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a b s t r a c t
Cognitive deﬁcits in schizophrenia remain an unmet clinical need. Improved understanding of the neuroand psychopathology of these deﬁcits depends on the availability of carefully validated animal models which
will assist the development of novel therapies. There is much evidence that at least some of the pathology
and symptomatology (particularly cognitive and negative symptoms) of schizophrenia results from a
dysfunction of the glutamatergic system which may be modelled in animals through the use of NMDA
receptor antagonists. The current review examines the validity of this model in rodents. We review the
ability of acute and sub-chronic treatment with three non-competitive NMDA antagonists; phencyclidine
(PCP), ketamine and MK801 (dizocilpine) to produce cognitive deﬁcits of relevance to schizophrenia in
rodents and their subsequent reversal by ﬁrst- and second-generation antipsychotic drugs. Effects of NMDA
receptor antagonists on the performance of rodents in behavioural tests assessing the various domains of
cognition and negative symptoms are examined: novel object recognition for visual memory, reversal
learning and attentional set shifting for problem solving and reasoning, 5-Choice Serial Reaction Time for
attention and speed of processing; in addition to effects on social behaviour and neuropathology. The
evidence strongly supports the use of NMDA receptor antagonists to model cognitive deﬁcit and negative
symptoms of schizophrenia as well as certain pathological disturbances seen in the illness. This will facilitate
the evaluation of much-needed novel pharmacological agents for improved therapy of cognitive deﬁcits and
negative symptoms in schizophrenia.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

⁎ Corresponding author. Tel.: +44 1274 234677.
E-mail address: j.c.neill@brad.ac.uk (J.C. Neill).
0163-7258/$ – see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.pharmthera.2010.07.004

Schizophrenia patients suffer from enduring and persistent
psychotic symptoms including a chronic deﬁciency in their cognitive
abilities (Braff et al., 1991; Steinpreis, 1996). Indeed, cognitive (and
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concomitant social) dysfunction is a core component of schizophrenia, present even before the onset of psychosis and has a signiﬁcant
bearing on patient recovery, function in society and on all aspects of
everyday life (Addington et al., 2001; Green, 1996).
Given the negative impact of cognitive and social dysfunction on
long-term patient function and quality of life, the lack of effective
treatment is clearly a key unmet clinical need (Goldberg & Gold,
1995). The clinical literature has generally reported no consistent,
substantial improvement in cognition (at best only a marginal
improvement) with the current pharmacotherapies for schizophrenia
(Harvey & McClure, 2006; Keefe et al., 2007). Indeed, we have
conducted our own meta-analysis of the literature and found that
total PANSS score improvement was not statistically greater with
second-generation antipsychotics (SGAs) when compared with the
ﬁrst-generation antipsychotic (FGA), haloperidol (Tomes, unpublished observations), which is in agreement with ﬁndings of the
recent CUtLASS study (Jones et al., 2006). Cognition was not assessed
in our analysis but this provides further evidence for the urgent need
for improvement in therapy.
In further recognition of the need to address cognitive dysfunction
in patients with schizophrenia and to encourage the development of
cognition-enhancing drugs for schizophrenia, the National Institute of
Mental Health, in collaboration with the University of California at Los
Angeles and the US Food and Drug Administration, initiated the
MATRICS (Measurement and Treatment Research to Improve Cognition in Schizophrenia) and TURNS (Treatment Units for Research on
Neurocognition and Schizophrenia) programs (MATRICS and TURNS.
ucla.edu).
One way to address the problem is the development and validation
of better animal models mimicking cognitive deﬁcits and negative
symptoms of schizophrenia as suggested by the MATRICS committee.
Normalisation of cognitive deﬁcits requires the development of
validated animal models which is a difﬁcult area of study for any
human disorder but most notably for schizophrenia, a complex and
uniquely human psychiatric illness. Cognitive enhancement is difﬁcult
to show in ‘normal’ animals, as there is a small effect window, there
are few validated disease models, and no current ‘gold standard’
medications available to use as a positive control. Therefore a reliable
means of inducing cognitive impairment is necessary whether
through the use of a pharmacological, genetic or neurodevelopmental
approach, all of which have been attempted. There have been some
excellent recent and extensive reviews of this subject area. These
include — the use of the MATRICS test battery as a guide to using
preclinical tests for studying novel targets for cognitive improvement
in schizophrenia (Young et al., 2009); exploration of the mechanisms
by which NMDA receptor antagonism provides a relevant model of
schizophrenia in animals (Jentsch & Roth, 1999; Coyle, 2006; Large,
2007 — focusing on novel therapies; Morris et al., 2005; Mouri et al.,
2007); the use of isolation rearing as a neurodevelopmental model
(Fone & Porkess, 2008); and strategies for improving pharmacotherapy of schizophrenia (Arnt et al., 2008). In addition the debate
continues concerning the value (or otherwise) of current antipsychotic medication for improvement of cognitive deﬁcit symptoms in
the clinic. The current review focuses on the NMDA receptor
hypofunction hypothesis of schizophrenia and the success (or
otherwise) of recent studies using NMDA receptor antagonists in
rodents to mimic the various domains of cognitive disturbances
associated with schizophrenia and improvement by existing therapies
and novel targets where appropriate.
It was initially hypothesized that a hyperdopaminergic state
resulting from an excess of dopamine in the brain was the main
cause for the condition of schizophrenia (Carlsson & Lindqvist, 1963;
Seeman, 1987). While there is much supporting evidence to validate
this theory, including recent demonstration that psychotic patients
release more dopamine at the synapse on stimulation with
amphetamine than normal control groups suggesting increased

midbrain dopamine activity (Abi-Dargham et al., 2009), a revision of
this theory became necessary when it was observed that the
negative and cognitive symptoms of schizophrenia could not be
accounted for by an excess of dopamine in the system (Thaker &
Carpenter, 2001). The origin of the idea that glutamatergic
neurotransmission is disrupted in schizophrenia dates back to the
1950s when it was ﬁrst reported that the anaesthetic phenylcyclidine (PCP, Sernylan® Parke Davis) could produce psychotic effects in
humans (Luby et al., 1959). PCP is a non-competitive NMDA receptor
antagonist, which can induce a psychotic state that has some
similarities to schizophrenia. PCP or ketamine given acutely to
healthy human subjects induces hyperactivity, paranoia, hallucinations, formal thought disorder and cognitive impairments (Javitt &
Zukin., 1991; Krystal et al., 1994). Both PCP and ketamine exacerbate
the symptoms of schizophrenia in patients (Malhotra et al., 1997). A
single dose of PCP has been shown to produce hallucinations and
reduce cognitive function in schizophrenia patients (Krystal et al.,
1994; Steinpreis, 1996). While both dopamine agonists (e.g.
amphetamine) and glutamate non-competitive NMDA receptor
antagonists (e.g. PCP) can replicate psychosis most effectively, the
latter are able to better produce the negative and cognitive deﬁcits
associated with schizophrenia. Consequently, a great deal of
research emphasis is now being placed on the role of glutamate in
the pathophysiology and treatment of schizophrenia.
A mechanism, which could clarify in part, the symptomatology and
natural course of schizophrenia, was proposed, based on NMDA
receptor hypofunction by Olney et al. (1999). It suggested a
dysfunction of the NMDA receptor, which could be reproduced by
blocking NMDA receptors pharmacologically with PCP, ketamine or
MK801. The organization and functions of the forebrain glutamatergic
systems strongly implicates glutamate in the pathophysiology of
schizophrenia. Additionally, several risk factors genes (e.g. neuregulin, dysbindin, COMT, and DISC1) for schizophrenia may be linked
with dysfunction of the glutamatergic system (Harrison & Owen.,
2003; Harrison & Weinberger, 2005). There are several post-mortem
studies and neuropathological ﬁndings, which support the hypothesis
that disruption in the normal functioning of the glutamatergic system,
contributes to the “symptomatic manifestations of schizophrenia”
(reviewed in Kristiansen et al., 2007).
Development of a successful animal model will undoubtedly
allow better understanding of the disease process and ultimately
testing of novel targets for cognition in schizophrenia as outlined in
TURNS. Seven domains of cognition have been identiﬁed as being
typically impaired in schizophrenia patients: (1) working memory,
(2) attention, (3) verbal learning and memory, (4) visual learning
and memory, (5) reasoning and problem solving, (6) speed of
processing and, perhaps most important of all, (7) social cognition.
In our laboratory, we have attempted to validate a test for each of
these domains with disruption of normal cognitive processing
induced by PCP. The two domains we have not yet validated in our
laboratory include working memory and verbal learning and
memory, with the obvious difﬁculties of mimicking these deﬁcits
in animals. The latest developments in measuring performance in
laboratory tests in these two cognitive domains (and indeed in each
of the seven cognitive domains) have recently been reviewed by
Young et al. (2009).
As reviewed elsewhere (Hagan & Jones, 2005; Floresco et al.,
2005) animal models for cognition in schizophrenia should: (1)
mimic the fundamental cognitive deﬁcits found in schizophrenia
patients (face validity); (2) conform to a theoretical rationale, such
as the proposed pathophysiology and symptomatology in schizophrenia (construct validity); and (3) predict known and novel
therapeutics (predictive validity). Our review will evaluate whether
the NMDA antagonist model is successful and can provide a reliable
animal model of cognitive deﬁcits and negative symptoms of
schizophrenia.
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2. Novel object recognition
Visual memory deﬁcits may be measured by recognition tasks such
as the novel object recognition (NOR) paradigm as described in TURNS
(reviewed in Dere et al., 2007; Winters et al., 2008; Young et al., 2009).
A recognition memory task allows the comparison between presented
stimuli and previously stored information. Ennaceur and Delacour
(1988) described the NOR test for rodents, which was based on the
differential exploration of familiar and new objects. The NOR test is a
non-rewarded, ethologically relevant paradigm based on the spontaneous exploratory behaviour of rodents that measures visual episodic
memory. In most commonly used forms of the test, each session
consists of two trials. In the ﬁrst trial, the rats are exposed to two
identical objects in an open ﬁeld. During the second trial, rats are
exposed to two dissimilar objects, one familiar object from the ﬁrst trial
and one new object. Object recognition can be measured as the
difference in time spent exploring the familiar and the new object. Rats
(and mice) have been shown to spend more time exploring the new
object. It has been found that rats are able to discriminate between the
familiar and the novel object when the inter-trial interval is between
3 min and 1–3 h, but not when it is greater than 24 h, although this
effect may be sex dependent in the rat (Sutcliffe et al., 2007). The
duration of each trial is also important as a preference for the novel
object only lasts during the ﬁrst 1 or 2 min, after which time preference
diminishes as both objects become familiar and are explored equally.
We have recently shown that acute administration of PCP (1.5–
2 mg/kg) to female hooded-Lister rats induces a selective and robust
impairment in the retention trial of the NOR paradigm, using a 1 min
inter-trial interval (ITI), rats were unable to discriminate between the
novel and familiar object (Grayson & Neill, 2004). This effect was
prevented by administration of oestradiol benzoate (5–10 μg/kg) 24 h
prior to the acute administration of PCP indicating an interaction with
gonadal steroids (2 mg/kg) (Sutcliffe et al., 2008).
Our laboratory has shown in numerous studies that a sub-chronic
PCP treatment regime, speciﬁcally, 2 mg/kg twice daily for seven
days followed by a seven day washout period, induces a robust
cognitive deﬁcit in the NOR paradigm, whereby the ability of female
rats to discriminate between novel and familiar objects is abolished.
In these studies the PCP is given prior to any habituation or testing.
These deﬁcits can be subsequently improved by the acute administration of SGAs clozapine and risperidone but not by the FGA
haloperidol (Grayson et al., 2007). We have also demonstrated
efﬁcacy of sertindole (Idris et al., 2010), and several novel agents
including the 5-HT6 receptor antagonist, Lu AE58054 (Arnt et al.,
2010); ampakines, CX546 and CX516 (Damgaard et al., 2010) and
the full agonist at α7 nicotinic receptors, PNU282987 (McLean et al.,
2010a). In addition, BL1020, glycine uptake inhibitors and the novel
antipsychotic, asenapine also show efﬁcacy to reverse the PCPinduced deﬁcit in this task using a 1 min and 1 h (for sertindole) ITI.
We have recently demonstrated involvement of dopamine D1
receptors (McLean et al., 2009a) while others have shown serotonin
5-HT1A receptor involvement (Nagai et al., 2009) in mechanisms for
improvement of PCP-induced deﬁcits in this task. This work
combined with recent results from a preliminary study using female
Long–Evans rats suggests that the sub-chronic PCP treated rats have
reduced prefrontal cortical dopamine activation in this task. This
provides considerable support for this as a model of cognition in
schizophrenia, as hypofrontality is a key feature of schizophrenia
pathology (Hill et al., 2004). In our study, sub-chronic vehicle
treated rats showed signiﬁcantly increased prefrontal cortical
dopamine levels during the retention phase of the task only, as
measured by in vivo microdialysis. Rather impressively, this increase
in prefrontal cortical dopamine was absent in the sub-chronic PCP
treated rats, suggesting that recruitment of dopamine in the prefrontal cortex is necessary for memory of the familiar object and that
PCP treated rats lack this ability (Snigdha et al., 2008). It remains to
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be determined whether the antipsychotic-induced reversal of PCPinduced NOR deﬁcits is mediated by a restoration of prefrontal
cortical dopamine.
Our ﬁndings are in agreement with Hashimoto et al. (2005) who
showed an NOR deﬁcit in mice, using a sub-chronic PCP dosing
regimen of 10 mg/kg once daily for ten days, administered on days 1–
5 and 8–12. This deﬁcit was reversed by the administration of
clozapine, and SSR180711 (a nicotinic α7 receptor agonist) but not
haloperidol when administered once daily for 2 weeks. Using an
identical sub-chronic PCP dosing regimen to Hashimoto et al. (2005),
14 day treatment with the partial agonist of 5-HT1A receptors
perospirone (3.0 and 10.0 mg/kg), or the antibiotic minocycline (at
40 mg/kg) were shown to reverse the sub-chronic PCP induced NOR
deﬁcit in mice (Hagiwara et al., 2008; Fujita et al., 2008). Nagai and
colleagues employed a similar sub-chronic dosing regime in mice and
administered PCP 10 mg/kg once per day for fourteen days. Results
from this study showed that sub-chronic PCP induced a signiﬁcant
reduction in novel object exploration in the retention trial which was
subsequently reversed by the administration of the SGA aripiprazole
but not by the FGA haloperidol (Nagai et al., 2009).
A small number of studies have looked at the effect of ketamine on
object recognition. Pitsikas et al. (2008) demonstrated that acute
administration of ketamine (1–3 mg/kg) consistently impaired performance in NOR in male Wistar rats. In this study, ketamine was given
both before acquisition and just after the acquisition trial followed by a
1 h ITI, both treatments produced signiﬁcant NOR deﬁcits, indicating
that ketamine can affect the acquisition and storage and/or retrieval of
object recognition memory. In support of these ﬁndings, it has been
shown that acute administration of ketamine (30 mg/kg, 10 times the
dose used in rats described previously) produces impairment in
cognitive function in the NOR task in mice with a 24 h inter-trial
interval, which was restored by intracerebroventricular administration of the selective mGluR5 agonist, CHPG ((RS)-2-chloro-5-hydroxyphenylglycine) and the positive allosteric modulator (of the MGluR5
receptor, DFB (3,3′-diﬂuorobenzaldazine) (Chan et al., 2008).
Acute administration of the non competitive NMDA receptor
antagonist MK801 at a dose of 0.05 mg/kg, induced an NOR deﬁcit in a
paradigm using a 2 h ITI in male hooded-Lister rats (King et al., 2004).
In support of these results, de Lima and colleagues (2005), showed
that pre-training administration of MK801 (0.01–0.1 mg/kg) and a
post training injection of 0.1 mg/kg produced a signiﬁcant disruption
in recognition memory with ITIs of 1.5 h and 24 h in female Wistar
rats. The effect of MK801 on NOR has also been studied in mice.
Following MK801 at 0.2 mg/kg, 30 min prior to the acquisition trial,
with a 1.5 h ITI, mice failed to differentiate between a novel and
familiar object. Surprisingly, when MK801 (0.1 and 0.2 mg/kg) was
given immediately after the acquisition trial or 30 min prior to the
retention trial the mice showed increased exploration of the novel
object. These results suggest that in mice, activation of the NMDA
receptors is necessary for encoding of recognition memory but not
for consolidation and retrieval processes (Nilsson et al., 2007). In
another study, the MK801 (0.1 mg/kg)-induced impairment in NOR
following a 2 h ITI in male Wistar rats was restored by acute
treatment with clozapine (1.0 and 5.0 mg/kg), D-serine (800 mg/kg)
and the glycine transporter inhibitor NFPS (0.3–1.0 mg/kg), while
haloperidol (0.03–0.1 mg/kg) failed to restore the MK801-induced
deﬁcit (Karasawa et al., 2008).
In summary the NOR task in both rats and mice is sensitive to
disruption by NMDA receptor antagonists with good predictive
validity, i.e. showing restoration of performance with SGAs and
novel agents. The task itself is comparatively easy to run and has a
good level of ethological relevance. This, combined with emerging
evidence that the PCP-induced deﬁcit is mediated by impaired
prefrontal dopaminergic neurotransmission supports its validity as a
useful animal model for cognitive dysfunction of particular relevance
to schizophrenia.
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3. Reversal learning
A reversal learning task usually comprises two distinct components, an initial phase that requires memory of a previously learned
reward contingency, followed by a reversal phase, in which the
reward contingency is then reversed. Animals are required to inhibit a
previously rewarded strategy and acquire the new strategy. Thus,
effective performance requires animals to demonstrate ﬂexibility,
attention and motivation, to suppress a previously learned response
and implement a new response (Jones et al., 1991). Failure to switch,
or perseveration of the previously learned response, can be readily
observed in patients with schizophrenia undertaking tasks such as the
Wisconsin Card Sorting test (Pantelis et al., 1999; Lidde, 2000). We
suggest that this type of paradigm could provide the basis for a rodent
model in which to predict the ability of novel antipsychotic drugs to
ameliorate aspects of executive dysfunction associated with schizophrenia. Furthermore, the TURNS initiative has identiﬁed that reversal
learning tasks, as with attentional set-shifting tasks can be used to
determine the problem solving deﬁcits described in the MATRICS
cognitive battery (www.turns.ucla.edu).
Successful reversal learning ability relies on intact function of the
prefrontal cortex. It has been shown more speciﬁcally that lesions of
the orbital prefrontal cortex (OPFC) impair reversal learning ability
within the attentional set-shifting task in male Lister Hooded rats
(McAlonan & Brown, 2003; Tait & Brown, 2007). These results are
concurrent with those of Bohn and co-workers, showing that lesions
of the OPFC impair reversal learning in an operant lever pressingbased task in male Sprague–Dawley rats (Bohn et al., 2003). These
studies are also supported by recent data showing OFC lesions in male
hooded-Lister rats produced a deﬁcit in reversal learning ability
(Boulougouris et al., 2007).
The reversal learning paradigm used in our laboratory was
developed on the basis of our previous work using a same-day
reversal learning test in the marmoset (Smith et al., 1999). We have
now adapted the model for rats. The paradigm is similar to the
reversal learning test of Jones et al. (1991), in which isolation reared
rats showed impairments in acquisition of a serial reversal learning
phase. In our operant reversal learning task, rats are trained in Skinner
boxes to respond for food reward by pressing an active lever. On the
following day, rats have 5 min to respond on the active lever from the
previous training day, they then have a 2 min time-out, before the
active lever is switched to the opposite lever. Rats then have 5 min in
this reversal phase to switch their attention to the new correct lever.
We have shown that in female hooded-Lister rats acute administration of the NMDA receptor antagonist PCP (1.5 mg/kg) impairs
percent correct responding in the reversal phase of the task only,
leaving initial phase performance intact (Abdul-Monim et al., 2003;
Idris et al., 2005, 2006, 2009). We have shown that the acute PCPinduced selective deﬁcit in reversal learning was reversed by acute
treatment with clozapine as well as with phenytoin and lamotrigine
but not valproate (Idris et al., 2009). However haloperidol reversed
the D-amphetamine but not PCP-induced reversal learning impairment (Idris et al., 2005).
It is becoming increasingly apparent that repeated exposure to PCP
can induce more robust and enduring cognitive deﬁcits (Jentsch et al.,
1997a,b). We have consistently shown that sub-chronic PCP treatment
(2 mg/kg twice daily, i.p., for 7 days followed by 7 days washout period)
induces a robust enduring deﬁcit in reversal learning performance,
again selective for the reversal phase leaving initial phase performance
intact in female hooded-Lister rats (Abdul-Monim et al., 2006, 2007;
Idris et al., 2010; McLean et al., 2009a,b, 2010b). Importantly rats are
tested in the drug (PCP)-free state thus avoiding any confound with
psychotomimetic drug-induced effects, such as motor stimulation at
doses of 3 mg/kg (i.p.) and above. These sub-chronic PCP-induced
deﬁcits in reversal learning were ameliorated by SGAs such as clozapine,
but not by FGAs, haloperidol and chlorpromazine (Abdul-Monim et al.,

2006) showing some predictive validity for the clinic. Several newer
antipsychotics such as asenapine (McLean et al., 2010b) and also
sertindole (Idris et al., 2010) reverse the sub-chronic PCP-induced
deﬁcit in this paradigm. The dopamine D1 receptor agonist SKF 38393
and antagonists at several 5-HT receptor subtypes including 5-HT6, 5HT7, 5-HT2C and 5-HT2A (Idris et al., 2010; McLean et al., 2009a,b) also
show efﬁcacy in this test making it of particular relevance for
exploration of mechanisms of antipsychotics important for improvement of cognitive function. In a reversal-learning task similar to that
employed in our laboratory, however, using an innovative touch screenbased system, sub-chronic PCP (5 mg/kg twice daily for 7 days, followed
by a 7-day washout period) in male C57BL/6J mice did not affect reversal
learning ability (Brigman et al., 2009). However, in the same strain of
mice, sub-chronic PCP (1.3 mg/kg once daily for 5 days) was found to
impair all stages of the attentional set-shifting task, including reversals
(Laurent and Podhorna, 2004). Although it must be noted that PCP was
administered 2 h prior to testing, therefore the effects of acute PCP
cannot be excluded.
PCP is not the only means of producing a pharmacological deﬁcit in
reversal learning, we have shown that acute administration of the
NMDA antagonists ketamine (15 mg/kg) and MK801 (0.05 mg/kg)
produce a selective deﬁcit for the reversal phase of the task (Idris et al.,
2006). Reversal learning ability can also be assessed using other tasks
such as the reversal stages within the attentional set-shifting paradigm.
Ketamine (30 mg/kg i.p., twice daily for 5 days followed by a 10 day
washout period), did not produce a deﬁcit in set shifting in an operant
paradigm, but did produce more perseverative errors than the control
group in a reversal of the acquired set-shift in an operant procedure in
male Long–Evans rats (Floresco et al., 2009).
In support of the PCP and ketamine results, as previously
mentioned, whereas MK-801 (3 μg per hemisphere into the mPFC)
was shown to produce selective deﬁcits for the set 2 strategy in a
maze-based set shifting task, it was found that systemic administration of MK-801 (0.1 mg/kg, i.p.) impaired set 1 and set 2 strategies in
male Sprague–Dawley rats. The set 1 strategy is equivalent to reversal
learning ability (Stefani & Moghaddam, 2005). MK-801 at doses of
0.06 mg/kg and 0.1 mg/kg, but not 0.03 mg/kg impaired reversal
learning in a maze based reversal learning task in male and female
Long–Evans rats (Chadman et al., 2006), whereby in acquisition, rats
were required to go to one arm of the maze and in the reversal phase
rats then had to switch contingencies and visit the opposite arm of the
maze. In an operant lever pressing reversal learning task similar to
that in our laboratory MK-801 (0.025 mg/kg, s.c.) produced a deﬁcit in
the reversal phase compared to the vehicle-treated group in male
Wistar rats (van der Meulen et al., 2003). Following repeated
reversals, rats treated with 0.025 mg/kg MK-801 showed an improvement to a similar level of responding as vehicle rats, while rats treated
with MK-801 (0.05 mg/kg, s.c.) showed a partial improvement
following repeated reversals, those treated with MK-801 at 0.1 mg/
kg (s.c.) remained impaired (van der Meulen et al., 2003). This
provides support for the work of our laboratory whereby PCP treated
rats are impaired in the reversal phase of the task only and remain
impaired in subsequent reversals.
4. Attentional set-shifting
One aspect of executive function is the ability to modify behaviour
in response to the changing relevance of a stimulus; this is commonly
assessed in patients using the Wisconsin Card Sorting Test (WCST)
(Berg, 1948). In more recent years a more conclusive battery of tests
known as CANTAB (Cambridge neuropsychological test battery) has
been developed (Downes et al., 1989). The attentional set-shifting
task represents a rat analogue of the human WCST and the CANTAB
ID/ED task in which schizophrenia patients exhibit impaired setshifting (Kolb & Wilshaw, 1983; Haut et al., 1996; Pantelis et al., 1999;
Tyson et al., 2004). The TURNS initiative has identiﬁed that this test
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can be used to determine the problem solving deﬁcits described in the
MATRICS cognitive battery (www.turns.ucla.edu).
In 2000, Birrell and Brown developed the attentional set shifting
procedure for the rat. The perceptual attentional set-shifting task
(Birrell & Brown, 2000) investigates the ability of a rat to learn a rule
and form an attentional set within the same sorting category (intradimensional shift — IDS), as well as the ability to shift attentional set
between different sorting categories (extra-dimensional shift — EDS).
Rats must carry out a series of 7 discriminations namely, simple
discrimination (SD), compound discrimination (CD), reversal 1 (R1),
intra-dimensional shift (IDS), reversal 2 (R2), extra-dimensional shift
(EDS) and reversal 3 (R3). Initial studies using the attentional setshifting task showed that lesions of the medial prefrontal cortex
(mPFC) produce a selective deﬁcit in the EDS phase (Birrell & Brown,
2000), whereas lesions of the orbital prefrontal cortex in male
hooded-Lister rats selectively disrupt reversal learning (McAlonan &
Brown, 2003).
We have demonstrated a selective deﬁcit in female hooded-Lister
rats in the EDS phase following administration of sub-chronic PCP
(2 mg/kg twice daily, i.p., for 7 days followed by 7 days washout
period). This deﬁcit was attenuated by seven-day treatment with
clozapine and risperidone, but was unaffected by haloperidol (McLean
et al., 2008). Rodefer and colleagues combined the attentional setshifting test with a sub-chronic PCP dosing regimen in male Long–
Evans rats (5 mg/kg twice daily, i.p., for 7 days followed by a 10 day
drug washout period) and found a selective deﬁcit in the EDS phase
(Rodefer et al., 2005). The PDE10A inhibitor, papaverine, reversed the
PCP-induced deﬁcit in the EDS phase (Rodefer et al., 2005). In
contrast, Rodefer and colleagues subsequently found clozapine and
risperidone to be ineffective in reversing the PCP-induced deﬁcit,
however sertindole and the selective 5-HT6 (SB-271046) and 5-HT2A
(M100907) receptor antagonists did attenuate the PCP-induced
impairment (Rodefer et al., 2008), which is similar to our ﬁndings
using the reversal learning paradigm (Idris et al., 2010). This same
dosing regime was shown again in male hooded-Lister rats to produce
deﬁcits in the EDS phase; an effect which was ameliorated by
sertindole and the anti-narcoleptic drug modaﬁnil but not by
risperidone or haloperidol (Goetghebeur & Dias, 2009). Egerton and
co-workers also used a sub-chronic PCP regime in male Long–Evans
rats (2.6 mg/kg daily, i.p., for 5 days followed by a 3 day washout
period) and found a strong tendency towards a deﬁcit in the EDS
phase of the task (Egerton et al., 2008). This group have shown more
robust selective deﬁcits using acute administration (i.p.) of 2.58 mg/
kg PCP (Egerton et al., 2005) and a chronic intermittent schedule of
2.6 mg/kg of PCP once daily for 5 days followed by a single dose on
days 8, 10, 12, 15, 17, 19, 22, 24 and 26 (Egerton et al., 2008).
Conversely, other studies have shown that long-term intermittent
administration of PCP (3 mg/kg, i.p., once per day administered
Monday, Wednesday and Friday for 5 weeks, and 10 mg/kg, i.p., daily
for 14 days) did not impair set-shifting ability in male Sprague–
Dawley and Long–Evans rats respectively (Fletcher et al., 2005;
Deschênes et al., 2006). These data would suggest that continual
dosing with PCP is more effective than an intermittent regimen. An
early post-natal treatment regime (10 and 20 mg/kg, s.c., on PND 7, 9
and 11) has also proved effective in producing a selective deﬁcit for
the EDS phase of the task in male and female hooded-Lister rats
(Broberg et al., 2008). A subsequent study by this group (20 mg/kg on
PND 7, 9 and11) has replicated the PCP-induced deﬁcit and this effect
was attenuated by the SGA sertindole and the ampakine CX516
(Broberg et al., 2009).
Although most commonly used, PCP is not the only pharmacological means of producing cognitive impairments in attentional setshifting, for example amphetamine sensitised male Sprague–Dawley
rats show deﬁcits in this task (Fletcher et al., 2005). Conversely, the
NMDA receptor antagonist, ketamine (30 mg/kg i.p., twice daily for
5 days followed by a 10 day washout period), did not impair set-
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shifting ability in male Long–Evans rats in either a cross-maze-based
task or in an operant procedure (Floresco et al., 2009). Furthermore, in
both tasks ketamine unexpectedly reduced the number of perseverative errors made compared to the saline-treated group; however in a
reversal of the acquired set-shift in the operant procedure, ketamine
did produce more perseverative errors than the control group
(Floresco et al., 2009). The authors attribute the lack of set-shifting
deﬁcit in ketamine-treated rats to a possible lack of training on the
initial procedures compared to the attentional set-shifting task
described by Birrell and Brown (2000), and due to the shorter
duration of action of ketamine compared to PCP, i.e. ketamineinduced neuronal alterations may not have been sufﬁcient to disrupt
the mPFC dependent behaviours.
In support of the previously described ﬁndings with PCP, intracortical injections of the NMDA receptor antagonist, MK-801 into the
mPFC (1 or 3 μg per hemisphere), was shown to produce selective
deﬁcits for the set 2 strategy in a maze-based set shifting task in male
Sprague–Dawley rats (this is equivalent to the EDS phase in the
perceptual attentional set-shifting task), whereas the AMPA receptor
antagonist, LY293558 (1 μg per hemisphere), also impaired the set 1
strategy which represents acquisition of a discrimination rule (Stefani
& Moghaddam, 2003). Thus, blockade of AMPA receptors may induce
a more generalised cognitive deﬁcit than that produced by NMDA
receptor blockade which may be of more relevance to schizophrenia.
Following this study, it was found that systemic administration of MK801 (0.1 mg/kg, i.p.) impaired set 1 and set 2 strategies, while
injections directly into the mPFC (3 μg per hemisphere) produced
selective deﬁcits in set 2 only (Stefani & Moghaddam, 2005).
Therefore, the deﬁcits observed in set 1 are not controlled by the
mPFC; these studies suggest the importance of mPFC NMDA receptors
in tasks of cognitive ﬂexibility. In summary, administration of NMDA
antagonists in an attentional set-shifting task produces deﬁcits that
closely resemble the cognitive inﬂexibility observed in schizophrenia.
Further research into this topic may provide us with the necessary
understanding of the underlying neurobiological processes which
contribute to attention and problem solving deﬁcits in schizophrenia.
5. Attention
Along with the myriad of other cognitive deﬁcits associated with
schizophrenia, the disorder often results in attentional dysfunction
and executive impairment (Jones et al., 1994; Corblatt & Kellp,
1994; van der Heider & Harner, 2000; Paine & Carlezon, 2009;
MATRICS.ucla.edu). Attention is a multi-faceted system that allows
an individual to detect, select and process relevant stimuli, while
simultaneously ﬁltering out irrelevant stimuli from the surrounding environment. Executive functioning, which includes abstract
problem solving and behavioural inhibition, is often described as a
system of higher-order cognitive processing that allows the
individual to plan and execute goal-speciﬁc behaviours (Velligan
& Bow-Thomas, 1999; O'Grada & Dinan, 2007). Many tasks have
been developed to assess these aspects of cognitive ability in the
clinic and include tests such as the Continuous Performance Task
(CPT) and the Wisconsin Card Sorting Task (WCST) (Rosvold et al.,
1956; Corblatt & Kellp, 1994; Weisbrod et al., 2000).
5.1. 5-Choice Serial Reaction Time Task
The 5-Choice Serial Reaction Time Task (5-CSR) is detailed in other
reviews (Robbins, 2002; Chudasama & Robbins, 2004; Young et al.,
2009). Brieﬂy, the 5-CSR task involves a rodent being able to detect
the presentation of light stimulus in one of 5 apertures at the rear of a
dark operant chamber. Following successful detection of the light
stimulus, the rodent must report its detection by nose-poking the
aperture in which the light was presented, within a limited time
period. Following a correct response, a food pellet is delivered and the
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next trial is initiated when the animal retrieves the food reward, also
initiating the next trial. Following an inter-trial interval (ITI), another
light stimulus is presented randomly in one of the 5 available
apertures. If the animal nose-pokes an aperture that the light stimulus
was not presented in (incorrect response) or fails to respond within
the limited time period following the stimulus presentation (error of
omission) there is a time out period where the animal doesn't receive
a food reward and the house light is illuminated for a period of 5 s. If
the animal makes a response during the ITI, before the stimulus is
presented, this is deemed a premature response and results in a time
out period. Also, if the animal continues to respond following a correct
response, a time out period is initiated as this is indicative of
perseverative behaviour, whereby the animal fails to disengage from a
behaviour that previously resulted in reward.
The 5-CSR task measures elements of attention, namely sustained
and divided attention, as the animal has to sustain its attention for the
duration of the ITI in order to successfully detect and respond to the
light stimulus, whilst dividing its attention across the 5 spatial
apertures. Inappropriate responding is assessed in the form of
premature or perseverative responding. Increases in premature
responding indicate impairment in behavioural inhibition as the
animal fails to inhibit its response until the stimulus is presented.
Conversely, perseverative responding reﬂects the animal's inability to
disengage from a response that was previously rewarded.
The 5-CSR task also measures various latencies involved in its
performance such as the time taken from presentation of the stimulus to
the animal making a correct response and the time taken to retrieve the
food reward following a correct response. The former gives investigators
insight into the animal's speed of cognitive processing (one of the 7
domains of cognition affected in schizophrenia as outlined by MATRICS;
Young et al., 2009) while the latter gives indications of the animal's
motor function or motivation to perform the task.
Various brain regions have been implicated in successful performance of the 5-CSR task. Extensive work using excitotoxic agents to
lesion speciﬁc areas of the brain has elucidated certain brain regions
with direct involvement in performance of the task. The ﬁrst is the
prefrontal cortex (PFC), in which speciﬁc behavioural aspects of the
task can be dissociated to speciﬁc sub-regions such as the mPFC,
orbitofrontal, infralimbic and prelimbic cortices. Other brain regions
that have important signiﬁcance in correct performance of the 5-CSR
task include the anterior cingulate cortex, striatum and the thalamus
(Muir et al., 1994; Muir et al., 1996; Rogers et al., 2001; Robbins, 2002;
Chudasama et al., 2003).
5.2. 5-Choice Serial Reaction Time Task and NMDA (N-Methyl-D-aspartate)
antagonists
5.2.1. Intracerebral injections of NMDA (N-Methyl-D-aspartate) antagonists
Baviera et al. (2008) used the competitive NMDA receptor
antagonist 3-(R)-2-carboxypiperazin-4-propyl-1-phosphonic acid
(CPP), which was injected directly into the mPFC of male hoodedLister rats (50 ng/side) trained in the 5-choice task. This experiment
demonstrated that selective blockade of NMDA receptors speciﬁcally
located within the mPFC produced a profound impairment in the rat's
ability to perform in the task. Bilateral injection of CPP (50 ng/side) in
the mPFC region of the rat brain reduced choice accuracy, increased
the number of omissions, increased correct latency and produced
executive impairment in the form of increased perseverative and
premature responding. These data clearly implicate the mPFC and a
functioning NMDA glutamatergic system in successful performance of
the task. These data were in agreement with results of Murphy et al.
(2005) who also demonstrated that bilateral central infusion of CPP
into the mPFC produced performance deﬁcits in the 5-CSR task.
However, Murphy et al. (2005) investigated the effects of CPP infusion
(10 and 50 ng/side) in the prelimbic and the infralimbic cortices,
which are speciﬁc sub-regions of the mPFC in male hooded-Lister rats.

Their study demonstrated that blockade of NMDA receptors within
different regions of the mPFC produced dissociable effects. Infusions
of CPP produced a reduction in choice accuracy and an increase in
omissions across both cortical regions within the mPFC; however, an
increase in premature responding was only evident when NMDA
receptors contained within the infralimbic cortex (hippocampal
dominated), but not the prelimbic cortex (amygdala dominated),
were blocked. Murphy et al. (2005) suggested that these data
demonstrated a dissociable role for the prefrontal–cortical glutamatergic system in executive control dysfunction, localised to the
ventromedial infralimbic region of the mPFC.
5.2.2. Systemic administration of an NMDA (N-Methyl-D-aspartate)
receptor antagonist
Amitai et al. (2007) investigated effects of systemic exposure of
PCP on the performance of rats in the 5-CSR task and showed that
acute administration of PCP (1.5–3 mg/kg s.c. in male Wistar rats)
produced a wide range of impairments in the task. Amitai et al. (2007)
described these impairments as a nonspeciﬁc response-suppressive
effect and suggested they were the result of a global inability of the rat
to perform in the task. The effects included a reduction in choice
accuracy and percent correct responding and an increase in the
correct latency. As accuracy can be interpreted as a measure of
attentional processing, Amitai et al. (2007) suggested that a single
injection of PCP may have induced an attentional-speciﬁc impairment
in task performance. These ﬁndings are in agreement with previous
studies which demonstrated that antagonism of the NMDA receptor
by either MK-801 or PCP resulted in a reduction in choice accuracy in
the 5-choice task in rats and mice (Grottick & Higgins, 2000; Higgins
et al., 2003; Greco et al., 2005).
A single dose of PCP resulted in a reduction in the number of
premature responses, which may be attributed to the responsesuppressive nature of an acute exposure to the drug rather than an
effect on response inhibition. In addition, acute exposure to PCP
resulted in an increase in response latency, which was not
accompanied by an increase in magazine latency (Amitai et al.,
2007). The group suggested that the increase in the time taken to
respond is due to PCP interfering with the animal's ability to process
cognitive information, consistent with previous studies (Grottick &
Higgins, 2000). Alternatively, a transient cognitive impairment rather
than motor or motivational impairment as locomotor or motivation
impairment would also produce an increase in the time taken for the
animals to retrieve the food reward. Moreover, acute administration
of PCP produced no signiﬁcant effects on perseverative responding in
the 5-CSR task. These data strongly suggest that when PCP is
administered systemically, it has the ability to disrupt the ability to
perform in the 5-choice task (Amitai et al., 2007).
Amitai et al. (2007) also investigated the effects of a repeated PCP
dosing regime (two initial doses of PCP (2 mg/kg s.c.), followed by 5
consecutive doses of PCP) and its ability to induce impairment in
performance in the 5-CSR task. What the group concluded was that the
repeated administration of PCP resulted in cognitive impairment,
leading to a signiﬁcant reduction in accuracy, correct responses,
increased premature responding and a signiﬁcant increase in correct
latency, without an effect on total trials completed or latency to collect
the food reward. What this result indicates is that repeated PCP
administration produces signiﬁcant impairment in cognitive elements
associated with successful performance of the task, without the motor
or motivational disruption that is associated with acute PCP dosing. This
method, therefore possibly represents a more reliable way to induce
cognitive impairments that are associated with schizophrenia in the 5CSR task, compared to acute PCP administration (Amitai et al., 2007).
Preliminary studies in our laboratory showed that our sub-chronic
PCP treatment regime produced no overt impairment in 5-choice
performance, despite resulting in deﬁcits in other behavioural tasks.
However, when the criteria of the 5-CSR task were subtly
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manipulated, impairments in performance became evident. More
speciﬁcally, when the ITI was reduced, subtle impairments in
attentional function became apparent, resulting in slight yet significant reductions in accuracy and percent correct responding, coupled
with an increase in percent omissions, compared to control animals.
These data are preliminary but support the idea that sub-chronic PCP
may produce attentional impairments of relevance to schizophrenia.
MK-801 also produced impaired performance of the 5-CSR task.
Acute administration of MK-801 (0.008–0.25 mg/kg i.p.) in male
Sprague–Dawley rats produced a proﬁle similar to the behavioural
impairment that results from acute PCP exposure, namely a reduction
in response accuracy coupled with an increase in the number of
omissions and premature responding (Paine et al., 2007; Paine &
Carlezon, 2009).
5.3. 5-CSR and antipsychotics
Amitai et al. (2007) reviewed the effects of several FGAs and SGAs,
including haloperidol, clozapine, olanzapine, risperidone, and quetiapine, on the performance in the 5-CSR task, without previously
impairing performance via pharmacological means or manipulating
test parameters, in male Wistar rats. What this group concluded was
that a selection of antipsychotic drugs produced no signiﬁcant effect
on the performance in the 5-CSR task, except at the higher doses used,
which generally resulted in a reduction in correct responding coupled
with a reduction in total trials completed. This indicates that higher
doses of antipsychotics resulted in motor or motivational impairments consequently resulting in impaired performance of the task.
The exception to this is that risperidone produced a signiﬁcant
reduction in premature responding at a dose (0.2 mg/kg i.p.) that did
not signiﬁcantly affect correct responding, possibly indicating
enhancement of behavioural inhibition manifesting itself as a
reduction in impulsive behaviour.
Amitai et al. (2007) also demonstrated that chronic clozapine
(4 mg/kg/day) exposure via osmotic minipumps for 14 consecutive
days was effective in partially attenuating some of the cognitive
impairments induced by the repeated PCP dosing regime. They
demonstrated that chronic clozapine attenuated the reduction in
accuracy and reduced the increase in premature responding which
resulted from the repeated exposure to PCP. In contrast, in a similar
study, Amatai and Markou (2009) demonstrated that the attentional
impairment and behavioural disinhibition induced by repeated
exposure to PCP, was not attenuated by chronic exposure to
quetiapine (10 mg/kg/day via osmotic minipump). However, this
study did demonstrate that attentional and executive impairments
are reliably produced in rats following repeated treatment with PCP.
In summary, the 5-CSR task is sensitive to the disruptive effects of
NMDA antagonism and may be a valid behavioural paradigm that
models aspects of cognitive dysfunction seen clinically in schizophrenia, namely attentional impairment and behavioural disinhibition.
However, the 5-CSR task can detect the efﬁcacy of some SGAs but not
all, and is insensitive to any beneﬁcial effects of such compounds,
unless the rodent's task performance is previously impaired by
pharmacological means.
6. Social behaviour deﬁcits: A model of negative symptoms
of schizophrenia
There are a number of social behavior(s) which are relevant to
schizophrenia and many of these are utilized to establish preclinical
behavioural tests of negative symptoms in a variety of species ranging
from rodents to non-human primates. The one model which is most
widely used in this respect is social interaction. Some less well studied
models include social communication (measuring vocalisation) and
social motivation (e.g. working for access to a conspeciﬁc, i.e. an
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animal of the same species, in our case a female rat from the same
batch, but from a different cage).
The social interaction task measures a range of behaviours
displayed by a subject (typically rats, mice or monkeys) when
exposed to an unfamiliar conspeciﬁc. It involves the evaluation of
social or asocial responses of the subject to the conspeciﬁc and is
quantiﬁed differently by different research groups. However, there is
a reason for the extensive use of this task to mimic negative symptoms
of schizophrenia in animals. Firstly, measurements of social interactions in animals are relatively straightforward in comparison with
other negative symptoms, such as ﬂattened affect or apathy. These
symptoms are difﬁcult to imitate and even identify in animals since
lack of response to emotion evoking stimuli in animals may be
completely independent of lack of emotion. Some attempts, however,
have been made to model anhedonia by measuring reward seeking
behaviours in the past. In contrast to many unsuccessful attempts to
model the previously mentioned aspects of negative symptoms,
several groups have been able to successfully show inhibition of social
interaction, induced by NMDA-receptor antagonists in animals
(Becker & Grecksch, 2004; Bruins Slot et al., 2005; Ellenbroek &
Cools, 2000; Sams-Dodd, 1999; Snigdha & Neill, 2008a,b).
As is the case with most preclinical tests, a major factor for
determining the usability and reliability for the social interaction
test is that of cross-species translatability, face, construct and
predictive validity. The concept of translatability is closely
associated with face validity or resemblance between behaviours
observed by the subject in an animal model and those of the human
condition. Face validity in the context of the social interaction test
with NMDA antagonism is deemed fairly accurate with most
manipulations successfully interfering with normal social interaction in animals using either PCP (Sams-Dodd, 1999; Snigdha &
Neill, 2008a,b) ketamine (Becker & Grecksch, 2004) or MK01 (Rung
et al., 2005) and resulting in deﬁcits similar to those seen in
patients with schizophrenia (Andreasen et al., 1990). An extensive
literature search reveals that of all the NMDA antagonists that are
used to induce social interaction deﬁcits, phencyclidine (PCP) is the
most commonly used, followed by MK-801 and ketamine. Different
groups have used different methodologies to study the behavioural
changes induced by NMDA antagonists in the social interaction
test. In Table 1 we attempt to summarize some of the differences in
the methods employed by groups that use adult rats for testing.
Examination of social behaviours following acute exposure to
PCP (2.5 mg/kg, and 4 mg/kg s.c.) showed a reduction in social
interaction in adult male rats (Bruins Slot et al., 2005; Sams-Dodd,
1998). Both these studies used a 3 day pre-treatment time with PCP
(prior to acute exposure) to allow for tolerance to the initial
response to the drug to develop. Our group has shown that a
treatment regime of sub-chronic PCP (2 mg/kg twice daily for seven
days followed by a 1 to 6 week washout period) reliably impairs
social interaction in adult female rats (Snigdha & Neill., 2008a,b).
More recently, Audet et al. (2009) have shown compromised social
interaction behaviours using another sub-chronic PCP treatment
regime in male rats (10 mg/kg, once a day for 15 days) when tested
20 h after the 1st, the 8th and the 15th injection. Social behaviour
deﬁcits have been reported in mice during withdrawal (for up to
28 days) from chronic PCP treatment (10 mg/kg/day for 14 days;
Qiao et al., 2001). Impairments in social interaction have also been
reported in rats treated with PCP (10 mg/kg, s.c.) on postnatal days
7, 9, and 11 (Harich et al., 2007) and in adolescent rats (PD 50–51)
injected with PCP (9 mg/kg), twice per day at a 12-h interval for two
consecutive days. Drug effects were tested during the acute drug
state (PD 50–51) and post-drug phase (PD 54–80) and in adulthood
(after PD 80) and PCP was shown to decrease social interaction
during the ﬁrst 8 min of the test (White et al., 2009).
MK-801 has been shown in some but not all studies to produce
similar deﬁcits in social behaviours in adult male rats following both
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Table 1
A comparative table showing some of the differences in sex, strain, dosing regime and method of testing used by different groups (using adult rats) in the social interaction test.
Drug

Dose

PCP
PCP
PCP
PCP

Subchronic
Subchronic
Subchronic
Subchronic

PCP
Ketamine
Ketamine
MK801
MK801

Subchronic 2 mg/kg, bi-daily for 7 days
Acute 7 mg/kg
Subchronic 30 mg/kg for 5 days
Acute 0.2 mg/kg
Subchronic 0.13 mg/kg for 14 days

2.5 mg/kg for 3 days
2.5 mg/kg for 3 days
3 mg/kg for 14 days
10 mg/kg for 15 days

Time of testing

Sex/strain

Duration
of test

Pairing of animals

Reference

Tested 45 min later
Tested 45 min later
Tested 24 h later
Tested 20 h later (on days 1, 8
and 15)
Tested 1–6 weeks later
Tested 30 min later
Tested 10 days later
Tested 30 min later
Tested 45 min later

Male
Male
Male
Male

Wistar
Sprague–Dawley
Sprague–Dawley
Long–Evans

10 min
10 min
10 min
10 min

Saline/saline,
Saline/saline,
Saline/saline,
Saline/saline,

drug/drug
drug/drug
drug/drug
saline/drug

Sams-Dodd, 1995
Bruins Slot et al., 2005
Lee et al., 2005
Audet et al., 2009

Female hooded-Lister
Male Wistar
Male Sprague–Dawley
Male Sprague–Dawley
Male Wistar

10 min
10 min
7 min
30 min
10 min

Saline/saline,
Saline/saline,
Saline/saline,
Saline/saline,
Saline/saline,

saline/drug
drug/drug
saline/drug
drug/drug
drug/drug

Snigdha & Neill, 2008a,b
Silvestre et al., 1997
Becker et al., 2003
Rung et al., 2005
Matsuoka et al., 2005

acute treatment (0.2 mg/kg, i.p.; Rung et al., 2005) and a sub-chronic
dosing regime (0.13 mg/kg/day i.p. for 14 days; Matsuoka et al.,
2005). Sams-Dodd in 2004 used different dosing regimes of MK-801
(group 1: 0.063 or 0.5 mg/kg for 7 days, s.c. with mini osmotic pumps)
where the rats were tested in the social interaction test 21 days post
drug administration and (group 2: 5 mg/kg of MK-801, on alternate
days for 4 days) with the rats were being tested following a 7 day
washout period. The same study also reported the effect of PCP (5.0;
10.0; 20.0 and 30.0 mg/kg/day for 6 days, s.c. with mini osmotic
pumps) with testing in social interaction conducted 7 days later.
These doses are known to produce mild to extensive non speciﬁc
regional neurotoxicity (including the retrosplenial cortex — in
contrast to the speciﬁc GABA interneuron deﬁcits in PFC and
hippocampus induced by lower doses) but failed to provide additional
support for the face validity of this model in that rats tested 7 to
21 days after the last drug administration did not show impaired
social behaviour. To the best of our knowledge, no studies have
reported the effect of MK-801 treatment in the social interaction test
in female rats.
Even fewer studies have reported the effects of ketamine on social
behaviour in animals. An acute low dose of ketamine (7 mg/kg) has
been reported to reduce social interaction in adult male rats (Silvestre
et al., 1997). Another study by Becker et al. (2003) has reported that
two weeks after the ﬁnal ketamine injection dose (30 mg/kg i.p.
ketamine daily for ﬁve consecutive days), the percentage of
nonaggressive behaviour (snifﬁng, following and grooming the
partner, social play) was decreased in ketamine-treated rats. These
studies suggest that treatment with both acute and sub-chronic doses
of ketamine may induce social interaction deﬁcits relevant to negative
symptoms of schizophrenia. However it must be noted that the
construct validity of these models is harder to achieve and/or to assess
for a condition such as schizophrenia not only because the etiology of
the condition still remains to be ascertained but also because very few
studies in the literature report any ﬁndings regarding the electrophysiological or neurobiological effects of manipulations used to
induce social interaction deﬁcits. In this respect, Katayma et al. (2009)
have recently reported that systemic administration of PCP (10 mg/
kg) induces long-lasting activation in only half of the neurons that
exhibited an increase in ﬁring rate during normal social interaction in
the basolateral amygdala. Interestingly, monkeys with amygdala
lesions show several social deﬁcits and are expelled from the social
group. Another study by Matsuoka et al. (2008) demonstrated a
down-regulation in 23 genes and up-regulation in 16 genes, with the
gene encoding arginine-vasopressin being most down-regulated, and
that for transthyretin (Ttr) most up-regulated in the amygdala
following MK-801 (0.13 mg/kg for 14 days) treatment in adult male
rats. Indeed it has been suggested that there is a close relationship
between dysfunction of the amygdala and social behaviour deﬁcits
seen in patients with schizophrenia. However, no studies to date have
reported a direct correlation between social interaction behaviours
(post sub-chronic NMDA antagonism) and any neurobiological

substrates. Future studies are required to further investigate the
association between possible neural mechanisms involved in the
origin and development of social interaction deﬁcits in animal models.
At present, most studies in the literature relate to the predictive
validity of the social interaction task. This refers to the ability of a task
to accurately estimate and predict the therapeutic value of drugs for
the human condition. The effect of different drugs on social
interaction deﬁcits observed following NMDA receptor antagonism
is discussed below.
6.1. Effects of antipsychotic drugs on the social interaction test
Sams-Dodd (1997) identiﬁed that SGAs such as remoxipride,
risperidone, sertindole, olanzapine and quetiapine all improved PCPinduced social interaction deﬁcits in male Wistar rats. Thereafter in
2005, a study by Bruins-Slot and colleagues showed that antipsychotic
drugs with 5-hydroxytryptamine1A (5-HT1A) receptor partial agonist
properties attenuate PCP-induced disruptions in social interaction in
male Sprague–Dawley rats. This was followed by studies which
conﬁrmed that compounds having combined 5-HT1A receptor
agonist/D2 receptor antagonistic properties, but not selective D2
antagonism reversed PCP-induced social interaction deﬁcits in both
male (Boulay et al., 2004; Depoortere et al., 2007) and female rats
(Snigdha & Neill, 2008b).
Ketamine induced disruptions (30 mg/kg i.p. ketamine daily for
ﬁve consecutive days in Sprague–Dawley rats) have also been shown
to be reversed by both clozapine and risperidone but not haloperidol
(Becker & Grecksch, 2004) and those of MK-801 (0.2 mg/kg given
acutely 30 min prior to testing) in male Sprague–Dawley rats have
reportedly been reversed by dopamine stabilizers but not by
clozapine or haloperidol (Rung et al., 2005). The dopamine stabilizer,
OSU6162 has also demonstrated some improvements in reducing
both positive and negative symptoms in schizophrenia patients
(Gefvert et al., 2000). On the contrary, FGAs have poor efﬁcacy on
negative symptoms (Möller, 2003) and the ability of clozapine to
alleviate negative symptoms has been a subject of much debate. Taken
together these ﬁndings suggest that the social interaction model may
have some predictive validity for identiﬁcation of the anxiolytic or pro
social effects of novel antipsychotic compounds.
With the use of NMDA receptor antagonists in the social
interaction task, behavioural impairments are observed in both the
drug-free state after repeated NMDA antagonist administration
followed by a lengthy washout (Audet et al., 2009; Snigdha & Neill,
2008a,b) and following repeated NMDA antagonist pretreatment to
allow for tolerance to preliminary nonspeciﬁc behavioral disruption,
but examination of behaviour during acute exposure to the drug
(Sams-Dodd, 1999; Bruins Slot et al., 2005). Both social behaviour
deﬁcits observed during acute exposure of the animal to NMDA
antagonists, and behavioural deﬁcits observed after drug washout
following repeated treatment with NMDA antagonists, are potentially
relevant to schizophrenia pathology and allow for an interesting
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means to explore the mechanisms involved in impaired social
functioning in schizophrenia patients.
7. Neuropathology
There is substantial evidence for neuronal abnormalities in
schizophrenia. Results from both neuroimaging and neurochemical
studies have identiﬁed a number of macroscopic ﬁndings indicative of
neuronal dysfunction in a number of important brain regions
implicated in the disorder, namely cortical and medial temporal
lobe structures. These include increases in ventricular size, volume
decreases and reduced energy metabolism (Lawrie & Abukmeil, 1998;
Wright et al., 2000). At a more microscopic level, there have similarly
been reports of changes in a variety of neurotransmitter systems. As it
is beyond the scope of this manuscript to review all of the systems in
detail we will focus on changes relating to the major inhibitory
neurotransmitter of the human brain, namely γ-aminobutyric acid
(GABA). We shall also investigate the correlates with animal models
based on the administration of NMDA receptor antagonists.
7.1. Human post-mortem studies
A defect in neurotransmission involving GABA in schizophrenia
was ﬁrst proposed in the early 1970s (Roberts, 1972). Since then an
accumulation of evidence for abnormalities of the GABA system in
schizophrenia has emerged with numerous post-mortem studies
consistently reporting deﬁcits relating to interneurons that contain
GABA as their neurotransmitter (Blum & Mann, 2002).
Benes et al. (1998) reported a reduced density of GABA
interneurons in the CA2/3 region of the hippocampus. These deﬁcits
were unrelated to antipsychotic treatment, suggesting a role of the
disease process. In support of these ﬁndings others have reported
both an increase in GABAA receptors in the hippocampus probably a
consequence of a compensatory up-regulation of the post synaptic
receptors (Benes et al., 1996), along with a decrease in GABA uptake
sites (Reynolds et al., 1990). Taken together these studies provide
initial evidence for abnormalities of GABA transmission in the brain in
schizophrenia.
More recently researchers have taken advantages of the availability of antibodies against a number of calcium binding proteins (CBP).
These CBPs, namely parvalbumin (PV), calbindin (CB) and calretinin
(CR) have been used as markers of speciﬁc subpopulations of nonoverlapping GABAergic interneurons in the brain. Deﬁcits in PVimmunoreactive cells have been reported in both the frontal cortex
(Beasley & Reynolds, 1997; Beasley et al., 2002) and hippocampus
(Zhang & Reynolds, 2002) in postmortem brain tissue from patients
diagnosed with schizophrenia. Whether these studies reﬂect deﬁcits
in the density of PV interneurons or that the interneurons are present
but PV is not detectable was not answered. In a more recent study,
Hashimoto et al. (2003) reported that, at the cellular level, a decrease
in signal intensity for PV mRNA was attributable principally to a
reduction in PV mRNA expression per neuron rather than by a
decreased density of PV mRNA-positive neurons.
One of the most consistent ﬁndings in post-mortem studies is that
of reductions in mRNA and protein for GAD67, a synthesizing enzyme
for GABA, in the prefrontal cortex (PFC) of schizophrenia patients
(Akbarian et al., 1995; Guidotti et al., 2000; Volk et al., 2000).
Furthermore, Hashimoto et al. (2003) demonstrated that mRNA
expression deﬁcits for both GAD67 and the GABA transporter (GAT1)
in schizophrenia brain tissue, are selective for the PV-containing
subclass of PFC GABA neurons. Taken together, these results suggest
that both GABA synthesis and reuptake appear to be altered at the
level of gene expression only in the PV subset of GABA neurons, and
the resulting changes in GABA neurotransmission may contribute to
PFC dysfunction and as such cognitive deﬁcits in schizophrenia (Lewis
et al., 2005).
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7.2. Animal post-mortem studies
Some neuropathological features of schizophrenia, in particular
alterations of local GABAergic interneurons, have been investigated in
animal models of psychosis, based on prolonged exposure to NMDA
receptor antagonists. Employing this model, numerous studies have
reported deﬁcits in PV-immunoreactive neurons with, when investigated, no change in the CR subset. These ﬁndings, which are
summarised later, are consistently reported for the prefrontal cortex
and hippocampus in the rat.
7.2.1. Phencyclidine
Acute administration of phencyclidine (PCP) has been found to
produce deﬁcits in PV mRNA in the reticular thalamus with no change in
the prefrontal cortex. These pathological deﬁcits are accompanied by
deﬁcits in a perceptual set shifting task, comparable to an aspect of
executive dysfunction in schizophrenia (Egerton et al., 2005). However
using a regime of chronic intermittent exposure to PCP, Cochran et al.
(2003) reported decreases in PV mRNA expression in both the rat
prefrontal cortex and reticular nucleus of the thalamus. Moreover,
chronic PCP treatment given according to this regime also elicits a
metabolic hypofunction, as demonstrated by reductions in the rates of
glucose utilization, within these two regions, key structures displaying
similar changes in schizophrenia.
Using a sub-chronic PCP treatment regime we and others have
reported deﬁcits in PV-immunoreactive neurons in the hippocampus
of adult rats. Similar to the studies mentioned previously, these
deﬁcits occurred alongside cognitive and behavioural alterations
(Abdul-Monim et al., 2006; Jenkins et al., 2008). Post-natal administration of PCP (on post-natal day 7) to rats has also been shown to
selectively reduce cortical PV neurons, with no change in the
hippocampus. This treatment regime does not affect the CR subset
(Wang et al., 2008). Through the use of cellular markers of apoptosis
and neurogenesis the authors determined that the loss of PVcontaining neurons was not due to an effect of PCP on proliferating
neurons, but rather an effect on post-mitotic neurons.
7.2.2. MK-801
Studies using the NMDA receptor antagonist MK-801 have also
reported deﬁcits in PV interneurons in the hippocampus (Braun et al.,
2007; Rujescu et al., 2006). As a functional consequence, local
inhibition of pyramidal cells which is largely mediated by recurrent
axon collaterals, originating from GABAergic interneurons, was
altered. Following this treatment regime, these animals also showed
cognitive deﬁcits resembling ﬁndings in schizophrenia patients.
Prenatal exposure (E15–E18) to MK-801 has also been shown to
reduce the density of PV-immunoreactive neurons in rat medial
prefrontal cortex. This GABAergic neurodevelopmental disruption of
GABAergic interneurons was present both pre- (day 35) and postadolescence (day 63) (Abekawa et al., 2007).
7.2.3. Ketamine
Studies in rats repeatedly treated with ketamine found a decrease in
the density of PV expressing cells in the hippocampus (Keilhoff et al.,
2004). Repeated exposure of mice to ketamine induces the dysfunction
of a subset of cortical fast-spiking inhibitory interneurons, with loss of
expression of PV and GAD67 (Behrens et al., 2007). Ketamine also
activates the innate immune enzyme NADPH-oxidase in the brain, and
the superoxide produced is responsible for the dysfunction of cortical PV
neurons (Behrens et al., 2007).
Neuronal production of interleukin-6 (IL-6) is necessary and
sufﬁcient for the ketamine-mediated activation of NADPH-oxidase in
brain. In vivo studies utilizing IL-6-deﬁcient mice, prevented the
increase in superoxide by ketamine and rescued the interneurons
(Behrens et al., 2008). Interestingly the effects of activation of the IL-6/
NADPH-oxidase pathway on the PV system are reversible in the adult
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outcome and ideally both male and female subjects should be used
(see Cahill, 2006 for review).

brain, but irreversible in the developing cortex (Behrens & Sejnowski,
2009). These studies provide an insight into the mechanism behind
NMDA receptor antagonist induced reduction in PV neurons. Whether
similar mechanisms hold true for PCP and MK-801 remains to be
examined.
The PV deﬁcit appears consistently in the literature. Studies
employed to date have reported these deﬁcits in experiments utilizing
different types of NMDA receptor antagonists, in different species and
sexes, following a number of different treatment regimes and at a
number of different testing points (Table 2 provides a summary of
these different studies).
As can be seen from Table 2, the pathological deﬁcits in these
studies are often reported in association with other behavioural and
neurochemical changes relevant to those reported for the human
studies. Findings of both behavioural and pathological deﬁcits in the
NMDA receptor antagonist model similar to those found in schizophrenia, serve to further increase the face-and-construct validity of
the NMDA receptor antagonist models. In particular, deﬁcits in
prefrontal cortical pathology may be of considerable importance
with respect to the cognitive deﬁcits found in these animals (Lewis et
al., 2005).

The NMDA antagonist model does not incorporate neurodevelopmental or genetic approaches, which are key to the etiology of
schizophrenia in humans. This represents a limitation of the NMDA
antagonist model in adult animals and must be duly acknowledged.
One way to address this is the emerging use of neonatal NMDA
antagonist treatment, most notably PCP on post-natal days 7, 9 and 11
(as recently demonstrated by Broberg et al., 2008, 2009). We had
attempted to combine a pharmacological approach with a neurodevelopmental one and treated isolation reared rats with PCP in our
laboratory but we were not successful in producing greater or more
robust cognitive deﬁcits than those produced by our sub-chronic PCP
regime alone (unpublished studies). The validity of using a pharmacological method to induce schizophrenia symptoms in animals
should be questioned since not many cases of schizophrenia are solely
caused by using such drugs, even if they induce similar symptomatology in the short term as described in the Introduction.

8. Discussion and conclusions

8.3. Validity of the NMDA (N-Methyl-D-aspartate) antagonist model

8.1. General issues

This brings us onto the next key issue, which is the predictive
validity of the NMDA antagonist model. Many of the studies show
positive effects of SGAs and lack of effect of the FGAs and cite this as a
good example of predictive validity of the model which could be
argued to not accurately represent the clinical situation, given the lack
of efﬁcacy of SGAs for improving cognitive deﬁcits. However it is
important to remember that we are using animals to mimic aspects of
a complex human disease where patients have genetic and neurodevelopmental predispositions for the disorder, may have co-morbid
drug abuse, and are commonly prescribed many different pharmacological agents. In marked contrast, our animals have no genetic
predisposition (unless transgenic mice are used) and no previous
drug exposure. Instead they are genetically identical (if using an

There are a number of important issues that arise from inspection
of the work reviewed above although the evidence seems almost
overwhelming in favour of the use of NMDA antagonists to mimic
cognitive (and some aspects of negative) symptoms in rodents along
with associated neuropathological changes. The ﬁrst issue is the
inconsistencies between different studies in doses, dosing schedule
used, strain of rats and variabilities in the test procedures, which are
inescapable features of preclinical studies. A second issue is the use of
female subjects in our studies and males in almost all other studies. It
is important to acknowledge the clear sex differences in brain,
behaviour and pharmacokinetics in rodents and humans, which affect
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Table 2
Summary of studies evaluating the effect of NMDA receptor antagonists on parvalbumin expression in the rat brain. The table highlights some of the differences in dosing regimens,
time of testing following last treatment, sex, strain, and regions tested by a number of research laboratories. It also highlights any behavioural changes reported in the same studies.
PND = post natal day; PV = parvalbumin; IR = Immunoreactive.
Drug/dose
Phencyclidine
Acute (2.58 mg/kg)
Chronic intermittent
exposure (2.58 mg/kg)
Subchronic (2 mg/kg
bi-daily for 7 days)
Subchronic (2 mg/kg
bi-daily for 7 days)
Subchronic (2 mg/kg
bi-daily for 7 days)
Neonatal (10 mg/kg on
PND 7)
MK-801
Chronic (0.02 mg/kg
for 21 days)
Chronic (0.02 mg/kg
for 14 days)
Prenatal exposure
(0.2 mg/kg on E15–E18)
Ketamine
Subchronic (30mg/kg
for 5 days)

Time of
testing

Sex/strain

Parvalbimun

Brain region

24 h

Male hooded Long–Evans

Deﬁcit in mRNA

Reticular thalamic nucleus

72 h

Male hooded Long–Evans

Deﬁcit in mRNA

6 weeks

Female hooded-Lister

Deﬁcit in PV IR neurons

6 weeks

Male hooded-Lister

Deﬁcit in PV IR neurons

6 weeks

Male hooded-Lister

Deﬁcit in PV IR neurons

PND56

Male Sprague–Dawley

Deﬁcit in PV IR neurons

24 h

Male Long–Evans

Deﬁcit in PV IR neurons

24 h

Male Long–Evans

PND 35
and 63

Male and female
Sprague–Dawley

Deﬁcit in relative number Hippocampus
of PV IR neurons
Deﬁcit in PV IR neurons
Prefrontal cortex

2 weeks Male Sprague–Dawley

Deﬁcit in PV IR neurons

Behavioural deﬁcits

References

Deﬁcit in attentional
Egerton et al., 2005
set-shifting
Reticular thalamic nucleus, Metabolic hypofunction
Cochran et al., 2003
prefrontal cortex
in prefrontal cortex
Hippocampus
Deﬁcits in reversal learning Abdul-Monim
et al., 2007
Hippocampus
Disturbances in social
Jenkins et al., 2008
interaction
Prefrontal cortex
Deﬁcits in novel object
McKibben et al., 2010
recognition
Cortical deﬁcits
No change in calretinin
Wang et al., 2008
immunoreactive neurons

Hippocampus

Hippocampus

No change in calretinin
IR neurons
Cognitive deﬁcits
(Hole Board)
Enhances PCP induced
hyperlocomotion

Braun et al. (2007)
Rujescu et al., 2006
Abekawa et al., 2007

Keilhoff et al., 2004
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inbred strain) and live in optimal conditions (lighting, noise level,
humidity etc.) for that species with minimum stress. This makes it
even harder to fully mimic a human disorder (particularly a
psychiatric disorder) and this caveat is important to recognise.
8.4. Sub-chronic versus acute NMDA (N-Methyl-D-aspartate) antagonist
dosing schedules
A further important issue is the use of acute versus chronic dosing
schedules of NMDA antagonists. In our view, the use of a chronic (or subchronic) dosing schedule is of considerably more value in attempting to
replicate the symptomatology and neuropathology of a chronic illness
than acute drug induced effects, although this does not preclude the use
of acute studies where appropriate. In the sub-chronic studies, animals
receive a ﬁxed dosing regime of the NMDA antagonist at adulthood (in
our laboratory this is 7 days treatment with 2 mg/kg of PCP given twice
daily at ~9 am and 4 pm followed by at least a 7 day drug-free period
before animals are tested). This dosing regime leads to robust and
enduring cognitive, social behaviour and neuropathological deﬁcits of
relevance to schizophrenia as outlined previously. Clearly this is of more
value in providing a valid animal model than an acute pharmacological
challenge, which mainly produces transient neurochemical alterations,
but may have some value for a fast screening paradigm, often leading to
proper dose selection of the appropriate antipsychotic drug for
subsequent chronic studies. The lasting deﬁcits induced by this regime
also allow us to retest our animals after acute effects of antipsychotics
have worn off, thus making some attempt to adhere to the principles of
the 3Rs (i.e. replacement, reduction and reﬁnement). Other advantages
of such a paradigm include testing the animals in a drug-free state,
therefore eliminating any confounding acute NMDA antagonist effects.
Importantly, as evidenced in the neuropathology section, chronic
treatment with NMDA antagonists induces lasting neurobiological
changes of relevance to schizophrenia whereas acute treatment does
not. The possibility of inhibiting or preventing such pathological
changes with novel targets and therapies is a particularly exciting area
of research and could lead to real advances in therapy for patients.
8.5. Acute versus sub-chronic antipsychotic dosing schedules
Another limitation stems from the efﬁcacy of single doses of
antipsychotic drugs in our animal models, whereas repeated
treatment is often required in the clinic. The majority of studies
showing a reversal of cognitive deﬁcits in the animal models for some
of the paradigms discussed previously, involve acute administration
of a drug (e.g. antipsychotic, speciﬁc receptor agonist/antagonist,
novel cognitive enhancer etc.) immediately prior to testing. The
resultant pharmacological effect of these drugs appears sufﬁcient to
reverse the deﬁcit. Whether the reversal represents a complete loss of
the deﬁcit is unlikely, more a short term reversal due to a
pharmacological effect of the particular treatment. For example, we
have previously shown that acute administration of clozapine
reverses the deﬁcit in NOR in the sub-chronic PCP animal model
(Grayson et al., 2007). However if these animals are tested again in the
NOR paradigm, the deﬁcit reappears. More studies utilising long term
treatment regimes with testing post-dosing could provide a better
insight into effects of drugs that are more likely to result in molecular/
pathological changes and that could abolish cognitive dysfunction in
the long-term and provide a real beneﬁt for patients. We attempted
this with a 28 day dosing schedule with asenapine in reversal learning
where the improvement was still present the following day in the
absence of asenapine treatment on day 17 (McLean et al., 2010b).
8.6. Summary
In summary, in spite of the limitations outlined above, the use of
NMDA antagonists to mimic cognitive and social behaviour deﬁcits
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provides a relatively valid animal model for schizophrenia. Sufﬁcient
studies have been conducted to show that acute and sub-chronic
dosing regimes produce deﬁcit symptoms of relevance to schizophrenia. More work is clearly needed to reﬁne the model. However, we
recommend the use of PCP in a sub-chronic dosing regimen, combined
with the use of several different tests to assess the various domains of
cognition affected in schizophrenia, as outlined by MATRICS, in
addition to social behaviour and neuropathological studies.
Acknowledgment
The authors are very grateful to Jorgen Scheel-Kruger for his most
helpful, constructive and insightful comments on an earlier version of
this manuscript.
References
Abdul-Monim, Z., Reynolds, G. P., & Neill, J. C. (2003). The atypical antipsychotic
ziprasidone, but not haloperidol, improves phencyclidine-induced cognitive
deﬁcits in a reversal learning task in the rat. J Psychopharmacol 17, 57−65.
Abdul-Monim, Z., Reynolds, G. P., & Neill, J. C. (2006). The effect of atypical and classical
antipsychotics on sub-chronic PCP-induced cognitive deﬁcits in a reversal-learning
paradigm. Behav Brain Res 169, 263−273.
Abdul-Monim, Z., Reynolds, G. P., & Neill, J. C. (2007). Sub-chronic psychotomimetic
phencyclidine induces deﬁcits in reversal learning and alteration in parvalbuminimmunoreactive expression in the rat. J Psychopharmacol 21, 198−205.
Abekawa, T., Ito, K., Nakagawa, S., & Koyama, T. (2007). Prenatal exposure to an NMDA
receptor antagonist, MK-801 reduces density of parvalbumin-immunoreactive
GABAergic neurons in the medial prefrontal cortex and enhances phencyclidineinduced hyperlocomotion but not behavioral sensitization to methamphetamine in
postpubertal rats. Psychopharmacology (Berl) 192(3), 303−316.
Abi-Dargham, A., van de Giessen, E., Slifstein, M., Kegeles, L. S., & Laruelle, M. (2009).
Baseline and amphetamine-stimulated dopamine activity are related in drug-naïve
schizophrenic subjects. Biol Psychiatry 65(12), 1091−1093.
Addington, J., Addington, D., & Gasbarre, L. (2001). Neurocognitive and social
functioning in schizophrenia and other diagnoses. Schizophr Res 48, 367−368.
Akbarian, S., Kim, J. J., Potkin, S. G., Hagman, J. O., Tafazzoli, A., Bunney, W. E., Jr, et al.
(1995). Gene expression for glutamic acid decarboxylase is reduced without loss of
neurons in prefrontal cortex of schizophrenics. Arch Gen Psychiatry 52, 258−266.
Amatai, N., & Markou, A. (2009). Increased impulsivity and disrupted attention induced
by repeated phencyclidine are not attenuated by chronic quetiapine treatment.
Pharmacol Biochem Behav 93, 248−257.
Amitai, N., Semenova, S., & Markou, A. (2007). Cognitive–disruptive effects of the
psychotomimetic phencyclidine and attenuation by atypical antipsychotic
medications in rats. Psychopharmacology 193, 521−537.
Andreasen, N. C., Flaum, M., Swayze, V. W., Tyrrell, G., & Arndt, S. (1990). Positive and
negative symptoms in schizophrenia. A critical reappraisal. Arch Gen Psychiatry 47
(7), 615−621.
Arnt, J., Bang-Anderson, B., Dias, R., & Bogeso, K. P. (2008). Strategies for
pharmacotherapy of schizophrenia. Drugs Fut 33, 777−791.
Arnt, J., Bang-Anderson, B., Grayson, B., Bymaster, F. P., Cohen, M. L., DeLapp, N. W.,
Giethlen, B., Kreilgaard, M., McKinzie, D. L., Neill, J. C., Nelson, D. L., Møller Nielsen,
S., Nøhr Poulsen, M., Schaus, J. M., & Witten, L. M. (2010). Lu AE58054, a 5-HT6
antagonist with pro cognitive potential. Int J Neuropsychopharmacol 13(8),
1021−1033.
Audet, M.-C., Goulet, S., & Doré, F. Y. (2009). Impaired social motivation and increased
aggression in rats subchronically exposed to phencyclidine. Physiol Behav 96(3),
394−398.
Baviera, M., Invernizzi, R. W., & Carli, M. (2008). Haloperidol and clozapine have
dissociable effects in a model of attentional performance deﬁcits induced by
blockade of NMDA receptors in the mPFC. Psychopharmacology 196, 269−280.
Beasley, C. L., & Reynolds, G. P. (1997). Parvalbumin-immunoreactive neurons are
reduced in the prefrontal cortex of schizophrenics. Schizophr Res 24(3), 349−355.
Beasley, C. L., Zhang, Z. J., Patten, I., & Reynolds, G. P. (2002). Selective deﬁcits in
prefrontal cortical GABAergic neurons in schizophrenia deﬁned by the presence of
calcium-binding proteins. Biol Psychiatry 52, 708−715.
Becker, A., & Grecksch, G. (2004). Ketamine-induced changes in rat behaviour: a
possible animal model of schizophrenia. Test of predictive validity. Prog NeuroPsychopharmacol Biol Psychiatry 28(8), 1267.
Becker, A., Peters, B., Schroeder, H., Mann, T., Huether, G., & Grecksch, G. (2003).
Ketamine-induced changes in rat behaviour: a possible animal model of
schizophrenia. Prog Neuro-Psychopharmacol Biol Psychiatry 27(4), 687−700.
Behrens, M. M., & Sejnowski, T. J. (2009). Does schizophrenia arise from oxidative
dysregulation of parvalbumin-interneurons in the developing cortex? Neuropharmacology 57(3), 193−200.
Behrens, M. M., Ali, S. S., Dao, D. N., Lucero, J., Shekhtman, G., Quick, K. L., et al. (2007).
Ketamine-induced loss of phenotype of fast-spiking interneurons is mediated by
NADPH-oxidase. Science 318(5856), 1645−1647.
Behrens, M. M., Ali, S. S., & Dugan, L. L. (2008). Interleukin-6 mediates the increase in
NADPH-oxidase in the ketamine model of schizophrenia. J Neurosci 28(51),
13957−13966.

Author's personal copy
430

J.C. Neill et al. / Pharmacology & Therapeutics 128 (2010) 419–432

Benes, F. M., Khan, Y., Vincent, S. L., & Wickramasinghe, R. (1996). Differences in the
subregional and cellular distribution of GABAA receptor binding in the hippocampal
formation of schizophrenic brain. Synapse 22(4), 338−349.
Benes, F. M., Kwok, E. W., Vincent, S. L., & Todtenkopf, M. S. (1998). A reduction of
nonpyramidal cells in sector CA2 of schizophrenics and manic depressives. Biol
Psychiatry 44(2), 88−97.
Berg, E. A. (1948). A simple objective treatment for measuring ﬂexibility in thinking.
J Gen Psychol 39, 15−22.
Birrell, J. M., & Brown, V. J. (2000). Medial frontal cortex mediates perceptual
attentional set-shifting in the rat. J Neurosci 20(11), 4320−4324.
Blum, B. P., & Mann, J. J. (2002). The GABAergic system in schizophrenia. Int J
Neuropsychopharmacol 5(2), 159−179.
Bohn, I., Giertler, C., & Hauber, W. (2003). Orbital prefrontal cortex and guidance of
instrumental behaviour in rats under reversal conditions. Behav Brain Res 143, 49−56.
Boulay, D., Depoortère, R., Louis, C., Perrault, G., Griebel, G., & Soubrié, P. (2004). SSR181507,
a putative atypical antipsychotic with dopamine D2 antagonist and 5-HT1A agonist
activities: improvement of social interaction deﬁcits induced by phencyclidine in rats.
Neuropharmacology 46(8), 1121−1129.
Boulougouris, V., Dalley, J. W., & Robbins, T. W. (2007). Effects of orbitofrontal,
infralimbic and prelimbic cortical lesions on serial spatial reversal learning in the
rat. Behav Brain Res 179, 219−228.
Braff, D. L., Heaton, R., Kuck, J., Cullum, M., Moranville, J., Grant, I., et al. (1991). The
generalized pattern of neuropsychological deﬁcits in outpatients with chronic
schizophrenia with heterogeneous Wisconsin Card Sorting Test results. Arch Gen
Psychiatry 48(10), 891−898.
Braun, I., Genius, J., Grunze, H., Bender, A., Möller, H. J., & Rujescu, D. (2007). Alterations
of hippocampal and prefrontal GABAergic interneurons in an animal model of
psychosis induced by NMDA receptor antagonism. Schizophr Res 97(1–3), 254−263.
Brigman, J. L., Ihne, J., Saksida, L. M., Bussey, T. J., & Holmes, A. (2009). Effects of
subchronic phencyclidine (PCP) treatment on social behaviours, and operant
discrimination and reversal learning in C57BL/6J mice. Front Behav Neurosci 3:2.
Broberg, B. V., Dias, R., Glenthoj, B. Y., & Olsen, C. K. (2008). Evaluation of
neurodevelopmental model of schizophrenia — early postnatal PCP treatment in
attentional set-shifting. Behav Brain Res 190(1), 160−163.
Broberg, B. V., Glenthøj, B. Y., Dias, R., Larsen, D. B., & Olsen, C. K. (2009). Reversal of
cognitive deﬁcits by an ampakine (CX516) and sertindole in two animal models of
schizophrenia — sub-chronic and early postnatal PCP treatment in attentional setshifting. Psychopharmacology 206, 631−640.
Bruins Slot, L., Kleven, M. S., & Newman-Tancredi, A. (2005). Effects of novel
antipsychotics with mixed D2 antagonist/5-HT1A agonist properties on PCPinduced social interaction deﬁcits in the rat. Neuropharmacology 49(7), 996.
Cahill, L. (2006). Why sex matters for neuroscience. Nat Rev Neurosci 7(6), 477−484.
Carlsson, A., & Lindqvist, M. (1963). Effect of chlorpromazine or haloperidol on
formation of 3-methoxytyramine and normetanephrine in mouse brain. Acta
Pharmacol Toxicol 20, 140−144.
Chadman, K. K., Watson, D. J., & Stanton, M. E. (2006). NMDA receptor antagonism
impairs reversal learning in developing rats. Behav Neurosci 120(5), 1071−1083.
Chan, M. H., Chiu, P. H., Sou, J. H., & Chen, H. H. (2008). Attenuation of ketamine-evoked
behavioural responses by mGluR5 positive modulators in mice. Psychopharmacology
198, 141−148.
Chudasama, Y., & Robbins, T. W. (2004). Psychopharmacological approaches to
modulating attention in the ﬁve-choice serial reaction time task: implications in
schizophrenia. Psychopharmacology 174, 86−98.
Chudasama, Y., Passetti, F., Rhodes, S. E. V., Lopian, D., Desai, A., & Robbins, T. W. (2003).
Dissociable aspects of performance on the 5-choice serial reaction time task
following lesions of the dorsal anterior cingulate, infralimbic and orbitofrontal
cortex in the rat: differential effects on selectivity, impulsivity and compulsivity.
Behav Brain Res 146, 105−119.
Cochran, S. M., Kennedy, M., McKerchar, C. E., Steward, L. J., Pratt, J. A., & Morris, B. J.
(2003). Induction of metabolic hypofunction and neurochemical deﬁcits after
chronic intermittent exposure to phencyclidine: differential modulation by
antipsychotic drugs. Neuropsychopharmacology 28(2), 265−275.
Corblatt, B. A., & Kellp, J. G. (1994). Impaired attention, genetics, and the
pathophysiology of schizophrenia. Schizophr Bull 20(1), 31−46.
Coyle, J. T. (2006). Glutamate and schizophrenia: beyond the dopamine hypothesis. Cell
Mol Neurobiol 26(4–6), 365−384.
Damgaard, T., Larsen, D. B., Hansen, S. L., Grayson, B., Neill, J. C., & Plath, N. (2010).
Positive modulation of alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors reverses sub-chronic PCP-induced deﬁcits in the novel
object recognition task in rats. Behav Brain Res 207, 144−150.
De-Lima, M. N., Laranja, D. C., Bromberg, E., Roesler, R., & Schroeder, N. (2005). Pre- or
post-training administration of the NMDA receptor blocker MK-801 impairs object
recognition memory in rats. Behav Brain Res 156, 139−143.
Depoortere, R., Auclair, A. L., Bardin, L., Bruins Slot, L., Kleven, M. S., Colpaert, F., et al.
(2007). F15063, a compound with D2/D3 antagonist, 5-HT1A agonist and D4 partial
agonist properties. III. Activity in models of cognition and negative symptoms. Br J
Pharmacol 151(2), 266−277.
Dere, E., Huston, J. P., & de Souza Silva, M. A. (2007). The pharmacology, neuroanatomy
and neurogenetics of one-trial object recognition in rodents. Neurosci Biobehav Rev
31, 673−704.
Deschênes, A., Goulet, S., & Doré, F. Y. (2006). Rule shift under long-term PCP challenge
in rats. Behav Brain Res 167, 134−140.
Downes, J. J., Roberts, A. C., Sahakian, B. J., Evenden, J. L., Morris, R. G., & Robbins, T. W.
(1989). Impaired extra-dimensional shift performance in medicated and unmedicated
Parkinson's disease: evidence for a speciﬁc attentional dysfunction. Neuropsychologica
27, 1329−1343.

Egerton, A., Reid, L., McKerchar, C. E., Morris, B. J., & Pratt, J. A. (2005). Impairment in
perceptual attentional set-shifting following PCP administration: a rodent model of
set-shifting deﬁcits in schizophrenia. Psychopharmacology 179, 77−84.
Egerton, A., Ried, L., McGregor, S., Cochran, S. M., Morris, B. J., & Pratt, J. A. (2008).
Subchronic and chronic PCP treatment produces temporally distinct deﬁcits in
attentional set-shifting and prepulse inhibition in rats. Psychopharmacology 198,
37−49.
Ellenbroek, B. A., & Cools, A. R. (2000). Animal models for the negative symptoms of
schizophrenia. Behav Pharmacol 11(3–4), 223−233.
Ennaceur, A., & Delacour, J. (1988). A new one-trial test for neurobiological studies of
memory in rats. Behav Brain Res 31, 47−59.
Fletcher, P. J., Tenn, C. C., Rizos, Z., Lovic, V., & Kapur, S. (2005). Sensitization to
amphetamine, but not PCP, impairs attentional set shifting: reversal by a D1
receptor agonist injected into the medial prefrontal cortex. Psychopharmacology
183, 190−200.
Floresco, S., Geyer, M. A., Gold, L. H., & Grace, A. (2005). Developing predictive animal
models and establishing a preclinical trials network for assessing treatment effects
on cognition in schizophrenia. Schizophr Bull 31, 888−894.
Floresco, S. B., Zhang, Yj., & Enomoto, T. (2009). Neural circuits subserving behavioural
ﬂexibility and their relevance to schizophrenia. Behav Brain Res 204, 396−409.
Fone, K. C. F., & Porkess, V. (2008). Behavioural and neurochemical effects of postweaning social isolation in rodents — relevance to developmental neuropsychiatric
disorders. Neurosci Biobehav Rev 32(6), 1087−1102.
Fujita, Y., Ishima, S., Kunitachi, S., Hagiwara, H., Zhang, L., Iyo, M., et al. (2008).
Phencyclidine-induced cognitive deﬁcits in mice are improved by subsequent
subchronic administration of the antibiotic drug minocycline. Prog NeuroPsychopharmacol Biol Psychiatry 32, 336−339.
Gefvert, O., Lindström, L. H., Dahlbäck, O., Sonesson, C., Waters, N., & Carlsson, A. (2000).
(−)-OSU6162 induces a rapid onset of antipsychotic effect after a single dose. A
double-blind placebo-controlled pilot study. In L. von Knorring (Ed.), Scandinavian
Society for Psychopharmacology, 41st Annual Meeting. Nord J Psychiatry. (pp. 93−94).
Goetghebeur, P., & Dias, R. (2009). Comparison of haloperidol, risperidone, sertindole,
and modaﬁnil to reverse an attentional set-shifting impairment following
subchronic PCP administration in the rats — a back translational study.
Psychopharmacology 202, 287−293.
Goldberg, T. E., & Gold, J. M. (1995). Neurocognitive Deﬁcits in Schizophrenia. London,
UK: Blackwell.
Grayson, B., & Neill, J. C. (2004). The effect of PCP on novel object recognition in the rat.
J Psychopharmacol 18(3), A72.
Grayson, B., Idris, N. F., & Neill, J. C. (2007). Atypical antipsychotics attenuate a subchronic PCP-induced cognitive deﬁcit in the NOR task in the rat. Behav Brain Res
184, 31−38.
Greco, B., Invernizzi, R. W., & Carli, M. (2005). Phencyclidine-induced impairment in
attention and response control depends on the background genotype of mice:
reversal by the mGlu(2/3) receptor agonist LY379268. Psychopharmacology (Berl)
179(1), 68−76.
Green, M. F. (1996). What are the functional consequences of neurocognitive deﬁcits in
schizophrenia? Am J Psychiatry 153, 321−330.
Grottick, A. J., & Higgins, G. A. (2000). Effect of subtype selective nicotinic compounds
on attention as assessed by the ﬁve-choice serial reaction time task. Behav Brain Res
117(1–2), 197−208.
Guidotti, A., Auta, J., Davis, J. M., Gerevini, V. D., Dwivedi, Y., Grayson, D. R., et al. (2000).
Decrease in reelin and glutamic acid decarboxylase67 (GAD67) expression in
schizophrenia and bipolar disorder. Arch Gen Psychiatry 57, 1061−1069.
Hagan, J. J., & Jones, D. N. (2005). Predicting drug efﬁcacy for cognitive deﬁcits in
schizophrenia. Schizophr Bull 31(4), 830−853.
Hagiwara, H., Fujita, Y., Ishima, T., Kunitachi, S., Shirayama, Y., Iyo, M., et al. (2008).
Phencyclidine-induced cognitive deﬁcits in mice are improved by subsequent
subchronic administration of the antipsychotic drug perospirone: role of serotonin
5-HT1A receptors. Eur Neuropsychopharmacol 18, 448−454.
Harich, S., Gross, G., & Bespalov, A. (2007). Stimulation of the metabotropic glutamate
2/3 receptor attenuates social novelty discrimination deﬁcits induced by neonatal
phencyclidine treatment. Psychopharmacology (Berl) 192(4), 511−519.
Harrison, P. J., & Owen, M. J. (2003). Genes for schizophrenia? Recent ﬁndings and their
pathophysiological implications. Lancet 361, 417−419.
Harrison, P. J., & Weinberger, D. R. (2005). Schizophrenia genes, gene expression,
and neuropathology: on the matter of their convergence. Mol Psychiatry 10(1),
40−68.
Harvey, P. D., & McClure, M. M. (2006). Pharmacological approaches to the
management of cognitive dysfunction in schizophrenia. Drugs 66, 1465−1473.
Hashimoto, T., Volk, D. W., Eggan, S. M., Mirnics, K., Pierri, J. N., Sun, Z., et al. (2003).
Gene expression deﬁcits in a subclass of GABA neurons in the prefrontal cortex of
subjects with schizophrenia. J Neurosci 23(15), 6315−6326.
Hashimoto, K., Fujita, Y., Shimizu, E., & Iyo, M. (2005). Phencyclidine-induced cognitive
deﬁcits in mice are improved by subsequent subchronic administration of
clozapine, but not haloperidol. Eur J Pharmacol 519, 114−117.
Haut, M. W., Cahill, J., Cutlip, W. D., Stevenson, J. M., Makela, E. H., & Bloomﬁeld, S. M.
(1996). On the nature of Wisconsin Card Sorting Test performance in schizophrenia.
Psychiatry Res 65, 15−22.
Higgins, G. A., Ballard, T. M., Huwyler, J., Kemp, J. A., & Gill, R. (2003). Evaluation of the
NR2B-selective NMDA receptor antagonist Ro 63-1908 on rodent behaviour:
evidence for an involvement of NR2B NMDA receptors in response inhibition.
Neuropharmacology 44(3), 324−341.
Hill, K., Mann, L., Laws, K. R., Stephenson, C. M., Nimmo-Smith, I., & McKenna, P. J.
(2004). Hypofrontality in schizophrenia: a meta-analysis of functional imaging
studies. Acta Psychiatr Scand 110(4), 243−256.

Author's personal copy
J.C. Neill et al. / Pharmacology & Therapeutics 128 (2010) 419–432
Idris, N. F., Repeto, P., Neill, J. C., & Large, C. H. (2005). Investigation of the effects of
lamotrigine and clozapine in improving reversal-learning impairments induced by
acute phencyclidine and D-amphetamine in the rat. Psychopharmacology 179, 336−348.
Idris, N. F., Grayson, B., & Neill, J. C. (2006). The emerging role of NMDA receptor
hypofunction in mediation of reversal learning deﬁcits in the rat. J Psychopharmacol
20(Suppl (5), A68.
Idris, N. F., Neill, J. C., & Large, C. H. (2009). Comparison of the efﬁcacy of two
anticonvulsants, phenytoin and valproate to improve PCP and D-amphetamine
induced deﬁcits in a reversal learning task in the rat. Front Behav Neurosci 3:8.
Idris, N. F., Neill, J. C., Grayson, B., Bang-Andersen, B., Witten, L. M., Brennum, L. T., et al.
(2010). Sertindole improves subchronic PCP-induced reversal learning and
episodic memory deﬁcits in rodents: involvement of 5-HT6 and 5-HT2A receptor
mechanisms. Psychopharmacology 208, 23−36.
Javitt, D. C., & Zukin, S. R. (1991). Recent advances in the phencyclidine model of
schizophrenia. Am J Psychiatry 140(10), 1301−1308.
Jenkins, T. A., Harte, M. K., McKibben, C. E., Elliott, J. J., & Reynolds, G. P. (2008).
Disturbances in social interaction occur along with pathophysiological deﬁcits
following sub-chronic phencyclidine administration in the rat. Behav Brain Res 194
(2), 230−235.
Jentsch, J. D., & Roth, R. H. (1999). The neuropsychopharmacology of phencyclidine:
from NMDA receptor hypofunction to the dopamine hypothesis of schizophrenia.
Neuropsychopharmacology 20(3), 201−225.
Jentsch, J. D., Redmond, D. E., Elsworth, J. D., Taylor, J. R., Youngren, K. D., & Roth, R. H.
(1997a). Enduring cognitive deﬁcits and cortical dopamine dysfunction in monkeys
after long-term administration of phencyclidine. Science 277, 953−955.
Jentsch, J. D., Tran, A., Le, D., Youngren, K. D., & Roth, R. H. (1997b). Subchronic
phencyclidine administration reduces mesoprefrontal dopamine utilization and
impairs prefrontal cortical-dependent cognition in the rat. Neuropsychopharmacology
17, 92−99.
Jones, G. H., Marsden, C. A., & Robbins, T. W. (1991). Behavioural rigidity and rulelearning deﬁcits following isolation-rearing in the rat — neurochemical correlates.
Behav Brain Res 43, 35−50.
Jones, P., Rodgers, B., Muray, R., & Marmot, M. (1994). Child development risk factors for
adult schizophrenia in the British birth cohort. Lancet 344, 1398−1402.
Jones, P. B., Barnes, T. R., Davies, L., Dunn, G., Lloyd, H., Hayhurst, K. P., et al. (2006).
Randomised controlled trial of the effect on quality of life of second vs ﬁrst
generation antipsychotic drugs in schizophrenia. Cost utility of the latest
antipsychotic drugs in schizophrenia study (CUtLASS 1). Arch Gen Psychiatry 63,
1079−1087.
Karasawa, J., Hashimoto, K., & Chaki, S. (2008). D-Serine and a glycine transporter
inhibitor improve MK-801-induced cognitive deﬁcits in a novel object recognition
test in rats. Behav Brain Res 186, 78−83.
Katayama, T., Jodo, E., Suzuki, Y., Hoshino, K. Y., Takeuchi, S., & Kayama, Y. (2009).
Phencyclidine affects ﬁring activity of basolateral amygdala neurons related to
social behavior in rats. Neuroscience 159(1), 335−343.
Keefe, R. S., Bilder, R. M., Davis, S. M., Harvey, P. D., Palmer, B. W., Gold, J. M., et al.
(2007). Neurocognitive effects of antipsychotic medications in patients with
chronic schizophrenia in the CATIE Trial. Arch Gen Psychiatry 64, 633−647.
Keilhoff, G., Becker, A., Grecksch, G., Wolf, G., & Bernstein, H. G. (2004). Repeated
application of ketamine to rats induces changes in the hippocampal expression of
parvalbumin, neuronal nitric oxide synthase and cFOS similar to those found in
human schizophrenia. Neuroscience 126(3), 591−598.
King, M. V., Sleight, A. J., Woolley, M. L., Topham, I. A., Marsden, C. A., & Fone, K. C. F.
(2004). 5-HT6 receptor antagonists reverse delay-dependent deﬁcits in novel
object discrimination by enhancing consolidation—an effect sensitive to NMDA
receptor antagonism. Neuropharmacology 47, 195−204.
Kolb, B., & Wilshaw, I. Q. (1983). Performance of schizophrenic patients on tests
sensitive to left or right frontal temporal, or parietal function in neurological
patients. J Nerv Ment Dis 171, 435−443.
Kristiansen, L. V., Huerta, I., Beneyto, M., & Meador-Woodruff, J. H. (2007). NMDA
receptors and schizophrenia. Curr Opin Pharmacol 7, 48−55.
Krystal, J. H., Karper, L. P., & Seibyl, J. P. (1994). Subanaesthetic effects of the
noncompetitive NMDA antagonist, ketamine, in humans. Psychotomimetic,
perceptual, cognitive, and neuroendocrine responses. Arch Gen Psychiatry 51,
199−214.
Large, C. H. (2007). Do NMDA receptor antagonist models of schizophrenia predict the
clinical efﬁcacy of antipsychotic drugs? J Psychopharmacol 21, 283−301.
Laurent, V., & Podhorna, J. (2004). Subchronic phencyclidine treatment impairs
performance of C57BL/6 mice in the attentional set-shifting task. Behav Pharmacol
5(2), 141−148.
Lawrie, S. M., & Abukmeil, S. S. (1998). Brain abnormality in schizophrenia. A systematic
and quantitative review of volumetric magnetic resonance imaging studies. Br J
Psychiatry 172, 110−120.
Lee, P. R., Brady, D. L., Shapiro, R. A., Dorsa, D. M., & Koenig, J. I. (2005). Social interaction
deﬁcits caused by chronic phencyclidine administration are reversed by oxytocin.
Neuropsychopharmacology 30, 1883−1894.
Lewis, D. A., Hashimoto, T., & Volk, D. W. (2005). Cortical inhibitory neurons and
schizophrenia. Nat Rev Neurosci 6(4), 312−324.
Lidde, P. (2000). Functional brain imaging of schizophrenia. In The Psychopharmacology
of Schizophrenia. ed. Reveley, M.A. & Deakin, J. F. W. pp. 41–55. New York: Oxford
University Press.
Luby, E. D., Cohen, B. D., Rosenbaum, G., Gottlieb, J. S., & Kelley, R. (1959). Study of a new
schizophrenomimetic drug; sernyl. AMA Arch Neurol Psychiatry 81, 363−369.
Malhotra, K. A., Pinals, A. D., Adler, M. C., Elman, I., Clifton, A., Pickar, D., et al. (1997).
Ketamine-induced exacerbation of psychotic symptoms and cognitive impairment
in neuroleptic-free schizophrenics. Neuropsychopharmacology 17(3), 141−150.

431

Matsuoka, T., Sumiyoshi, T., Tanaka, K., Tsunoda, M., Uehara, T., Itoh, H., et al. (2005).
NC-1900, an arginine-vasopressin analogue, ameliorates social behavior deﬁcits
and hyperlocomotion in MK-801-treated rats: therapeutic implications for
schizophrenia. Brain Res 1053(1–2), 131−136.
Matsuoka, T., Tsunoda, M., Sumiyoshi, T., Takasaki, I., Tabuchi, Y., Seo, T., et al. (2008).
Effect of MK-801 on gene expressions in the amygdala of rats. Synapse 62(1), 1−7.
McAlonan, K., & Brown, V. J. (2003). Orbital prefrontal cortex mediates reversal learning
and not attentional set shifting in the rat. Behav Brain Res 146, 97−103.
McKibben, C. E., Jenkins, T. A., Adams, H. N., Harte, M. K., & Reynolds, G. P. (2010). Effect
of pretreatment with risperidone on phencyclidine-induced disruptions in object
recognition memory and prefrontal cortex parvalbumin immunoreactivity in the
rat. Behav Brain Res 208(1), 132−136.
McLean, S. L., Beck, J. P., Woolley, M. L., & Neill, J. C. (2008). A preliminary investigation
into the effects of antipsychotics on sub-chronic phencyclidine-induced deﬁcits in
attentional set-shifting in female rats. Behav Brain Res 189, 152−158.
McLean, S. L., Idris, N. F., Woolley, M. L., & Neill, J. C. (2009). D(1)-like receptor
activation improves PCP-induced cognitive deﬁcits in animal models: implications
for mechanisms of improved cognitive function in schizophrenia. Eur Neuropsychopharmacol 19, 440−450.
McLean, S. L., Woolley, M. L., Thomas, D., & Neill, J. C. (2009). Role of 5-HT receptor
mechanisms in sub-chronic PCP-induced reversal learning deﬁcits in the rat.
Psychopharmacology 206(3), 403−414.
McLean, S. L., Grayson, B., Idris., N.F., Lesage, A.S., Pemberton D.J., Mackie C., Neill J.C.
(2010a) Activation of α7 nicotinic receptors improves phencyclidine-induced
deﬁcits in cognitive tasks in rats: implications for therapy of cognitive dysfunction in
schizophrenia. Eur Neuropsychopharmacol. doi:10.1016/j.euroneruro.2010.06.003.
McLean, S. L., Neill, J. C., Idris, N. F., Marston, H., Wong, E. H. F., & Shahid, M. (2010b).
Effects of asenapine, olanzapine, and risperidone on psychotomimetic-induced
reversal-learning deﬁcits in the rat. Behav Brain Res. 214, 240−247.
Möller, H. J. (2003). Management of the negative symptoms of schizophrenia: new
treatment options. CNS Drugs 17(11), 793−823.
Morris, B. J., Cochran, S. M., & Pratt, J. A. (2005). PCP: from pharmacology to modelling
schizophrenia. Curr Opin Pharmacol 5(1), 101−106.
Mouri, A., Noda, A., Enomoto, T., & Nabeshima, T. (2007). Phencyclidine animal models of
schizophrenia: approaches from abnormality of glutamatergic neurotransmission and
neurodevelopment. Neurochem Int 51, 173−184.
Muir, J. L., Everitt, B. J., & Robbins, T. W. (1994). AMPA-induced lesions of the basal
forebrain: a signiﬁcant role for the cortical cholinergic system in attentional
function. J Neurosci 14, 2313−2326.
Muir, J. L., Robbins, T. W., & Everitt, B. J. (1996). The cerebral cortex of the rat and visual
attentional function: dissociable effects of mediofrontal, cingulated, anterior,
dorsolateral and parietal cortex lesions on a 5-choice serial reaction time task.
Cereb Cortex 6, 470−481.
Murphy, E. R., Dalley, J. W., & Robbins, T. W. (2005). Local glutamate receptor
antagonism in the rat prefrontal cortex disrupts response inhibition in a
visuospatial attentional task. Psychopharmacology 179, 99−107.
Nagai, T., Murai, R., Matsui, K., Kamei, H., Noda, Y., Furukawa, H., et al. (2009). Aripiprazole
ameliorates phencyclidine-induced impairment of recognition memory through
dopamine D1 and serotonin 5-HT1A receptors. Psychopharmacology 202, 315−328.
Nilsson, M., Hansson, S., Carlsson, A., & Carlsson, M. L. (2007). Differential effects of the
N-methyl-D-Aspartate receptor antagonist MK-801 on different stages of object
recognition memory in mice. Neuroscience 149, 123−130.
O'Grada, C., & Dinan, T. (2007). Executive function in schizophrenia: what impact do
antipsychotics have? Hum Psychopharmacol Clin Exp 22, 397−406.
Olney, J. W., Newcomer, J. W., & Farber, N. B. (1999). NMDA receptor hypofunction
model of schizophrenia. J Psychiatry Res 33, 523−533.
Paine, T. A., & Carlezon, W. A., Jr. (2009). Effects of antipsychotic drugs on MK-801induced attentional and motivational deﬁcits in rats. Neuropharmacology 56,
788−797.
Paine, T. A., Tomasiewicz, H. C., Zhang, K., & Carlezon, W. A. (2007). Sensitivity of the
ﬁve-choice serial reaction time task to the effects of various psychotropic drugs in
Sprague–Dawley rats. Biol Psychiatry 62, 687−693.
Pantelis, C., Barber, F. Z., Barnes, T. R. E., Nelson, H. E., Owen, A. M., & Robbins, T. W.
(1999). Comparison of set shifting ability in patients with chronic schizophrenia
and frontal lobe damage. Schizophr Res 37, 251−270.
Pitsikas, N., Boultadakis, A., & Sakellardidis (2008). Effects of sub-anaesthetic doses of
ketamine on rats' spatial and non-spatial recognition memory. Neuroscience 154,
454−460.
Qiao, H., Noda, Y., Kamei, T., Nagai, T., Furukawa, H., Miura, H., et al. (2001). Clozapine,
but not haloperidol, reverses social behavior deﬁcit in mice during withdrawal
from chronic phencyclidine treatment. NeuroReport 12(2001), 11−15.
Reynolds, G. P., Czudek, C., & Andrews, H. B. (1990). Deﬁcit and hemispheric asymmetry
of GABA uptake sites in the hippocampus in schizophrenia. Biol Psychiatry 27(9),
1038−1044.
Robbins, T. W. (2002). The 5-choice serial reaction time task: behavioural pharmacology
and functional neurochemistry. Psychopharmacology 163, 362−380.
Roberts, E. (1972). Prospects for research on schizophrenia. A hypothesis suggesting
that there is a defect in the GABA system in schizophrenia. Neurosci Res Program
Bull 10(4), 468−482.
Rodefer, J. S., Murphy, E. R., & Baxter, M. G. (2005). PDE10A inhibition reverses
subchronic PCP-induced deﬁcits in attentional set-shifting in rats. Eur J Neurosci 21,
1070−1076.
Rodefer, J. S., Nguyen, T. N., Karlsson, J. J., & Arnt, J. (2008). Reversal of subchronic PCPinduced deﬁcits in attentional set shifting in rats by sertindole and a 5-HT6 receptor
antagonist: comparison among antipsychotics. Neuropsychopharmacology 33,
2657−2666.

Author's personal copy
432

J.C. Neill et al. / Pharmacology & Therapeutics 128 (2010) 419–432

Rogers, R. D., Baunez, C., Everitt, B. J., & Robbins, T. W. (2001). Lesions of the medial and
lateral striatum in the rat produce differential deﬁcits in attentional performance.
Behav Neurosci 115(4), 799−811.
Rosvold, H. E., Mirsky, A., Sarason, I., Bransome, E. D., & Beck, L. H. (1956). A continuous
performance test of brain damage. J Consult Psychol 20, 343−350.
Rujescu, D., Bender, A., Keck, M., Hartmann, A. M., Ohl, F., Raeder, H., et al. (2006). A
pharmacological model for psychosis based on N-methyl-D-aspartate receptor
hypofunction: molecular, cellular, functional and behavioral abnormalities. Biol
Psychiatry 59(8), 721−729.
Rung, J. P., Carlsson, A., Rydén Markinhuhta, K., & Carlsson, M. L. (2005). (+)-MK-801
induced social withdrawal in rats; a model for negative symptoms of schizophrenia.
Prog Neuro-Psychopharmacol Biol Psychiatry 29(5), 827−832.
Sams-Dodd, F. (1995). Distinct effects of d-amphetamine and phencyclidine on the
social behaviour of rats. Behav Pharmacol 6, 55−65.
Sams-Dodd, F. (1997). Effect of novel antipsychotic drugs on phencyclidine-induced
stereotyped behaviour and social isolation in the rat social interaction test. Behav
Pharmacol 82(2–3), 196−215.
Sams-Dodd, F. (1998). A test of the predictive validity of animal models of schizophrenia
based on phencyclidine and D-amphetamine. Neuropsychopharmacology 18(4),
293−304.
Sams-Dodd, F. (1999). Phencyclidine in the social interaction test: an animal model of
schizophrenia with face and predictive validity. Rev Neurosci 10(1), 59−90.
Seeman, P. (1987). Dopamine receptors and the dopamine hypothesis of schizophrenia.
Synapse 1(2), 133−152.
Silvestre, J. S., Nadal, R., Pallarés, M., & Ferré, N. (1997). Acute effects of ketamine in the
holeboard, the elevated-plus maze, and the social interaction test in Wistar rats.
Depress Anxiety 5(1), 29−33.
Smith, A. G., Neill, J. C., & Costall, B. (1999). The dopamine D3/D2 receptor agonist 7-OHDPAT induces cognitive impairment in the marmoset. Pharmacol Biochem Behav 63
(2), 201−211.
Snigdha, S., & Neill, J. C. (2008a). Efﬁcacy of antipsychotics to reverse phencyclidineinduced social interaction deﬁcits in female rats — a preliminary investigation.
Behav Brain Res 187(2), 489−494.
Snigdha, S., & Neill, J. C. (2008b). Improvement of phencyclidine induced social
behaviour deﬁcits in rats: involvement of 5-HT1A receptors. Behav Brain Res 191
(1), 26−31.
Snigdha, S., Li, Z., Dai, J., Shahid, M., Neill, J. C., Meltzer, H. (2008c). Effect of PCP to
attenuate DA efﬂux in rats performing the object recognition task: an in vivo
investigation. Program No. 791.4/TT40.2008 Neuroscience Meeting Planner
Washington DC: Society for Neuroscience, 2008. Online.
Stefani, M. R., & Moghaddam, B. (2003). Distinct contributions of glutamate receptor
subtypes to cognitive set-shifting abilities in the rat. Ann NY Acad Sci 1003,
464−467.
Stefani, M. R., & Moghaddam, B. (2005). Systemic and prefrontal cortical NMDA
receptor blockade differentially affect discrimination learning and set-shift ability
in rats. Behav Neurosci 119, 420−428.

Steinpreis, R. E. (1996). The behavioral and neurochemical effects of phencyclidine in humans
and animals: some implications for modeling psychosis. Behav Brain Res 74, 45−55.
Sutcliffe, J. S., Marshall, K. M., & Neill, J. C. (2007). Inﬂuence of gender on working and
spatial memory in the novel object recognition task in the rat. Behav Brain Res 177,
117−125.
Sutcliffe, J. S., Rhaman, F., Marshall, K. M., & Neill, J. C. (2008). Oestradiol attenuates the
cognitive deﬁcit induced by acute phencyclidine treatment in mature female
hooded-Lister rats. J Psychopharmacol 22, 918−922.
Tait, D. S., & Brown, V. J. (2007). Difﬁculty overcoming learned non-reward during
reversal learning in rats with ibotenic acid lesions of orbital prefrontal cortex. Ann
NY Acad Sci 1121, 407−420.
Thaker, G. K., & Carpenter, W. T., Jr. (2001). Advances in schizophrenia. Nat Med 7,
667−671.
Tyson, P. J., Laws, K. R., Roberts, K. H., & Mortimer, A. M. (2004). Stability of set-shifting
and planning abilities in patients with schizophrenia. Psychiatry Res 129, 229−239.
van der Heider, W., & Harner, H. (2000). The epidemiology of onset and course of
schizophrenia. Eur Arch Psychiatry Clin Neurosci 250, 292−303.
van der Meulen, J. A. J., Bilbija, L., Joosten, R. N. J. M. A., de Bruin, J. P. C., & Feenstra, M. G. P.
(2003). The NMDA-receptor antagonist MK-801 selectively disrupts reversal learning
in rats. NeuroReport 14, 2225−2228.
Velligan, D. I., & Bow-Thomas, C. C. (1999). Executive function in schizophrenia. Semin
Clin Neuropsychiatry 4(1), 24−33.
Volk, D. W., Austin, M. C., Pierri, J. N., Sampson, A. R., & Lewis, D. A. (2000). Decreased
GAD67 mRNA expression in a subset of prefrontal cortical GABA neurons in subjects
with schizophrenia. Arch Gen Psychiatry 57, 237−245.
Wang, C. Z., Yang, S. F., Xia, Y., & Johnson, K. M. (2008). Postnatal phencyclidine
administration selectively reduces adult cortical parvalbumin-containing interneurons. Neuropsychopharmacol 33(10), 2442−2455.
Weisbrod, M., Kiefer, M., Marzinzik, F., & Spitzer, M. (2000). Executive control is
disturbed in schizophrenia: evidence from event-related potentials in a Go/NoGo
task. Biol Psychiatry 47, 51−60.
White, I. M., Minamoto, T., Odell, J. R., Mayhorn, J., & White, W. (2009). Brief exposure to
methamphetamine (METH) and phencyclidine (PCP) during late development
leads to long-term learning deﬁcits in rats. Brain Res 1266, 72−86.
Winters, B. D., Saksida, L. M., & Bussey, T. J. (2008). Object recognition memory:
neurobiological mechanisms of encoding, consolidation and retrieval. Neurosci
Biobehav Rev 32(5), 1055−1070.
Wright, I. C., Rabe-Hesketh, S., Woodruff, P. W. R., David, A. S., Murray, R. M., & Bullmore,
E. T. (2000). Meta-analysis of regional brain volumes in schizophrenia. Am J
Psychiatry 157, 16−25.
Young, J. W., Powell, S. B., Risbrough, V., Marston, H. M., & Geyer, M. A. (2009). Using the
MATRICS to guide development of a preclinical cognitive test battery for research in
schizophrenia. Pharmacol Ther 122, 150−202.
Zhang, Z. J., & Reynolds, G. P. (2002). A selective decrease in the relative density of
parvalbumin-immunoreactive neurons in the hippocampus in schizophrenia.
Schizophr Res 55(1–2), 1−10.

