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Abstract
Rational In humans, the N-methyl-D-aspartate antagonist
phencyclidine (PCP) induces behavioral changes that
mimic schizophrenia symptoms, including positive and
negative symptoms as well as cognitive deficits. In clinic,
the cognitive deficits are closely associated with functional
outcome. Thus, improvement of cognition may have high
impact on patients’ daily life.
Objective In the present study, three second-generation
antipsychotics (sertindole, risperidone, and clozapine) as
well as the classical antipsychotic haloperidol were tested
for the ability to reverse PCP-induced cognitive deficits in
the Morris’ water maze.
Results The second-generation antipsychotics reversed the
PCP-induced cognitive impairment: sertindole (0.63–
2.5 mg/kg, s.c.), risperidone (0.04 mg/kg, s.c.; whereas
0.08 and 0.16 mg/kg were without significant effect), and
clozapine (0.63 mg/kg, s.c.; while 1.3 mg/kg was without
significant effect). The significant effect of sertindole was
observed from day 2 onwards, while clozapine and
risperidone only had significant effect at day 3. The

classical antipsychotic haloperidol (0.010–0.020 mg/kg, s.c.)
was ineffective. No compounds influenced swimming speed
at the doses used, indicating that motor function was
preserved.
Conclusion These results confirm that repeated PCP ad-
ministration induces marked cognitive deficits. Further,
second-generation antipsychotics like sertindole, clozapine,
and risperidone within a certain, often narrow, dose range
are able to reverse the impairment and thus might improve
cognitive deficits in schizophrenic patients, whereas classi-
cal compounds like haloperidol lack this effect. The
receptor mechanisms involved in the reversal of PCP’s
disruptive effect are discussed and likely include a delicate
balance between effects on dopamine D2, 5-HT2A/6, alpha-
adrenergic, muscarinic, and histaminergic H1 receptors.
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Introduction

Positive psychotic symptoms have, for many years, been
considered as the hallmark for schizophrenia and been the
target for pharmacological treatment. During the last
decade, it has become increasingly evident that schizophre-
nia is also associated with cognitive dysfunction (Green et
al. 2000; Goldberg et al. 1990; Weinberger and Gallhofer
1997), although Kreapelin already observed this a century
ago. Cognitive deficits found in schizophrenic patients
appear widespread and are related to working memory,
learning, and attention. In contrast to psychotic symptoms,
cognitive deficits are closely associated with community
functioning and outcome measures (Addington and
Addington 1999; Green 1996; Harvey et al. 1999; Velling
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et al. 1997). The cognitive deficits are present at the onset
of illness, persist for the most of the patients’ life without
remission, and may precede the development of psychotic
symptoms (Tollefson 1996; Brewer et al. 2006). Cognitive
deficits result in the lack of ability for self-care including
frequent hospitalization and increased cost to the commu-
nity (Sevy and Davidson 1995). Therefore, cognitively
beneficial effect of a treatment may have a high impact on
the patients’ quality of life. This appreciation has led to the
Measurement And Treatment Research to Improve Cogni-
tion in Schizophrenia (MATRICS) initiative initiated by
NMIH (http://www.matrics.ucla.edu).

Conventional antipsychotic treatments have been
reported to lack effect on functional outcome (Mortimer
1997), and some cognitive functions may even be impaired
(Cleghorn et al. 1990; Cutmore and Beninger 1990). A
number of novel antipsychotic compounds have been
developed within the last decade. Like clozapine (Fitton
and Heel 1990), they all show a reduced potential to exert
extrapyramidal side effects and have some beneficial effect
on negative symptoms, e.g., olanzapine (Fulton and Goa
1997) and sertindole (Kane and Tamminga 1997). The
effects of the second generation of antipsychotics on
cognitive function in schizophrenic patients are inconsis-
tent: Improvement, no effect, as well as impairment have
been reported (Goldberg et al. 1993; Meltzer and McGurk
1999; Mortimer 1997), although the conclusion may
depend on the type of cognitive domain measured (Hoff
et al. 1996). The effect of sertindole on cognitive function
in humans has not been investigated extensively. However,
a small clinical trial indicates a beneficial effect on some
cognitive substrates in schizophrenic patients (Lis et al.
2003).

In preclinical cognition tests, differential effects of
antipsychotic treatment have also been reported, with some
antipsychotics impairing cognitive function and others
apparently without effect (Didriksen 1995; Skarsfeldt
1996; Didriksen et al. 2006). In the Skarsfeldt (1996)
study, the effect of classical and second-generation anti-
psychotics was investigated using the Morris water maze
(Morris 1984). The consensus cognitive battery identified
by MATRICS, among others, include visual learning and
memory (Nuechterlein et al. 2005) and suggest to include
“animal models that involve learning the spatial placement
of rewards and which requires longer memory periods than
typical working memory tasks as these would be expected
to require additional retrieval processes that are character-
istic of many human visual learning and memory tasks.”
The Morris water maze fulfils several of these require-
ments. Water maze performance is a visual learning and
memory task depending upon the coordinated action of
several brain regions and neurotransmitter systems
(D’Hooge and De-Deyn 2001). Further, water maze

performance is dependent on a variety of cognitive
substrates including learning, working and long-term
memory, retention, and attention and, therefore, relevant
for the deficits found in schizophrenia.

As mentioned above, a major unmet need in schizophre-
nia is improvement of impaired cognition. Cognitive
improvement by pharmacological intervention is difficult
to show in young healthy animals and may have little
predictive validity. Accordingly, it is highly important to
develop animal models with low baseline cognitive
performance and with relevance to the pathophysiology of
schizophrenia. Phencyclidine (PCP) is a widely used animal
model of psychosis and induces a variety of cognitive
disturbances related to schizophrenia (Javitt and Zukin
1991; Jentsch and Roth 1999).

In the present study, we followed up on our earlier
studies of cognitive side effects of antipsychotics adminis-
tered to naive rats. The effects of selected antipsychotics
(sertindole, risperidone, clozapine, and haloperidol) were
investigated in PCP-pretreated rats with impaired cognitive
performance. Haloperidol was selected as representative for
the classical antipsychotics. Clozapine is the prototypical
“atypical” drug, whereas risperidone is the most widely
used antipsychotic drug belonging to the second generation.
Sertindole is a new antipsychotic drug, which in several
studies have shown a unique pharmacological profile (Arnt
and Skarsfeldt 1998). The PCP regimen used is based on a
previous study (Podhorna and Didriksen 2005) in which it
was shown that by pretreating with PCP, tolerance develops
to the motor disturbances induced, whereas the cognitive
deficits persist in the Morris’ water maze.

Materials and methods

Subjects

Subjects (n=144) were 3-month-old male Wistar rats
delivered from Charles River, Germany, weighing approx-
imately 280–300 g at the beginning of the experiments. The
rats were kept on a 12:12 h light–dark cycle in groups of two
in Macrolon type II cages, with lights on at 0600 hours and
under controlled laboratory conditions (temperature 21±
2°C, humidity 55±5% relative). Standard rodent food and
tap water were available ad libitum. All experiments were
performed in accordance with the ethical guidelines for
animal research at H. Lundbeck A/S.

Apparatus

The rats were trained in Morris’ water maze. The water
maze consisted of a circular, black pool measuring 1.20 m
diameter×0.45 m height. The pool was filled with water
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(21±1°C) to a depth of 27 cm. A circular escape platform
(8 cm in diameter) was placed in the southeast quadrant of
the pool just below the water surface. Three start positions
were at the perimeter of the pool: one in northwest, one in
northeast, and one in southwest.

A video camera monitored the behavior of the rats in the
pool, and the video signal was transmitted to a computer
and analyzed using the Ethovision system from Noldus
Information Technology (The Netherlands). The test room
contained several permanent extra maze cues such as the rat
housing rack, laboratory table, wall plates, etc. The rats use
the extra maze cues as guidance for their spatial location to
find the invisible platform. There were no cues inside the
maze.

Behavioral procedure

Before the first and each successive trial, the rat was placed
on the hidden platform for 15 s (intertrial period) indicating
the presence and location of the escape platform. The rats
were given three trials per day for three consecutive days.

At the start of a trial, the rat was placed in the maze at one
of the three different start positions such that, across trials,
all three start positions were used. If the rat did not locate
the platform within 60 s, the rat was gently placed on the
platform.

The following parameters were measured or calculated
during each trial; percentage of trials where the rat was
unable to find the platform within the total trial time of 60 s
(non-finders), swimming distance to reach the platform (m),
and swim speed (m/s). Non-finders and swimming distance
calculations were used as a measure for the development of
spatial memory, whereas the swim speed was used to assess
changes in motor function.

Drugs and treatment

Sertindole (H. Lundbeck A/S, Denmark), clozapine (Novar-
tis, Switzerland), and risperidone (Janssen, Belgium) were
dissolved in minimum amounts of 0.1 M hydrochloric acid
and diluted with saline (distilled water was used for
sertindole). Haloperidol (Janssen) was dissolved in 0.1 M

 

Clozapine

Day1 2 3

D
is

ta
nc

e 
(m

) 
 ±

 S
E

M

0

5

10

15

Vehicle
PCP
0.63 mg/kg + PCP
1.3 mg/kg + PCP

*
*

Haloperidol

Day
1 2 3

D
is

ta
nc

e 
(m

) 
±

 S
E

M

0

5

10

15

Vehicle
PCP
0.010 mg/kg + PCP
0.020 mg/kg + PCP

*

Risperidone

Day1 2 3

D
is

ta
nc

e 
(m

) 
±

 S
E

M

0

5

10

15

Vehicle
PCP
0.040 mg/kg + PCP
0.080 mg/kg + PCP
0.16 mg/kg + PCP

*

*
*

Sertindole

Day1 2 3

D
is

ta
nc

e 
(m

) 
±

 S
E

M

0

5

10

15

Vehicle
PCP
0.63 mg/kg + PCP
1.3 mg/kg + PCP
2.5 mg/kg + PCP

*
*

*

*

*

*
*

*

*

Fig. 1 The effect of treatment
on swimming distance to the
submerged platform. Data pre-
sented are the average of three
daily trials ± SEM. Asterisk p<
0.05 vs PCP on specific days.
All compounds were adminis-
tered s.c. (n=8 per group). The
antipsychotic compounds were
administered 60 min and PCP
30 min before the first daily trial
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tartaric acid and diluted with saline. PCP hydrochloride
(synthesized by H. Lundbeck A/S) was dissolved in saline.

All test compounds, except PCP, were administered
subcutaneously (s.c.) 60 min before the first daily trial
(n=8 per group). PCP (1.3 mg/kg) was injected s.c. once
daily for 6 days, starting 3 days before the first test day in
the water maze. On test days, PCP was administered s.c.
30 min before the test. All compounds were injected at a
volume of 5 ml/kg body weight complying with the
EFPIA/ECVAM guidelines (Diehl et al. 2001).

Statistics

The overall effects (all days included) of the compounds on
swimming distance and swim speed were analyzed using
Kruskal–Wallis one-way analysis of variance (ANOVA) on
ranks followed by all pair-wise multiple comparison
procedures by Dunn’s method. Parametric analysis was
not allowed as normality test or equal variance test failed.
One-way ANOVA or Kruskal–Wallis one−way ANOVA on
ranks was performed on each single day dependent on the

normality test and equal variance test followed by Student–
Newman–Keuls post hoc test. The non-finders were
analyzed using a non-parametric χ2 test (Siegel 1956).
The accepted level of significance was p<0.05. SigmaStat
statistical software version 3.01 from Jandel was used for
all analyses.

Results

Effects of PCP

The subchronic (6 days) administration of PCP (1.3 mg/kg,
s.c.) caused a significant disruption of learning and memory
expressed by an increase in overall swimming distance to
the submerged platform in all four experiments (p<0.05
relative to vehicle; Fig. 1). The number of non-finders was
also overall increased (p<0.05 relative to vehicle calculated
by χ2 test) by the PCP treatment, although the increase did
not reach level of significance on any single day in the
clozapine experiment (Fig. 2). PCP had no overall effect on
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Fig. 2 The effect of treatment
on non-finder, i.e., percentage of
trials where the rat was unable
to find the platform within the
total trial time of 60 s. Data
presented are the average of
three daily trials ± SEM. Aster-
isk p<0.05 vs PCP on specific
days. All compounds were ad-
ministered s.c. (n=8 per group).
The antipsychotic compounds
were administered 60 min and
PCP 30 min before the first
daily trial
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swim speed in any of the experiments (p>0.05); however, a
significant increase relative to vehicle was seen at day 3 in
the sertindole experiment only (Fig. 3).

Effects of haloperidol

Haloperidol (0.010 and 0.020 mg kg−1day−1) had no effect
on the PCP-induced cognitive impairment. Neither im-
provement nor further disruption was observed in any of
the parameters measured during the three test days (Figs. 1,
2 and 3).

Effects of clozapine

Clozapine (0.63 mg kg−1day−1) reversed the effect of PCP
on swimming distance, although this was only significant at
day 3 (Fig. 1). The higher dose (1.3 mg/kg) was without
effect (Fig. 1). No significant effect was found on non-
finders; however, as described in “Effects of PCP,” the
PCP-induced increase in non-finders did not reach statisti-
cal significance on any single day in this experiment
(Fig. 2). Clozapine had no effect on swim speed (Fig. 3).

Effects of risperidone

Swimming distance was significantly shortened by risper-
idone (0.040 mg/kg/day) in comparison with the PCP-
treated group at day 3 (Fig. 1). For non-finders, only the
0.080 mg kg−1day−1 dose group was overall significantly
different from the PCP group, but this was only significant
at day 3 with non-finders being increased (Fig. 2).
Although not significantly different from the PCP group,
non-finders were numerically reduced in the 0.040 mg
kg−1day−1 dose group at days 2 and 3. Risperidone had no
effect on motor function expressed as swim speed (Fig. 3).

Effects of sertindole

Sertindole overall reversed the disruptive effect of PCP on
swimming distance (Fig. 1) and non-finders (Fig. 2) at all
doses tested (i.e., 0.63, 1.3, and 2.5 mg kg−1day−1). The
sertindole-treated groups had significantly shorter swim-
ming distance at days 2 and 3 relative to the PCP-treated
group (Fig. 1), and number of non-finders were signifi-
cantly reduced for the 0.63 mg kg−1day−1 treated group at
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Fig. 3 The effect of treatment
on swimming speed. Data pre-
sented are the average of three
daily trials ± SEM. Asterisk
p<0.05 vs PCP on specific days.
All compounds were adminis-
tered s.c. (n=8 per group). The
antipsychotic compounds were
administered 60 min and PCP
30 min before the first daily trial
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day 2 and for all sertindole-treated groups at day 3 (Fig. 2)
revealed by the χ2 test. The effect of sertindole on motor
function expressed as swim speed did not differ from the
PCP-treated group (Fig. 3).

Discussion

The present study aimed to follow up on previous studies in
naive rats in which we determined the minimum effective
doses of antipsychotics impairing learning and memory in
the water maze, as a measure of cognitive side effects
(Skarsfeldt 1996; Didriksen et al. 2006). The main previous
finding was that different antipsychotics showed a large
variation in the potential for inducing cognitive distur-
bances in comparison with their potencies in animal models
of psychosis, e.g., inhibitory effects on amphetamine-
induced behaviors (for review, see Arnt and Skarsfeldt
1998). Haloperidol and risperidone showed marked cogni-
tive side effects at doses effective in psychosis models,
while clozapine and sertindole were effective in the
psychosis models but without detrimental effects on
cognition (Skarsfeldt 1996; Arnt and Skarsfeldt 1998;
Didriksen et al. 2006).

The objective of the present experiments was to examine
the ability of these four drugs to reverse cognitive impair-
ments induced by N-methyl-D-aspartate (NMDA) receptor
blockade using PCP. The results indicate that the conven-
tional antipsychotic haloperidol, as expected, did not
reverse the detrimental effect of PCP, while clozapine and
risperidone improved performance at a single low dose at
day 3 of testing. In contrast, sertindole induced reversal
across all three doses tested. The effect appeared already at
day 2 of testing, and the disrupted behavior was fully
normalized at day 3.

When comparing the effect of different drugs, it is
essential that doses are chosen on a fair basis, thereby
minimizing bias. This is particularly important if lack of
efficacy is seen to avoid false negative results. The
information relevant for dose selection is, for example, the
efficacies determined in animal models for psychosis as
well as plasma levels and central nervous system receptor
occupancies are relevant for the clinical use of the drugs.

In the previous study of naive rats (Skarsfeldt 1996),
minimum effective doses impairing water maze behavior
were the following: haloperidol 0.040 mg/kg, s.c., risper-
idone 0.31 mg/kg, s.c., clozapine >10 mg/kg, s.c. (although
5.0–10 mg/kg induced transient impairment at days 1–2),
and sertindole >2.5 mg/kg, s.c. Accordingly, dose selection
for the present study was for haloperidol 0.010 and
0.020 mg/kg, for risperidone 0.040, 0.080, and 0.16 mg/
kg, for clozapine 0.63 and 1.3 mg/kg (as pilot studies
indicated a worsening of performance at 2.5, 5, and 10 mg/

kg in combination with PCP), and for sertindole 0.63, 1.3,
and 2.5 mg/kg. For haloperidol and risperidone, the
selected doses show relevant dopamine (DA) D2 receptor
occupancy in rats using the same route of administration
(Natesan et al. 2006; Brennum, H. Lundbeck, unpublished).
For sertindole, the clinically recommended doses (12–
24 mg/day) lead to plasma concentrations of 35–100 ng/
ml (Tamminga et al. 1997). After treatment with a single
oral dose of 2.5 mg/kg, we have previously reported a
plasma level of 129 ng/ml (Didriksen et al. 2006), and due
to the long half-life of 13–15 h (H. Lundbeck, data on file),
two- to threefold accumulation is obtained at pseudo steady
state after repeated administration for about 3 days
(Didriksen et al. 2006). Thus, a dose range of 0.63–
2.5 mg kg−1day−1, s.c. is suggested to cover clinically
relevant exposures. Clozapine has much lower affinity for
DA D2 receptors than the other compounds, both in vitro
and in vivo (Arnt and Skarsfeldt 1998; Leysen 2000), but
has also been shown to be clinically effective at lower DA
D2 occupancies (Kapur et al. 1999). Side effects limit the
dose range that can be chosen, as indicated above.
However, the doses used in the present study are effective
in models for antipsychotic potential like the amphetamine-
(Arnt 1995) and PCP-induced hyperactivity models
(Gleason and Shannon 1997).

The reversal of the PCP-induced deficits are not
mediated by DA D2 receptor blockade, as haloperidol had
no effect while being the most specific DA D2 antagonist
among the drugs tested. Besides having DA D2 antagonist
properties, the second-generation antipsychotics also act on
a number of other neurotransmitter receptors (Arnt and
Skarsfeldt 1998; Leysen 2000). Effects on several of these
receptors, and in particular the balance between these, may
be involved in the reversal of the impaired cognitive
performance induced by the PCP treatment.

All second-generation compounds in this study share
potent antagonistic effects at 5-HT2A, 5-HT2C, and α1-
adrenergic receptors, with effects at these targets often
occurring with higher potencies than the effects at DA D2

receptors. It is known that selective ligands at these targets
[e.g., M100907 (5-HT2A) and prazosin (α1), respectively]
can inhibit locomotor hyperactivity induced by PCP or by
the other prototype NMDA antagonist MK-801 (Gleason
and Shannon 1997; Mathé et al. 1996). Antipsychotics with
potent 5-HT2A and α1-adrenergic antagonistic activity also
readily block PCP- or MK-801-induced hyperactivity
(Gleason and Shannon 1997). Furthermore, prazosin and
M100907 reverse MK-801- or PCP-disrupted prepulse
inhibition of startle response (Bakshi and Geyer 1997;
Varty et al. 1999). Other actions of PCP/MK-801 show
variable sensitivity to reversal by second-generation anti-
psychotics, 5-HT2A, and α1-adrenergic modulation, e.g., in
a model of social interaction (Sams-Dodd 1997) and in
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various cognitive models after acute or repeated adminis-
tration of PCP or MK-801 (Boast et al. 1999; Hashimoto et
al. 2005; Idris et al. 2005; Abdul et al. 2006).

Risperidone, clozapine, and sertindole have several other
receptor activities in addition to the above mentioned but
otherwise differ markedly in their profiles: Sertindole has
very high affinity for 5-HT6 receptors but lack affinity for
α2-adrenergic, histaminergic, and muscarinic receptors
(Arnt and Skarsfeldt 1998; Leysen 2000). Risperidone has
low 5-HT6 and muscarinic receptor affinity but has higher
affinity for α2-adrenergic and histamine H1 receptors (ibid).

The 5-HT6 receptor is a candidate for cognition-
enhancing effects based on studies of selective 5-HT6

antagonists. The 5-HT6 receptor is highly expressed in the
hippocampus and cortex, shows interactions with choliner-
gic and glutamatergic mechanisms, and blockade of the
receptor has procognitive effects and is followed by
increases in DA, glutamate, and acetylcholine in the frontal
cortex (review by Woolley et al. 2004; Hatcher et al. 2005;
Rodefer et al. 2006; Lacroix et al. 2004; Dawson et al.
2001; Hirst et al. 2006). Thus, 5-HT6 receptor antagonism
may rationalize the marked efficacy demonstrated with
sertindole. Risperidone, as mentioned, has low 5-HT6

affinity, but its α2-adrenoceptor antagonist activity in
combination with D2/D3 DA antagonism may contribute
to the improvement of cognition in the present study. This
is supported by studies showing that the cognitive deficits
induced by MK-801 can be reversed by combined idazoxan
and raclopride administration in parallel with an increase in
extracellular DA in frontal cortex (Hertel et al. 1999;
Marcus et al. 2005). However, the involvement of α2-
adrenoceptors in cognition is not clear. The α2-adrenocep-
tor agonist clonidine reversed working memory deficits
induced by subchronic PCP administration, and the
disruptive effect of PCP was further enhanced by
α2-antagonism (Marrs et al. 2005). Thus, the role of α2-
adrenoceptors needs further clarification and may be task-
dependent.

Finally, clozapine has a very broad profile, including
significant activity at all the receptors discussed above
(Arnt and Skarsfeldt 1998; Leysen 2000), making interpre-
tation of mechanism of action of the observed effects very
complex. Clozapine has weak partial agonist/antagonist
effects on separate subtypes of muscarinic receptors (Zorn
et al. 1994; Weiner et al. 2004). This is further complicated
by the higher muscarinic M1 agonist efficacy of the main
metabolite, desmethyl-clozapine, which occur in significant
amounts in clozapine-treated patients (Weiner et al. 2004).
As muscarinic M1 agonism may improve cognition (ibid),
while antimuscarinic activity potentially worsens cognitive
function (Riekkinen et al. 1990), the outcome of clozapine
administration is rather unpredictable. It will likely depend
on a balance between plasma and brain levels of the parent

compound vs the metabolite, as suggested by Weiner et al.
(2004). The metabolite ratio is influenced by metabolic
activity and will be dependent on species studied, treatment
regimen, and route of administration used in the experi-
mental design.

In addition to the muscarinic effects, activities of
clozapine and its metabolite on other receptors may
influence the outcome of the cognition experiments, most
notably the 5-HT and α-adrenergic receptor subtypes
discussed earlier. Furthermore, the potent histamine H1

antagonist effect of clozapine (Arnt and Skarsfeldt 1998;
Leysen 2000) may limit the cognitive improvement. In
human studies combining functional neuroimaging and
cognitive tasks, a strong correlation between increased
histamine H1 occupancy and decreased cognitive perfor-
mance was found (Okamura et al. 2000; Tashiro et al.
2002). Finally, clozapine-induced sedation which occurs at
slightly higher doses than used in the present study may be
attributable to the potent histamine H1 antagonism,
although tolerance does develop after repeated treatment
(Chesler and Salamone 1996). Taken together, many
variables determine the efficacy of clozapine. The net
outcome from the present study, indeed, was a limited
reversal of the impairment induced by PCP in doses that
does not affect water maze performance per se. Results of
other studies vary considerably from full reversal (e.g.
Marcus et al. 2005; Idris et al. 2005; Abdul et al. 2006) to
no reversal (Rodefer et al. 2006) of PCP’s effects, most
likely also depending on the specific task studied.

In conclusion, our data show that second-generation
antipsychotics, but not haloperidol, can reverse PCP-
induced cognitive impairment in rats in the Morris’ water
maze. However, the effects of clozapine and risperidone are
seen only in a narrow dose range, while the effect of
sertindole is more robust across three dose levels. Several
mechanisms may be involved in the PCP reversal, either
alone or in combination; for sertindole particularly 5-HT6

receptor antagonism appears to be of importance and merits
further investigation.
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