapine-treated
animals after the third PCP injection (first day of repeated
daily PCP exposure) revealed a significant difference (p<
0.05; Fig. 6a), indicating that rats in the clozapine group
performed with higher accuracy than vehicle-treated rats.
Inspection of the data confirmed a continuation of this
tendency on all days of PCP administration. Moreover, on
any day of PCP administration, fewer animals in the
clozapine group performed at more than two standard
deviations below their baseline accuracy (Table 2). While
the ANOVA indicated a significant main effect of repeated
PCP on percent of correct responses [F(1,20)=70.36, p<
0.0001], no effect of clozapine treatment and no clozapine ×
PCP interaction were observed (data not shown). However, a
mixed-design ANOVA comparing levels of percent of
incorrect responding on each day of repeated PCP exposure
revealed lower levels of incorrect responding in clozapine-
treated animals after PCP administration compared to
vehicle-treated animals injected with PCP [F(1,80)=5.36,
p<0.05; Fig. 6b], although an ANOVA comparing averages
across PCP and saline exposure days detected only a main
effect of PCP to increase percent of incorrect responses
[F(1,20)=6.10, p<0.05]. Repeated PCP administration in-
creased percent of omissions [F(1,20)=56.83, p<0.0001] and
decreased total trials [F(1,20)=41.01, p<0.0001], but there
was no effect of clozapine and no interaction effect (data not
shown). ANOVA analysis of premature responses revealed
significant main effects of repeated PCP [F(1,20)=79.73, p<
0.0001] and clozapine [F(1,20)=5.967, p<0.05] treatment,
as well as a clozapine × PCP interaction [F(1,20)=9.481,
p<0.01]. Post hoc tests indicated that clozapine did not
affect premature responses in the absence of PCP, but
significantly attenuated the PCP-induced increase in
premature responses (Fig. 6c). Repeated PCP administra-
tion increased timeout responses [F(1,20)=80.11, p<
0.0001], but no effect of clozapine and no interaction

effects were found (data not shown). Latency to correct
response was significantly increased by repeated PCP
[F(1,20)=28.90, p<0.0001], but there was no effect of
clozapine and no interaction effect. There was a small
increase in latency to reward in clozapine-treated rats
independent of PCP exposure [main effect of clozapine:
F(1,20)=4.69, p<0.05; data not shown].

Post-drug performance

In both experiments 4 and 5, performance of both the
clozapine- and the vehicle-treated groups returned to
baseline levels for all measures after cessation of PCP and
clozapine/vehicle administration (data not shown).

Discussion

A single PCP injection tended to have nonspecific
response-suppressive effects on 5-CSRTT performance that
were not reversed by antipsychotic treatment in rats. In
contrast, repeated PCP induced selective disruption of
cognitive performance in the 5-CSRTT analogous to the
deficit profile seen in schizophrenia. Chronic clozapine
attenuated some of these deficits.

Effects of PCP

Attentional performance

Repeated PCP administration produced a robust decrease in
attentional accuracy in the 5-CSRTT (Fig. 5a). Correct
responding was selectively decreased, while incorrect
responding was not altered or even tended to be slightly
increased (Fig. 5b and c). In contrast, a single administra-
tion of PCP suppressed both correct and incorrect responses
(Fig. 2b and c). However, reduced accuracy could be
observed after a single PCP injection also (Fig. 2a),
indicating that correct responses were disrupted somewhat
more than incorrect responses. Thus, the single PCP
injection may have produced a degree of specific attention-
al disruption. Accuracy in the 5-CSRTT is a conservative
measure; it is based only on the ratio of correct and
incorrect responses completed by the animal and is
independent of the total number of trials and the number
of omitted responses. Therefore, accuracy is unlikely to be
confounded by nonspecific locomotor or motivational
effects. The significant decrease in accuracy seen with
repeated PCP administration is thus likely to reflect an
actual attentional deficit instead of an artifact caused by
sedation, locomotor disruption, lack of appetite, or other
confounds. These results correspond well to previous
findings indicating that PCP and other NMDA receptor
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antagonists induced decreases in accuracy in the 5-CSRTT
(Grottick and Higgins 2000; Higgins et al. 2003a, 2005; Le
Pen et al. 2003; Greco et al. 2005) or similar attentional
tasks (Jin et al. 1997; Presburger and Robinson 1999;
Mishima et al. 2002; Nelson et al. 2002; Rezvani and Levin
2003). Single, but not repeated, PCP administration also
reduced the total number of trials initiated by the animals
(Figs. 2d and 5d); however, rats still completed enough
trials to allow for meaningful calculation and evaluation of
the measures reflecting performance in this task.

Table 2 Number of rats in the vehicle and clozapine groups
performing at more than two standard deviations below baseline
accuracy on repeated PCP administration days

PCP exposures Vehicle group (n=11) Clozapine group (n=11)

Day 1 7 4
Day 2 5 3
Day 3 6 5
Day 4 5 4
Day 5 5 4

Fig. 6 Effects of chronic cloza-
pine treatment on 5-CSRTT
performance disruption induced
by repeated PCP. Accuracy
(a), incorrect responses (b), and
premature responses (c) are
shown as mean±SEM. Asterisk
(*p<0.05) indicates a statisti-
cally significant difference com-
pared to the vehicle group and
dagger sign (†p<0.05) denotes
a statistically significant differ-
ence compared to performance
after saline injections; arrow
pointing upwards or downwards
indicates a PCP injection. CLZ
Clozapine
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Schizophrenia patients suffer from significant attentional
deficits characterized by both decreased correct responses
(errors of omission) and proportionally increased incorrect
responses (errors of commission) in tests of attention
(Nuechterlein and Dawson 1984; Laurent et al. 1999).
The disruption of attentional performance observed here
after repeated PCP administration may, therefore, model
aspects of cognitive dysfunction present in schizophrenia.

Impulsivity

A single PCP injection tended to decrease premature
responding in the 5-CSRTT (Fig. 2e), likely due to overall
response depression (see above) rather than actions on
impulsivity per se. Repeated PCP administration, however,
strikingly increased premature responses starting with the
second sequential injection (fourth injection overall;
Fig. 5e), indicating decreased inhibition of inappropriate
responding. Similar increases in impulsivity were seen after
administration of NMDA receptor antagonists in previous
studies in the 5-CSRTT or closely related tasks (Jin et al.
1997; Higgins et al. 2003a, b, 2005; Le Pen et al. 2003;
Murphy et al. 2005), as well as in different cognitive tasks
(Sanger and Jackson 1989; Sanger 1992; Jentsch et al.
2000; Compton et al. 2001; Jentsch and Taylor 2001;
Higgins et al. 2003a, b; Jentsch and Anzivino 2004). Such
impaired response inhibition mirrors the impulsivity
exhibited by schizophrenia patients in go/no go tasks
(Kiehl et al. 2000; Weisbrod et al. 2000; Wykes et al.
2000; Badcock et al. 2002; Chan et al. 2006).

Cognitive inflexibility

No effects on timeout responses were observed after a
single PCP administration (Fig. 2f), but repeated PCP
increased them noticeably (Fig. 5f). Increases in timeout
responding suggest decreased ability to shift out of an
initiated behavioral response, possibly reflecting cognitive,
or at least behavioral, inflexibility and matching the
cognitive inflexibility displayed by schizophrenia patients
(Goldberg et al. 1988; Morice 1990). Performance in
several tasks assessing cognitive flexibility is impaired
after PCP administration (Jentsch et al. 2000; Jentsch and
Taylor 2001; Laurent and Podhorna 2004; Shannon and
Love 2004; Egerton et al. 2005; Rodefer et al. 2005).
Previous studies did not report PCP effects on timeout
responding in the 5-CSRTT; however, they note increases
in perseverative responding, indicating a similar decrease in
cognitive flexibility (Le Pen et al. 2003; Greco et al. 2005).
Surprisingly, we did not observe any effects of PCP on
perseverative responses beyond suppression after the first
injection. A possible explanation is that perseverative
responding is a more “restricted” measure than timeout

responses. The animal can only perform one perseverative
response per trial because a timeout is initiated after the first
perseverative response. Thus, if a rat performs several
repeated nosepokes after an initial correct response, only
the first is recorded as a perseverative response, while the
remainder registers as timeout responses. Thus, the PCP-
induced cognitive inflexibility in our study may not have
been pronounced enough to significantly affect persevera-
tive responding, while the more sensitive measure of
timeout responding recorded the additional perseveration.

Speed of processing

Single and repeated PCP administration increased the
latency to correct responding (Figs. 2g and 5g), consistent
with previous studies showing decreased performance
speed after administration of NMDA antagonists in various
cognitive tasks (Danysz et al. 1988; Jin et al. 1997; Grottick
and Higgins 2000; Rezvani and Levin 2003) including the
5-CSRTT (Le Pen et al. 2003). Notably, latency to reward
retrieval was unaffected (Figs. 2h and 5h), indicating that
the change in latency to correct responding was not due to
locomotor impairment or motivational deficits, but instead
reflected a decrease in speed of processing. Decreased
speed of processing is another typical cognitive dysfunction
in schizophrenia (Nelson et al. 1990; Green et al. 2004) that
is apparently modeled by PCP disruption of the 5-CSRTT.

Single versus repeated PCP administration

Repeated PCP appears to induce cognitive deficits with
relevance to schizophrenia better than a single administra-
tion of PCP that led to general nonspecific suppression of
responding in addition to any possible attentional disrup-
tion. A single PCP injection tended to suppress incorrect
along with correct responses, at least at the highest dose,
and also decreased total trials. Interestingly, however,
repeated PCP selectively decreased correct responses,
producing a significant and robust accuracy deficit sugges-
tive of specific attentional disruption. Likewise, increases in
premature and timeout responding, indicative of increased
impulsivity and impaired cognitive flexibility, were only
observed after repeated PCP administration.

Numerous studies have shown important differences in
the effects of single versus repeated PCP administration.
The former is more likely to cause nonspecific behavioral
suppression, while specific cognitive deficits are more
reliably observed after the latter (for review, see Jentsch
and Roth 1999). A single PCP administration disrupts easy
tasks dependent on simple sensory processes and associa-
tive learning (which are relatively spared in schizophrenia
patients; Kesner et al. 1983; Tang and Franklin 1983; Tang
and Ho 1988; DeNoble et al. 1990; Jones et al. 1990) and
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produces motivational deficits that may confound cognitive
test results (Frederick et al. 1995). A number of studies
have detected cognitive deficits after a single PCP injection
(Danysz et al. 1988; Sanger and Jackson 1989; Sanger
1992; Compton et al. 2001; Le Pen et al. 2003; Jentsch and
Anzivino 2004; Laurent and Podhorna 2004; Shannon and
Love 2004; Egerton et al. 2005; Rodefer et al. 2005). The
tasks used in some of these studies may have been less
susceptible to nonspecific locomotor or motivational con-
founds. Moreover, differences in rat strain, salt formulation
of PCP, PCP doses, routes of administration, and interval
between PCP administration and behavioral testing may all
have contributed to the different observations. Overall, the
literature suggests that while a single PCP injection may
evoke specific cognitive disruptions, such deficits are
observed more reliably and freer from confounding non-
specific effects after repeated administration. This conclu-
sion is supported by the results of this study.

Studies exploring the effects of subchronic PCP found
specific disruption of various aspects of cognition (Jentsch
et al. 1997a, b, 2000; Schroeder et al. 2000; Jentsch and
Taylor 2001; Stefani and Moghaddam 2002; Laurent and
Podhorna 2004; Rodefer et al. 2005; Abdul-Monim et al.
2006; Deschenes et al. 2006), with motor and motivational
deficits largely absent (Jentsch et al. 1997a). However,
many of these studies explored cognitive function after a
significant washout period, when animals were no longer
under the direct influence of PCP. This procedure is based
on the hypothesis that subchronic PCP exposure leads to
neurochemical changes that resemble the neuropathological
state seen in schizophrenia. However, it should be noted
that the schizophrenia-like state evoked by PCP in humans
is present during PCP intoxication, not during PCP
withdrawal or during prolonged post-PCP abstinence
(Pradhan 1984). Notably, disruption of prepulse inhibition,
a deficit of sensorimotor gating and pre-attentional process-
ing present in both schizophrenia patients (Geyer et al. 1990;
Braff et al. 1992) and PCP-treated animals (Mansbach and
Geyer 1989; Geyer et al. 1990), occurs during chronic
exposure to PCP while the drug is on board, but cannot be
detected after treatment washout (Martinez et al. 1999;
Schwabe et al. 2005). Similar negative results after subchronic
PCP administration and subsequent drug washout have been
obtained with some tests of working memory (Stefani and
Moghaddam 2002) and cognitive flexibility (Deschenes et al.
2006). In our study, cognitive disruptions were prominent
during repeated PCP exposure, but animals returned to stable
baseline performance after drug washout. Therefore, the
effects of repeated PCP exposure under the regimen used
here appear to selectively affect behavior and cognition during
further PCP exposure, but not during subsequent drug-free
periods. This phenomenon may be due to the development of
selective tolerance to nonspecific sedative, locomotor disrup-

tive, or amotivational effects of PCP, unmasking the specific
cognitive disrupting effects. Reduction in PCP-induced ataxia
with repeated injections has been reported, with no significant
ataxia detectable after the fifth injection (Melnick et al. 2002).
These findings correspond well to the ataxia detected by
casual observation in rats after the first, but not after later, PCP
injections in our study. Podhorna and Didriksen (2005) report
initial profound sensorimotor “side effects” after PCP admin-
istration to rats and mice that confound specific cognitive
deficits in a Morris water maze task; these “side effects” were
greatly reduced after three to ten daily PCP pre-injections,
allowing clear observation of specific cognitive impairment.
However, in the Podhorna and Didriksen study, the presence
of PCP in the animals on the test day was still required for
cognitive impairments to be detected.

Other aspects of PCP intoxication may conversely
exhibit augmentation after repeated administrations (Xu
and Domino 1994; Wolf 1998), a phenomenon that may be
relevant to schizophrenia pathophysiology (Lieberman et al.
1997). In our study, increased premature and timeout
responses developed only after repeated PCP injections,
suggesting that sensitization may play a role in PCP-
induced impulsivity and cognitive inflexibility. A combi-
nation of tolerance to the nonspecific effects of a single
PCP administration and development of selective augmen-
tation of specific PCP-induced cognitive impairments may
therefore make repeated PCP a better inducing condition
for schizophrenia-like cognitive deficits than a single PCP
injection.

Effects of antipsychotic medications

Antipsychotic medications produced no significant effects
on 5-CSRTT performance except at the highest doses tested
at which all antipsychotic compounds, except haloperidol,
depressed correct responding; clozapine, risperidone, and
olanzapine increased omissions; and olanzapine decreased
total trials. Risperidone decreased premature responding at
a dose that did not significantly affect correct responses or
omissions, possibly indicating reduced impulsivity. Correct
latency was unaffected except for increases at the highest
dose of clozapine and risperidone (Table 1). This pattern of
results suggests that atypical antipsychotic medications do
not affect 5-CSRTT performance except for a nonspecific
response depression at higher doses and implies that any
attenuation of PCP-induced 5-CSRTT disruptions seen in
later experiments after antipsychotic agent treatment was
not due to a main effect of antipsychotic agent treatment
itself. Our findings that antipsychotic medications either did
not affect or impaired baseline execution of the 5-CSRTT,
but partially rescued performance disrupted by PCP (see
below), are consistent with previous studies showing that
antipsychotic medications impaired 5-CSRTT performance
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in normal rats (Passetti et al. 2003; Rezvani and Levin
2004; Rezvani et al. 2006), but improved 5-CSRTT
execution in rats whose performance had been degraded
by serotonin receptor agonists (Koskinen and Sirvio 2001)
or prefrontal cortex lesions (Passetti et al. 2003).

Attenuation of PCP-induced disruption with atypical
antipsychotic medications

Effects of acute antipsychotic medications on PCP-induced
deficits

Acute administration of clozapine or risperidone did not
attenuate the response suppression produced by a single PCP
administration and, in fact, appeared to further depress
responding in the 5-CSRTT (Fig. 3). This phenomenon
may be due to an aversive state induced by acute clozapine
or risperidone. Previous studies have shown aversive effects
of acute clozapine, such as elevation of intracranial self-
stimulation thresholds (an indicator of decreased reward
function; Semenova and Markou 2003), as well as disrup-
tions of attentional performance with acute clozapine or
risperidone (Rezvani and Levin 2004; Rezvani et al. 2006).
It is notable that the doses of clozapine and risperidone used
here did not suppress 5-CSRTT responding by themselves. A
previous study exploring PCP-induced cognitive impulsivity
similarly failed to see attenuation of the deficit after acute
clozapine administration (Compton et al. 2001). Other
studies, however, have found improvements of PCP-induced
cognitive impairments after acute treatment with atypical
antipsychotic medications (Abdul-Monim et al. 2003, 2006;
Idris et al. 2005). Possibly, the cognitive tasks used in these
studies are less sensitive to the initial aversive effects of
atypical antipsychotic agents, allowing for their beneficial
effects to emerge after acute administration. However, in
some of these studies, the ameliorating effects of the atypical
antipsychotic compounds never reached statistical signifi-
cance (Idris et al. 2005). Even in studies reporting beneficial
effects of acute antipsychotic medications, impairment of
performance beyond the PCP-induced disruption was seen
with some doses of atypical antipsychotic compounds,
including clozapine (Abdul-Monim et al. 2006).

Effects of chronic antipsychotic medications
on PCP-induced deficits

Chronic administration of antipsychotic medications is
usually required for the full clinical benefits in schizophre-
nia (Johnstone et al. 1978; Beckmann et al. 1979; Gelder et
al. 2000). Further, in some animal studies, the beneficial
effects of clozapine were seen only after chronic adminis-
tration (Semenova and Markou 2003). Thus, we gave
clozapine chronically through osmotic minipumps. Chronic

clozapine exhibited no effects on the nonspecific response
suppression caused by a single PCP administration (Fig. 4).
In contrast, chronic clozapine attenuated the selective
disruption of cognitive performance induced by repeated
PCP (Fig. 5), again suggesting that repeated PCP induces
cognitive deficits with relevance to schizophrenia better
than a single PCP injection. Few studies have explored the
effectiveness of chronically administered atypical antipsy-
chotic agents in attenuating PCP-induced cognitive disrup-
tion. One study found that a deficit in the novel object
recognition test induced by subchronic PCP administration
was blocked by subchronic, but not acute, clozapine
administration in rats (Hashimoto et al. 2005). In addition,
repeated clozapine injections in monkeys reduced sub-
chronic PCP-induced disruption of an object retrieval/
detour task (Jentsch et al. 1997a).

In our study, clozapine attenuated the decrease in
accuracy resulting from repeated PCP administration
(Fig. 6a). This attenuation was partial and reached
significance on only 1 day of repeated PCP administration
(while this day was the first in the sequence of five daily
PCP exposures, the profile of PCP-induced deficits is
already reflective of repeated PCP effects due to the
previous exposure to two initial PCP injections before
pump implantation). However, inspection of the data
suggests a lasting effect of clozapine pretreatment
on performance on all 5 days of PCP administration.
Clozapine-treated rats were less likely to respond to PCP
with severe disruptions of attentional performance than
vehicle-treated rats. On all days of PCP administration,
fewer rats in the clozapine group performed at more than
two standard deviations below their baseline performance
compared to rats in the vehicle group (Table 2). The ability
of clozapine to attenuate disruptions in accuracy depended
largely on a reduction in incorrect responding (Fig. 6b)
rather than effects on the number of correct responses or
omissions. Clozapine, therefore, reversed PCP-induced
deficits by facilitating the inhibition of incorrect responses,
not by rescuing correct responding suppressed by repeated
PCP. Clozapine also robustly attenuated the strong increase
in premature responding induced by repeated PCP (Fig. 6c).
Neither effect was due to a main effect of clozapine.
The clozapine-treated group did not show differences in
accuracy or premature responding in the absence of
PCP and differed from the vehicle-treated group only
during PCP administration. Clozapine did not have any
effect on the increases in timeout responses and latency
to correct response induced by repeated PCP.

The difficulty of achieving significant effects for the
attenuation of accuracy deficits seen in this study reflects
the great between-subjects variability in response to PCP,
which led to large variances in each group despite the
relatively large number of animals (n=11) used here.
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Moreover, only limited effects of clozapine on cognitive,
including attentional, deficits have been observed in
schizophrenia patients (Meltzer et al. 1996; Sharma and
Mockler 1998; Meltzer and McGurk 1999; Sharma and
Antonova 2003). The fact that clozapine only exhibited
partial effectiveness in this model is therefore not
surprising and consistent with the human clinical situa-
tion. Thus, this model has predictive validity (Geyer and
Markou 1995).

Conclusions

While a single PCP injection induced nonspecific response
suppression in a cognitive test, repeated PCP led to
performance disruptions resembling cognitive deficits in
schizophrenia, such as disrupted attention, increased im-
pulsivity, and decreased cognitive flexibility and speed of
processing. Chronic clozapine, an atypical antipsychotic
medication with some effectiveness in ameliorating cogni-
tive deficits in schizophrenia, partially attenuated the
attentional deficit and increased impulsivity. Thus, we
conclude that repeated PCP-induced disruption of attention
and response inhibition, as measured in the 5-CSRTT, may
constitute a useful inducing condition in procedures
assessing cognitive functions with relevance to cognitive
deficits in schizophrenia.
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