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Abstract
Negative symptoms of schizophrenia remain an unmet clinical need as they are common,
persistent, respond poorly to existing treatments and lead to disability. Blunted affect, alogia,
asociality, anhedonia and avolition are regarded as key negative symptoms despite DSM-IV-TR
specifying a more limited range. The key to development of improved therapies is improved
animal models that mimic the human condition in terms of behaviour and pathology and that
predict efficacy of novel treatments in patients. Accumulating evidence shows that NMDA
receptor (NMDAR) antagonists mimic cognitive deficits of relevance to schizophrenia in animals,
along with associated pathological changes. This review examines evidence for the ability of
NMDAR antagonists to mimic anhedonia and asociality, two negative symptoms of schizophre-
nia, in animals. The use of various species, paradigms and treatment regimens are reviewed.
We conclude that sub-chronic treatment with NMDAR antagonists, typically PCP, induces social
withdrawal in animals but not anhedonia. NMDAR antagonists have further effects in paradigms
such as motivational salience that may be useful for mimicking other aspects of negative
symptoms but these require further development. Sub-chronic treatment regimens of NMDAR
antagonists also have some neurobiological effects of relevance to negative symptoms. It is our
view that a sub-chronic treatment regime with NMDAR antagonists, particularly PCP, with
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Figure 1
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animals tested following a wash-out period and in a battery of tests to assess certain behaviours
of relevance to negative symptoms and social withdrawal (the animal equivalent of asociality)
is valuable. This will enhance our understanding of the psycho and neuropathology of specific
negative symptom domains and allow early detection of novel pharmacological targets.
& 2013 Elsevier B.V. and ECNP. All rights reserved.
1. Introduction

There are several types of NMDAR antagonists and mechan-
isms for modulation of activity at this receptor complex, as
described in Figure 1. However this review focuses on non-
competitive antagonists of the NMDAR, ketamine and MK801
with particular emphasis on the uncompetitive NMDAR
antagonist Phencyclidine (PCP). The sub-chronic NMDAR
antagonist model of cognitive deficit symptoms in schizo-
phrenia has recently been reviewed (Neill et al., 2010). That
review also included social behaviour deficits, one aspect of
negative symptoms. There have been several reviews pub-
lished on the subject of NMDAR antagonists to model schizo-
phrenia symptomatology in animals (e.g. Large, 2007; Mouri
et al., 2007), but very few have focussed on aspects of
negative symptoms per se (one exception being Gururajan
NMDARs and their modulation
et al., 2010). Accumulating evidence suggests that the sub-
chronic PCP model has validity on several levels to mimic
cognitive deficit symptoms and neuropathology of this dis-
order in animals, that can add value in the discovery of novel
targets for improvement of this critical unmet clinical need,
see Table 1 and Figure 3. This current review will focus on the
ability of NMDAR antagonists to mimic certain negative
symptoms of this disorder in animals and the value of this
model for the drug discovery process.

This volume focussing on negative symptoms of schizo-
phrenia has come at a critical time for psychiatry research.
The Pharmaceutical Industry is pulling out of drug discovery
in psychiatry, see Nutt and Goodwin (2012) and Neill and
Hendrie (2012) for commentary. There are many reasons for
this, but one suggestion is that the animal models are not
predicting molecules that will work in the clinic, and are not
by antagonists of different classes.



Table 1 Use of NMDA receptor antagonist models to test the efficacy of different receptor mechanisms for treating
cognitive deficits in rodents, compounds or targets that have been progressed into the clinic.

Compound NMDA receptor
antagonist

Treatment Cognitive task Outcome Reference

Atypical antipsychotic
Asenapine Phencyclidine 2 mg/kg i.p. bi-daily for

7 days followed by 7 days
washout

Reversal
learning & novel
object
recognition

Improved PCP-
induced deficits

Tarazi and Neill
(2013)

5-HT6 antagonist
LU AE58054 Phencyclidine 2 mg/kg i.p. bi-daily for

7 days followed by 7 days
washout

Novel object
recognition

Improved PCP-
induced deficits

Arnt et al.
(2010)

MGlu 2/3 agonist
LY404039 Ketamine 10 and 30 mg/kg i.p. for

5 consecutive days
Odour span task Failed to

reverse
ketamine-
induced deficits

Rushforth et al.
(2011)

LY354740 Phencyclidine 1 and 5 mg/kg i.p. acutely Discrete-trial
delayed
alternation task

Improved PCP-
induced deficits

Moghaddam and
Adams (1998)

LY379268 Phencyclidine 2 mg/kg i.p. bi-daily for
7 days followed by 7 days
washout

Novel Object
Recognition

Failed to
reverse PCP-
induced deficits

Horiguchi et al.
(2011a)
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sufficiently translational. Certainly in the depression field,
the animal models do appear to be deficient (see Hendrie
and Pickles (2013), for full discussion). The overall validity
of animal models for psychiatric illness is beyond the scope
of this review but is a concern for all working in this field,
from pre-clinicians to clinicians. Existing drugs to treat both
depression and schizophrenia have limited efficacy and, in
both disorders, newer drugs have failed to show a major
efficacy advantage over older drugs (e.g. Lieberman et al.,
2005; Jones et al., 2006; Anderson, 2000). This may reflect
an overemphasis in drug development on the monoamine
system in depression and the dopaminergic system in
schizophrenia. There is a particular lack of effective treat-
ments for primary negative symptoms in schizophrenia and
for cognitive deficits which are increasingly recognised as an
important domain in a wide range of psychiatric disorders
including schizophrenia, depression, bipolar disorder and
anxiety disorders (Millan et al., 2012; Plath et al., 2011).
This has led to an intensified search for new therapies.
Modelling symptoms of schizophrenia in animals is compli-
cated by the inability of current approaches to mimic all
aspects of such a complex and uniquely human disorder
(Moore, 2010). Nevertheless, there is much research high-
lighting the strengths of a number of approaches in model-
ling facets of these illnesses in animals, with genetic,
pharmacological and neurodevelopmental models present-
ing with their own strengths and weaknesses (Pratt et al.,
2012; Yanagi et al., 2012). In a previous review, we high-
lighted the strength of one such approach, based on the
sub-chronic administration of the uncompetitive NMDAR
antagonist PCP (Neill et al., 2010).
The NMDAR antagonist model has some merits for schizo-
phrenia drug discovery (Neill et al., 2010). Our general view is
that a sub-chronic treatment regime with PCP followed by a
washout period, with animals tested in the drug-free state is
most useful. This gives lasting cognitive (and social behaviour)
deficits with reasonable similarity to the neuropathological and
behavioural disturbances of the disorder. Other laboratories
have subsequently adopted this treatment regime to explore
novel antipsychotic mechanisms (e.g. Horiguchi et al., 2011a,
2011b) and there is recent evidence that this model may be
useful for predicting novel targets, see Table 1. For example,
the novel antipsychotic asenapine showed efficacy in this and
other animal models and has now been licensed for the
treatment of schizophrenia and bipolar disorder (see Tarazi
and Neill (2013) for review). Its efficacy for cognitive and
negative symptoms remains to be determined. The 5-HT6
receptor antagonist LU AE58054 demonstrated efficacy in the
sub-chronic PCP model (Arnt et al., 2010) and is showing
some promise for alleviating cognitive deficits in Alzheimer's
disease (http://investor.lundbeck.com/releasedetail.cfm?
ReleaseID=677436) albeit, not for schizophrenia. In contrast,
a recent and unfortunate failure in the clinic for schizophre
nia is LY2140023, the Lilly MGluR2/3 agonist and pro-drug for
the active compound, LY404039 (http://www.schizophrenia
forum.org/new/detail.asp?id=1789). Importantly, in the cur-
rent context, this compound failed to reverse sub-chronic
ketamine induced deficits in the odour span task (Rushforth
et al., 2011) and another MGlu2/3 agonist, LY379268, failed
to reverse sub-chronic PCP-induced deficits in object recog-
nition (Horiguchi et al., 2011a). Some studies with this
target have shown efficacy versus NMDAR antagonist-induced

http://investor.lundbeck.com/releasedetail.cfm?ReleaseID=677436
http://investor.lundbeck.com/releasedetail.cfm?ReleaseID=677436
http://www.schizophreniaforum.org/new/detail.asp?id=1789
http://www.schizophreniaforum.org/new/detail.asp?id=1789
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cognitive and PPI (prepulse inhibition of the acoustic startle
response) deficits (Moghaddam and Adams, 1998; Olszewski
et al., 2012; Profaci et al., 2011) but these were acute, not
sub-chronic, NMDAR-induced effects, and not in more demand
ing cognitive tasks, which we would recommend. Further
more, effects of this target to attenuate PCP-induced deficits
in PPI are strain dependent (Profaci et al., 2011). For cognition
therefore, the sub-chronic PCP model does seem to have some
translational value in that it can detect compounds starting to
show some efficacy in the clinic, whereas acute NMDAR
antagonist models are less predictive of clinical efficacy, see
Table 1 for further details.

The main focus of this paper is to review the ability of
NMDAR antagonists, with a focus on sub-chronic treatment
with PCP, to mimic aspects of negative symptomatology in
schizophrenia in animals, in particular anhedonia and asoci-
ality, and the importance of this for future drug development.
Recent developments in this area in the detection of novel
targets will also be covered briefly. Initially, a short considera-
tion of the clinical aspects of negative symptoms is given.
2. Negative symptoms: an unmet
clinical need

Negative symptoms refer to a reduction or absence of
normal functions and contrast to positive symptoms, such
as hallucinations and delusions, which can be seen as an
excess or distortion of normal mental functions. Negative
symptoms have long been seen as a core part of schizo-
phrenia. Kraepelin (1920) highlighted loss of volition as a
key feature of dementia praecox while Bleuler (1911)
included affective blunting as one of the four cardinal
symptoms of schizophrenia. The DSM-IV-TR diagnostic
criteria for schizophrenia include negative symptoms as
one of 5 characteristic symptoms, the others being delu-
sions, hallucinations, disorganised speech and grossly dis-
organised or catatonic behaviour. DSM-IV-TR (American
Psychiatric Association, 2000) only specifies three negative
symptoms; affective flattening, alogia (poverty of speech)
and avolition (lack of motivation). However, most research-
ers accept a broader view of negative symptoms and a 2006
consensus document highlighted blunted affect, alogia,
asociality, anhedonia and avolition as key domains of
negative symptoms (Kirkpatrick et al., 2006).

At a clinical level, negative symptoms are a challenge in
terms of assessment, diagnosis and treatment. Positive
symptoms of schizophrenia are usually obvious. Sufferers
are often distressed by them and may seek help as a result.
Sometimes positive symptoms lead to chaotic and disturbed
behaviour that brings the sufferer into contact with emer-
gency services. In contrast, negative symptoms tend to be
subtler and more difficult to recognise and diagnose partly
as sufferers often do not complain about them. Indeed, they
often show a lack of insight regarding the presence of
negative symptoms (Selten et al., 2000) especially in the
later stages of the illness and it is often relatives or carers
who complain about these symptoms. An additional com-
plexity is the concept of primary and secondary negative
symptoms. Primary negative symptoms are those that
reflect a core independent aspect of schizophrenia whereas
secondary negative symptoms are those that arise as a
result of other symptoms or medication side effects. For
example, a sedative antipsychotic may lead to tiredness,
excess sleeping and decreased activity which are mistaken
for avolition while drug-induced Parkinsonism may lead to a
mask-like facial expression which is mistaken for affective
flattening (Haddad and Dursun, 2008). Positive symptoms
may also cause secondary negative symptoms. For example
a patient who has delusions of persecution may be reluctant
to leave his/her house for fear of their safety and this may
be interpreted as avolition.

Individual antipsychotics show little or no difference in
their effectiveness in treating negative symptoms (Leucht
et al., 2009). Negative symptoms that occur alongside
positive symptoms in an acute psychotic episode often
respond to antipsychotic drugs but at least 15% of patients
have persistent negative symptoms (Buchanan, 2007).
Persistent negative symptoms cause great disability as they
interfere with activities of daily living and social interac-
tions. They are associated with unemployment (Tsang et al.,
2010), reduced physical activity (Vancampfort et al., 2012),
reduced quality of life, (Tomotake, 2011) and a high level of
burden in carers (Provencher and Mueser, 1997). Various
strategies have been used to augment antipsychotics in an
attempt to alleviate persistent negative symptoms. These
include adding antidepressants (Singh et al., 2010) or, in the
case of clozapine, adding either lamotrigine (Tiihonen
et al., 2009) or a second antipsychotic (Taylor and Smith,
2009). The quality of trials varies and the results are at best
modest. To date no drug has been licensed by the Food and
Drug Administration (FDA) to treat negative symptoms.
In terms of non-pharmacological approaches, a meta-
analysis showed that cognitive behavioural therapy had a
modest effect in reducing negative symptoms but this
became non-significant when analysis was restricted to more
methodologically rigorous studies (Wykes et al., 2008). A
recent trial found that art therapy as an adjunct to anti-
psychotic treatment was ineffective in reducing negative
symptoms (Crawford et al., 2012). There is clearly a major
need to develop more effective pharmacological treatments
for negative symptoms. This poses various challenges includ-
ing the identification of appropriate animal models.
3. Negative symptom domains

In factor analysis, negative symptoms emerge as distinct
from other dimensions of schizophrenia separating from
positive symptoms, depression and anxiety and disorganisa-
tion (Blanchard and Cohen, 2006). Furthermore psycho-
metric studies have suggested that negative symptoms
may be multi-dimensional with most evidence supporting a
two factor model in which blunted affect and poverty of
speech represent an ‘expressive deficit’ domain and anhe-
donia, asociality and avolition form an ‘avolition’ domain
(Blanchard and Cohen, 2006; Kirkpatrick and Fischer, 2006;
Horan et al., 2011; Liemburg et al., 2013). If so, these sub-
domains, and individual negative symptoms, may differ in
their neuropharmacological basis and in turn respond
differently to specific drug treatment. This implies that
assessment of change in clinical trials should consider
separate negative symptoms rather than improvement on
a general negative symptom scale; a global measure may
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miss improvement in one domain. Similarly, at a preclinical
level, there is an argument for having different animal tests
for each specific negative symptom or at least symptom
domain. In this light, we focus here on NMDAR antagonist
models for anhedonia and social withdrawal. Both have the
advantage of being readily measured in animals and as such
they are the negative symptoms most often modelled in
animals (Ellenbroek and Cools, 2000). In contrast, other
specific negative symptoms including alogia and affective
flattening are less straightforward to measure in animals,
but may form part of emerging models. Alternatively a
Figure 2 NMDA receptors located on GABAergic interneurons in
the corticolimbic system and VTA are primarily involved in
regulating feedback inhibition onto pyramidal glutamatergic
neurons. NMDA receptor hypofunction leads to disinhibiton of this
feedback and is thought to play a role in the cognitive deficits and
certain negative symptoms in schizophrenia. (Figure from Lisman
et al., 2008).

We have found robust long–lasting deficits 
in the performance of rodents in behavioural 
tests assessing various domains of 
cognition and negative symptoms:

- 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

- Social behaviour as an aspect of 
negative symptoms

Behaviour / Cognition

Acute reversal of the cognitive deficits by single admin

Female Lister hooded rats receive Phencyclidine, 2mg/kg 

Figure 3 Use of sub-chronic phencyclidine to model cognitive
pathological disturbances seen in the illness (For review, see Neill
bottom-up approach to modelling these negative symptoms
may be required (Shepard, 2006).

4. Neural substrates underlying negative
symptoms—correlates in NMDA receptor
antagonist models

Although there is substantial evidence for abnormalities in
specific brain regions and neurotransmitter systems in schizo-
phrenia, identifying the neural substrates in relation to
specific symptoms (positive, negative and cognitive) is not
straightforward. This is partly due to the complexity of the
symptoms in patients, as described above, and the complex
interplay between different brain regions in controlling multi-
ple functional behavioural outputs. However the use of
imaging techniques, and to some extent post-mortem studies
of patients, have provided some clues to link the observable
symptoms to the underlying unobservable pathophysiology in
specific brain regions and neurotransmitter systems, as
described below. The hypothesised neuronal circuitry mediat-
ing NMDAR antagonist effects is shown in Figure 2.

Negative symptoms of schizophrenia are widely suspected to
reflect a frontal lobe dysfunction (Semkovska et al., 2001). In a
recent review, Goghari et al. (2010) focussed on 25 fMRI studies
investigating the relationship between brain activity and symp-
tom expression in schizophrenia patients compared to a healthy
control group. They observed some specific relationships: in
particular, between negative symptoms and ventrolateral pre-
frontal cortex function (Menon et al., 2001; MacDonald et al.,
2005), as well as between the amygdala and hippocampus/
parahippocampal gyrus and flattened affect (Gur et al., 2007).
In addition, a moderate relationship between abnormal ventral
striatum functioning and greater negative symptoms has been
observed (Juckel et al., 2006). Post-mortem studies in these
areas have highlighted deficits in dopaminergic, glutamatergic
and GABAergic systems in temporal and frontal regions that
This treatment regime has also been shown to 
induce a pathology in the brain in that is similar 
to changes observed in schizophrenia

- Deficits in parvalbumin immunoreactive 
GABAergic interneurons in the 
prefrontal cortex and hippocampus

- Deficits of the general neuronal marker 
N-acetylaspartate in the frontal cortex

- Dopaminergic hypofunction (measured 
by microdialysis) in the prefrontal 
cortex  during an object recognition 
task

Pathology / Neurochemistry

istration of atypical but not typical antipsychotics

i.p. bi-daily for 7 days followed by a 7 day washout

deficit and negative symptoms of schizophrenia alongside
et al., 2010).
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may (a) contribute to these symptoms and (b) provide new
targets for treatment (Knable et al., 2002; Iritani, 2007).

In relation to neural deficits of relevance to human studies,
NMDAR antagonist models have been shown to reproduce core
frontal deficits of relevance to schizophrenia in animals, see
Figure 3. Using a sub-chronic PCP treatment regime we and
others have reported deficits in parvalbumin-immunoreactive
neurons in the hippocampus and prefrontal cortex of adult
rats. Interestingly, these deficits occurred alongside cognitive
and behavioural alterations (Abdul-Monim et al., 2007; Jenkins
et al., 2008; McKibben et al., 2010). Using chronic intermit-
tent PCP treatment, Pratt et al. (2008) have demonstrated
core neurobiological deficits in rats that include hypofrontal-
ity, altered markers of GABAergic interneurone activity and
deficits in executive function. More importantly, and consis-
tent with their clinical profile, the hypofrontality was not
reversed by clozapine or haloperidol. Post-mortem studies in
NMDAR antagonist models have, similar to human post-
mortem work, highlighted deficits in a number of neurotrans-
mitter systems. However the development of more robust
behavioural tests for modelling aspects of negative symptoms
in animals is essential to further investigate the relationship
between behavioural deficits and the underlying pathology.
1Somewhat ironically, while NMDAR antagonists do not appear to
produce an anhedonic profile, administration of the antipsychotic
haloperidol does (Galistu et al., 2011).
5. NMDAR antagonists and anhedonia

The presence of anhedonia, a reduced capacity to experi-
ence pleasure, was strongly emphasised in classic descrip-
tions of schizophrenia (e.g., Bleuler, 1911; Meehl, 1962).
While more recent analyses have suggested that anhedonia
might only be present in a subset of schizophrenia patients
(e.g. Pelizza and Ferrari, 2009), it should be remembered
that this subgroup represents those with the most treat-
ment problems and poorest overall prognosis (e.g. Ho et al.,
1998; Pogue-Geile and Harrow, 1985). Anhedonia is distinct
from a general blunting of emotional responses which is
seen as a separate negative symptom of schizophrenia,
albeit that both represent some form of emotional disrup-
tion (e.g., Suslow et al., 2003). Blunted mood refers to a
lack of emotional expression that is shown by a lack of facial
expression, reduced gesticulation and lack of modulation in
the tone, volume and rate of speech. It is an observed
abnormality whereas anhedonia is a subjective complaint of
a lack of pleasure from activities usually found enjoyable.
In this light, it is interesting that amongst the many studies
examining the effects of administering the non-competitive
NMDAR antagonist ketamine to non-psychotic human parti-
cipants, there are a number which report effects related to
emotional blunting (e.g., Abel et al., 2003; Deakin et al.,
2008; Krystal et al., 1994) but none that report anhedonia
per se. Indeed, even in a study where cannabis exposure
produced effects on the anhedonia subscale of the Psycho-
mimetic States Inventory, ketamine did not (Mason et al.,
2008). It is entirely possible that this reflects a tendency for
diagnostic tools to conflate purely hedonic responses with
the frequency of engagement in physically or socially
enjoyable activities (Horan et al., 2006) which are unlikely
to be affected in the acute dose studies typically performed
with human participants. Not only does ketamine not
produce anhedonia in humans, clinical trials suggest that
it (and other NMDA antagonist compounds) can have
antidepressant actions (e.g. Zarate et al., 2006, 2013).
Nevertheless, the lack of direct evidence for anhedonia
following experimental NMDAR antagonist administration in
humans does somewhat lowers the prior probability of
observing anhedonic effects of NMDAR antagonists in animal
models (these animal studies are summarised in Table 2).

Turning to animal studies, one commonly used indicator
of anhedonia in models of depression is the decrease in
consumption of a normatively pleasant solution such as
sucrose (for a review, see Willner, 2005). The same measure
has also been used to infer the presence of anhedonia 20 h
after the administration of large doses (Z15 mg/kg) of PCP
(e.g., Baird et al., 2008; Turgeon et al., 2010; Turgeon and
Hoge, 2003), or 30 min after the administration of MK-801
(Vardigan et al., 2010). However, while a reduction in
consumption of an otherwise pleasurable stimulus is cer-
tainly consistent with anhedonia, it may also reflect other
ingestive, motivational or motor factors unrelated to the
liking of the reward. More direct and specific measures of
hedonic reactions can be gained by examining the micro-
structure of the consummatory responses (for reviews of the
basic methodology see, Davis and Smith, 1992; Dwyer,
2012). Using such methods there is no suggestion of an
anhedonic response profile (or indeed lower consumption of
sucrose) independent of motor confounds, following either
acute treatment with PCP (0.25–2.5 mg/kg) or MK-801
(0.0125–0.1 mg/kg), or following withdrawal from repeated
5 mg/kg doses of PCP (Lydall et al., 2010) (see also, Jenkins
et al., 2010). However, there was a suggestion of an anhedonic
profile following 15 mg/kg PCP (Baird et al., 2008). In addi-
tion, withdrawal from high chronic doses (15 or 20 mg/kg/day)
but not lower doses (2 mg/kg/day), produces a sustained
elevation in the threshold for intracranial-self stimulation
reward (Amitai et al., 2009; Spielewoy and Markou, 2003).
Thus, while high doses of NMDAR antagonists certainly appear
to produce an anhedonic profile of responding, these doses are
an order of magnitude higher than those which produce
effects on cognitive and neurobiological measures (e.g.,
Abdul-Monim et al., 2003; Jenkins et al., 2010; Jentsch
et al., 1997). Moreover, high doses of PCP produce degenera-
tion of pyramidal neurons in the retrospleinial cortex, in
contrast to the degeneration of interneurons seen in schizo-
phrenia (Olney et al., 1989 and see above). Thus, the
anhedonic effects of NMDAR antagonist exposure in rodents
appear to be present at doses greater than that which produce
other effects relevant to the modelling of schizophrenia and
may also depend on inducing neural pathology distinct from
that seen in schizophrenia. With lower doses, no anhedonic
profile is observed1. Before moving on, it is important to note
that a distinction had been made between consummatory or
“in the moment” pleasure and anticipatory pleasure (the
expectation of future enjoyment), and that there is some
suggestion that only the latter is impaired in schizophrenia
(Gard et al., 2007; Wolf, 2006). A related suggestion is that
the anhedonia in schizophrenia is actually a reflection of
impaired motivational processes (Foussias and Remington,
2010). As all of the studies discussed here have examined
consummatory responses, it is possible that NMDAR antagonist



Table 2 Summary of anhedonia related behaviours in rodents following various NMDAR antagonist treatments and regimes.

Treatment Summary Examples

Acute Acute treatment with PCP, ketamine, or MK801 tends to produce
no decrement in hedonic behaviours related to consumption, and
can actually reduce reward thresholds in the intracranial self-
stimulation (ICSS) protocols.

Spielewoy and Markou (2003)
Lydall et al. (2010)

Acute treatment with ketamine or MK801 can alleviate deficits in
sucrose consumption and in immobility on the forced-swimming
test. This is particularly clear in the case when deficits are
produced by depressogenic treatments such as chronic stress.

Trullas and Skolnick (1990)
Tizabi et al. (2012)

Post-acute Hedonic behaviours related to consumption of sucrose are
reduced 24 hrs after high (15 mg/kg and above) doses of PCP.
However, such doses are an order of magnitude higher than those
that produce cognitive deficits. Such doses also produce neuronal
damage unrelated to that seen in schizophrenia.

Turgeon and Hoge (2003)
Baird et al. (2008)
Turgeon et al. (2010)

Alleviation of deficits in sucrose consumption and immobility on
the forced-swimming test persist for several days following a single
dose of ketamine. This is especially clear when alleviating deficits
produced by depressogenic treatments such as chronic stress.

Yilmaz et al. (2002)
Li et al. (2011)
Ma et al. (2013)

Chronic Repeated exposure to low (2 mg/kg) dose PCP reduces reward
thresholds in the intracranial self-stimulation (ICSS) protocols.

Amitai, et al. (2009)

Deficits in sucrose consumption and immobility on the forced-
swimming test produced by depressogenic treatments can be
alleviated by repeated low-dose MK801 or ketamine.

Papp and Moryl (1994)
Tizabi et al. (2012)

Post-chronic 5 mg/kg of PCP given bi-daily for 7 days, followed by a washout
period, has no effect on sucrose consumption, anticipation of future
rewards, or the degree of effort expended to obtain them. Testing
directly after withdrawal following 7 bi-daily 7.5 mg/kg PCP
injections produced a transient decrease in sucrose consumption.

Lydall et al. (2010)
Jenkins et al. (2010)
Lydall (2011)
Baird et al. (2008)

Corbett et al. (1999)
Noda et al. (1995)
Spielewoy and Markou (2003)

Withdrawal from repeated treatment with PCP persistently
decreases reward thresholds in the intracranial self-stimulation
(ICSS) protocols and increases duration of immobility on forced
swimming tests. Pre-natal PCP treatment and withdrawal from
repeated ketamine treatment also increase the duration of
immobility on forced swimming tests.

Lu et al. (2011)
Murai et al. (2007)
Tejedor-Real et al. (2007)
Turgeon et al. (2007)
Chindo et al. (2012)
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treatments might impair motivational or anticipatory pro-
cesses. That said, we have preliminary evidence that 7 bi-
daily exposure to 5 mg/kg PCP does not produce deficits in
anticipatory contrast procedures or in progressive ratio mea-
sures of motivation (Lydall, 2011). The lack of effect of NMDAR
antagonists in the progressive ratio paradigm is supported by
Neill and colleagues (unpublished observations) who also failed
to show any effects using their 7 day PCP treatment regime in
female rats.

As noted above, ketamine exposure in humans reliably
produces symptoms of emotional blunting. Increased immobility
on the forced swim test is considered as a possible behavioural
analogue of emotional blunting, and has been reliably observed
in mice exposed to 14 days of PCP (3 or 10 mg/kg/day) as adults
(e.g., Corbett et al., 1999; Noda et al., 1995) or to PCP
prenatally (Lu et al., 2011). Moreover, this deficit appears to be
related to glutamatergic neurotransmission both pre- and post-
synaptically (Murai et al., 2007). Similar effects have been
observed with rats exposed to either 5 days of 5 mg/kg/day PCP
(Tejedor-Real et al., 2007) or 14 days of 10 mg/kg/day PCP
(Turgeon et al., 2007). While chronic ketamine also produces
enhanced immobility in the forced swim test (e.g. Chindo
et al., 2012), acute treatments with ketamine (and other
NMDAR antagonists, especially MK801) reduce immobility (e.g.
Tizabi et al., 2012; Trullas and Skolnick, 1990; Yilmaz et al.,
2002). Moreover, stress-induced disturbance in responding to
sweet flavours have been attenuated by treatment with
ketamine or MK801 (e.g. Li et al., 2011; Ma et al., 2013;
Papp and Moryl, 1994). Such results support, and partially
motivate, the clinical demonstrations of anti-depressant actions
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of NMDAR antagonists noted above. Unfortunately mice have
yet to be used for the sucrose consumption-based measures,
and the dose ranges used in the forced swim and consumption-
based measures do not completely overlap, so it is difficult to
assess conclusively on the basis of the currently available
evidence whether there is a dissociation between the effects
of PCP on behavioural tests related to emotional blunting and to
anhedonia. However, the lowest PCP doses shown to produce
forced swim deficits are 3 mg/kg in mice and 5 mg/kg in rats,
which is broadly similar to the 5 mg/kg doses used for at least
some consumption tests. So tests of emotional blunting do seem
more sensitive to PCP treatment than consumption-based tests
of anhedonia and further studies are warranted here.

In summary, while there is some suggestion that inter-
ventions based on the administration of high doses of
NMDAR antagonists can produce an anhedonic profile in
rodents, this is not seen with either lower doses in rodents,
or in human experimental studies. In contrast, there is
evidence for emotional blunting following exposure to
NMDAR antagonists in both humans and rodents, although
this may be primarily due to chronic treatment as acute
administration of NMDA antagonists can have antidepressant
actions. Whether this suggests that interventions based on
NMDAR antagonists produce an incomplete model of the
emotional disturbances related to schizophrenia depends on
whether consummatory anhedonia genuinely does consti-
tute a primary symptom of the disorder – but this is a
question beyond the scope of the current review.
6. NMDAR antagonists and social withdrawal

Koenig (this volume) examines social behaviour as a model
for negative symptoms in animals. In this section, we focus
on effects of NMDAR antagonists on this behaviour. In our
2010 review, we described the effects of NMDAR antagonists
on social withdrawal in rodents (Neill et al., 2010). In this
context the aim is to study social behaviour in the absence
of any observable anxiety-like behaviour or aggression, in a
highly familiarised arena. Also in 2010 an excellent and
comprehensive review was published comparing NMDAR
antagonist-induced social withdrawal with that produced
by other pharmacological agents, d-amphetamine, seroto-
nergic ligands and cannabinoids (Gururajan et al., 2010).
Conclusions from the two groups overlap in that both find
much to recommend the use of NMDAR antagonists to induce
social withdrawal of relevance to asociality in schizophre-
nia. Neill et al. (2010) recommend the use of a sub-chronic
dosing regimen of PCP followed by washout to allow testing
in the drug-free state to avoid any confound of NMDAR
antagonist induced behavioural competition. Gururajan
et al. (2010) suggest that the NMDAR antagonist model is
superior to the other pharmacological models they consid-
ered. They make the point however that there are incon-
sistencies in the methodology used for the assessment of
social behaviour and in the sex, strain, age of rats and the
type and treatment regime of NMDAR antagonist used which
we consider a critical feature of this work. They recommend
an on-line consortium for the various research groups to
share data and methodology which will ultimately improve
our ability to standardise techniques and enhance our
collective capability to detect novel targets for this most
debilitating aspect of schizophrenia.

To briefly recapitulate the substance of those reviews, the
evidence is clear, NMDAR antagonists induce social withdrawal
in rodents (Neill et al., 2010; Gururajan et al., 2010). They
also induce cognitive deficits and aspects of negative symp-
toms such as emotional blunting in people (see above). There
has been much interest in the use of NMDAR antagonists to
induce social withdrawal since the initial work of Sams-Dodd
(1995a, 1995b, 1996). His first experiment measured the
behaviour of a drug treated rat in an unfamiliar unlit arena
with a non-drug treated animal using manual scoring techni-
ques. He then refined his technique by using automated
scoring of the social interaction between two drug treated
rats following short (3 day) and long-term (21 day) treatment
with antipsychotic agents and compared the effects of other
NMDAR antagonists, MK-801 and CPP. Since then a great many
studies have been conducted using different versions of this
original test procedure, with the vast majority of studies
reporting social withdrawal following NMDAR antagonist treat-
ment in rodents. An exception to this is a study by Jenkins
et al. (2008) who found enhanced levels of social interaction in
male Lister-hooded rats following washout from the same
7 day PCP treatment regime used by Neill et al. (2010). There
are some other negative studies, washout from a sub-chronic
dosing regime of MK-801 failed to induce social withdrawal
(Sams-Dodd, 2004) and earlier studies showed an increase in
social interaction following acute MK801 treatment (e.g. Dunn
et al., 1989). The NMDAR antagonists routinely used are
MK801, ketamine and most frequently PCP, they almost all
reliably induce social withdrawal as demonstrated by many
different research groups making this a robust model (Neill
et al., 2010; Gururajan et al., 2010). Rats are the most
commonly used species. It appears that acute dosing is
frequently used (the approach taken by Rung et al. (2005)
and many others) or a sub-chronic regime where animals are
tested following the last dose of the NMDAR antagonist (e.g.
Sams-Dodd, 1995a, 1995b; Bruins Slot et al., 2005), both
techniques have the unfortunate confound of non-specific
behavioural effects of the NMDAR antagonist itself. Only a
few studies use a sub-chronic regime followed by a washout
period (Becker et al., 2003; Snigdha and Neill, 2008a, 2008b).
In most studies both rats are paired with another rat that has
received the same NMDAR antagonist treatment (e.g. Sams-
Dodd, 1996, see Gururajan et al., 2010 for full review).
However some studies only score the behaviour of one NMDAR
antagonist treated rat when it interacts with a vehicle treated
un-familiar con-specific (e.g. Audet et al., 2009; Jenkins
et al., 2008; Katayama et al., 2009) a design that has proved
most successful for us (Snigdha and Neill, 2008a, 2008b). Many
studies use an automated system to score behaviour while we
score our behaviour manually from pre-recordings. As dis-
cussed by Gururajan et al. (2010) these methodological
differences only serve to complicate the interpretation of this
reliable behavioural deficit produced by NMDAR receptor
antagonism and a common methodology should be adopted
and data shared.

In this context, our experimental procedure for assessing
social behaviour is reliable and well validated. Briefly, female
rats are weight matched (to within 15 g) and assigned to
treatment groups. Rats are habituated to the test environ-
ment for 20 min on 3 consecutive days prior to testing. Pairs
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of rats, unfamiliar to each other are placed in the arena
together for 10 min, one of these has been subjected to prior
sub-chronic PCP treatment, the other to the identical
treatment regime, but injected with vehicle instead of PCP.
The test animal receives drug treatment and the con-specific
animal receives vehicle. An inanimate object such as an
unopened cola can is also placed in the centre of the arena
to measure any differences in interaction of the test animal
with an unfamiliar animal as opposed to an unfamiliar object.
Behaviour is recorded for subsequent blind scoring. A beha-
vioural scoring software programme (Hindsight, Scientific
programming services) is used to score the following para-
meters from pre-recordings: investigative sniffing behaviour
(sniffing the snout or parts of the body including the anogen-
ital region of the con-specific rat), climbing over or under
(climbing over the conspecific's back or pushing the head and
forepart of the body beneath the conspecific), avoiding
(actively turning away or freezing when approached by the
con-specific rat) and exploration of the object placed in
centre of the arena. Analysis of 8 separate studies conducted
between 2010 and 2012 revealed that in every study we
observed a reduction in following behaviour (in every study
bar one this effect was statistically significant) and a sig-
nificant increase in avoiding in the PCP treated rat when
compared with its non-drug treated partner. The levels of
behaviour altered between studies but social withdrawal was
consistently observed in the PCP-treated rat. In conclusion,
the reproducibility of this paradigm suggests that it could
provide a useful test to evaluate the efficacy of novel
compounds to enhance social function in patients, which could
then be considered as an add on therapy to antipsychotic
treatment in combination with appropriate social skills train-
ing. Therefore the sub-chronic PCP model may offer certain
advantages over other NMDAR antagonists and treatment
regimes, Figure 3 details the usefulness of this model to mimic
behavioural and neurobiological changes of relevance to
schizophrenia.
7. Predictive validity of the NMDAR
antagonist-induced social withdrawal model

In 2010 we reviewed the pharmacological challenges that have
been shown to rescue NMDAR antagonist-induced social with-
drawal (Neill et al., 2010). In summary several studies show
that second generation antipsychotics show efficacy in the
animal models while first generation drugs do not. Since the
2010 reviews, there have been further pharmacological
studies of NMDAR antagonist-induced social behaviour deficits.
Gururajan et al. (2011) have shown that clozapine reverses an
MK801-induced social behaviour deficit in male SD rats. More
recently, these authors have used a non-contact paradigm to
demonstrate social withdrawal induced by acute treatment
with MK801 an effect also attenuated by clozapine, whereby
locomotor activity was also measured reducing the problem of
competing behaviours induced by acute treatment with
NMDAR antagonists (Gururajan et al., 2012). One particularly
interesting development in this area is the use of zebrafish
(Danio rerio). Seibt et al. (2011) showed that acute MK801
induces both cognitive and social behaviour deficits in zebra-
fish, an effect reversed by the atypical antipsychotics, olan-
zapine and sulpiride, but not by haloperidol showing similar
pharmacological validity to rodent models. The authors discuss
the advantages of using this species, i.e. low cost, ease of
handling and maintenance and compliance with the principles
of the 3Rs. This approach may provide a useful alternative to
rodents for initial screening and enable the methodological
standardisation recommended by Gururajan et al. (2010). The
predictive validity of this model is therefore reasonable in that
first generation antipsychotics do not reverse the deficit while
second generation drugs do. However the efficacy of second
generation antipsychotics to attenuate social behaviour defi-
cits in animals presents a problem in that most do not alleviate
negative symptoms in the clinic (see above). This makes
predictive validity difficult to achieve for this and for many
other models where current therapy lacks efficacy in the
clinic, i.e. how can the model be pharmacologically validated?
Of course the lack of effective compounds is one of the
reasons that animal work is still conducted at all, a particu-
larly interesting “Catch-22” situation (see Hendrie and Pickles
(2013) for a discussion of this issue as it applies to the
detection of novel anti-depressants). The use of low doses of
risperidone in our studies, usually 0.1–0.2 mg/kg (see Neill
et al., 2010 for review) may explain its efficacy for cognition
in animal studies compared with the clinic as such a low dose
is sub-threshold for clinical antipsychotic efficacy. Such doses
in rats increase dopamine release and modulate NMDAR
mediated neurotransmission in the medial prefrontal cortex
(Marcus et al., 2010) The authors consider alternative mechan-
isms of action of atypical antipsychotics such as effects at α2
adrenoceptors and on NMDAR mediated neurotransmission
which may alleviate persistent deficits, and explain the
superior efficacy of clozapine, but which are not revealed in
the clinic due to the standard practice of use of higher
“antipsychotic” doses. However, there is still much work to
be done to improve translation of the animal models into
clinical efficacy as recently reviewed by Plath et al. (2011).
Approaches suggested include identifying suitable transla-
tional biomarkers using techniques such as neuroimaging and
electrophysiology. In combination with appropriate beha-
vioural assessments, this could enable back translation to
the animal models. Indeed there have been some recent
advances in this area (e.g. see McKenna et al., 2013).
8. Detection of novel targets using NMDAR
antagonist models

Some studies show a role for 5-HT1A receptor agonism in
restoring the social behaviour deficits in the sub-chronic PCP
model (Bruins Slot, 2005, following 3 days of treatment in
male rats; Snigdha and Neill, 2008b, in female rats following
7 days treatment and 7 days wash-out). In this context, 5-HT1A
receptor involvement in restoration of PCP-induced social
behaviour deficits reflects some degree of progress, indeed
this mechanism for possible alleviation of negative symptoms
is supported by studies with novel compounds, F15063 and
SSR181507, with 5-HT1A receptor agonist properties in rats
(Boulay et al., 2004; Depoortere et al., 2007). Efficacy of this
mechanism in the clinic remains to be determined.

Modulation of glutamatergic neurotransmission may be a
useful target for alleviation of negative symptoms. Clinical
trials of a range of drugs that activate/modulate the NMDA
receptor have been conducted in patients with
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schizophrenia. These include direct glycine receptor ago-
nists (e.g. glycine, D-cycloserine), glycine transporter-1
(GlyT-1) inhibitors (e.g. sarcosine) and allosteric modulators
of group II metabotropic glutamate receptors (mGluRs)
(Javitt, 2012; Javitt et al., 2012; Lane et al., 2005; Tsai
et al., 2004). In most studies these drugs have been used in
combination with the existing antipsychotic medication.
Results vary but improvement has been reported in positive,
negative and cognitive symptoms of schizophrenia with benefit
in negative and cognitive symptoms being more or, at least as
pronounced, as that seen with positive symptoms (Tsai and
Lin, 2010). The effectiveness of direct glycine receptor
agonists has been relatively disappointing and the most
current interest is in GlyT-1 inhibitors and mGluRs (Chue,
2013; Herman et al., 2012). Bitopertin, a novel GlyT1 inhibitor
is currently showing promise in clinical trials for persistent
negative symptoms (Chue, 2013). A recent study used PCP-
induced deficit models to detect efficacy of a novel GlyT1
inhibitor, SSR103800 (Boulay et al., 2008). NFPS, another
GlyT1 inhibitor improved MK801 deficits in social recognition
memory, as did clozapine, albeit this is not a model of
negative symptoms as such, but cognitive enhancement in a
social context. These compounds and D-serine also improved
social memory in naive rats (Shimazaki et al., 2010). These
initial studies lend some support for the use of NMDAR
antagonist models in detecting novel targets for negative
symptoms. The glutamatergic system has also been implicated
in the pathophysiology of affective disorders with clinical
research investigating a range of compounds with particular
interest in the use of ketamine in major depression (Zarate
et al. 2006, 2013).

9. Latest developments

Rats with cholinergic denervation of the neocortex show
reduced levels of active social interaction, an effect exacer-
bated by acute treatment with PCP (Savage et al., 2011). The
muscarinic M1/M4 acetylcholine preferring agonist, xanome-
line reversed MK801-induced persistent latent inhibition (LI)
(Barak and Weiner, 2011). The phenomenon of persistent LI is
observed in schizophrenia patients and correlated with
negative symptom severity (see Barak and Weiner, 2011)
therefore the authors suggest that MK801-induced disruption
of LI may be a useful animal model of negative symptoms in
schizophrenia. These studies provide some evidence for a
cholinergic role in behavioural deficits induced by NMDAR
antagonists and perhaps in restoration of negative symptoms
in patients. A recent and particularly interesting study,
Moessnang et al. (2012) has demonstrated that MK801 impairs
motivational salience in mice. This may reflect impaired
accuracy in the anticipation of reward and punishment, which
is of particular relevance to negative symptoms in patients,
see the above sections. This is exactly the type of transla-
tional paradigm that could improve our understanding of the
neural and behavioural basis of negative symptoms and may
also be used to test efficacy of improved therapeutic targets.

10. Summary and conclusion

In rats, NMDAR antagonists can mimic asociality, but not
anhedonia. This is important as asociality consistently
emerges in human factor analysis studies as part of an
‘avolition’ negative symptom sub-domain that is distinct
from an expressive deficit sub-domain. NMDAR antagonists
may also prove useful to mimic other aspects of negative
symptomatology using tests such as LI and motivational
salience, however there is much work to be done in this
area. There is clearly room for new tests to be developed.
Most likely a battery of tests including social behaviour,
motivational salience and others will be the best approach.
Testing animals in the drug-free state following a sub-
chronic treatment regime is the most robust approach and
best reproduction of the human situation in our opinion. Our
overall conclusion at this stage is that the NMDAR antagonist
model is robust, well validated and of considerable use in
this field.

Role of the funding source

The authors received no funding for this work.

Contributors

JCN, MKH, ESL and DMD contributed on preclinical aspects and PMH
on clinical aspects. All authors were involved in planning the paper
and making final revisions and edits.

Conflict of interest

PMH and JCN have received expenses to attend conferences and
fees for lecturing and consultancy work (including attending
advisory boards) from the manufacturers of various antipsychotic
drugs. ESL's PhD thesis, supervised by DMD, was part-funded by a
manufacturer of various antipsychotic drugs.

Acknowledgement

The authors have no acknowledgements.

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 (1), 57–65.

Abdul-Monim, Z., Reynolds, G.P., Neill, J.C., 2007. Sub-chronic
psychotomimetic phencyclidine induces deficits in reversal
learning and alteration in parvalbum inimmunoreactive expres-
sion in the rat. J. Psychopharmacol. 21, 198–205.

Abel, K.M., Allin, M.P.G., Kucharska-Pietura, K., David, A., Andrew,
C., Williams, S., Brammer, M.J., Phillips, M.L., 2003. Ketamine
alters neural processing of facial emotion recognition in healthy
men: an fMRI study. Neuroreport 14 (3), 387–391.

American Psychiatric Association, 2000. Diagnostic and Statistical
Manual of Mental Disorders (4th ed., text rev.), Washington, DC.

Amitai, N., Semenova, S., Markou, A., 2009. Clozapine attenuates
disruptions in response inhibition and task efficiency induced by
repeated phencyclidine administration in the intracranial self-
stimulation procedure. Eur. J. Pharmacol. 602 (1), 78–84.

Anderson, I.M., 2000. Selective serotonin reuptake inhibitors versus
tricyclic antidepressants: a meta-analysis of efficacy and toler-
ability. J. Affective Disord. 58 (1), 19–36.

Arnt, J., Bang-Andersen, B., Grayson, B., Bymaster, F.P., Cohen, M.
L., DeLapp, N.W., Giethlen, B., Kreilgaard, M., McKinzie, D.L.,

http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref1
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref1
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref1
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref1
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref2
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref2
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref2
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref2
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref3
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref3
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref3
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref3
http://refhub.elsevier.com/S0924-977X(13)00277-0/othref0005
http://refhub.elsevier.com/S0924-977X(13)00277-0/othref0005
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref4
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref4
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref4
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref4
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref5
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref5
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref5
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref6
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref6


J.C. Neill et al.832
Neill, J.M., Nelson, D.L., Møller Nielsen, S., Nøhr Poulsen, M.,
Schaus, J.M., Witten, L.M., 2010. Lu AE58054, a 5-HT6 antago-
nist with pro cognitive potential. Int. J. Neuropsychopharmacol.
13 (8), 1021–1033.

Audet, M.C., Goulet, S., Dore, F.Y., 2009. Impaired social motiva-
tion and increased aggression in rats sub-chronically exposed to
phencyclidine. Physiol. Behav. 96, 394–398.

Baird, J.P., Turgeon, S., Wallman, A., Hulick, V., 2008. Behavioral
processes mediating phencyclidine-induced decreases in voluntary
sucrose consumption. Pharmacol. Biochem. Behav. 88, 272–279.

Barak, S., Weiner, I., 2011. The M1/M4 preferring agonist xanome-
line reverses amphetamine-, MK801- and scopolamine-induced
abnormalities of latent inhibition: putative efficacy against
positive, negative and cognitive symptoms in schizophrenia.
Int. J. Neuropsychopharmacol. 14 (9), 1233–1246.

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. Neuropsycho-
pharmacol. Biol. Psychiatry 27, 687–700.

Blanchard, J.J., Cohen, A.S., 2006. The structure of negative
symptoms within schizophrenia: implications for assessment.
Schizophr. Bull. 32 (2), 238–245.

Bleuler, E., 1911. Dementia Preacox or the Group of Schizophrenias (J.
Zinkin, Trans., 1950). International Universities Press, New York.

Boulay, D., Depoorte're, R., Louis, C., Perrault, G., Griebel, G.,
Soubrie, P., 2004. SSR181507, a putative atypical antipsychotic
with dopamine D2 antagonist and 5-HT1A agonist activities:
improvement of social interaction deficits induced by phency-
clidine in rats. Neuropharmacology 46, 1121–1129.

Boulay, D., Pichat, P., Dargazanli, G., Estenne-Bouhtou, G., Terra-
nova, J.P., Rogacki, N., Stemmelin, J., Coste, A., Lanneau, C.,
Desvignes, C., Cohen, C., Alonso, R., Vigé, X., Biton, B.,
Steinberg, R., Sevrin, M., Oury-Donat, F., George, P., Bergis,
O., Griebel, G., Avenet, P., Scatton, B., 2008. Characterization
of SSR103800, a selective inhibitor of the glycine transporter-1
in models predictive of therapeutic activity in schizophrenia.
Pharmacol. Biochem. Behav. 91, 47–58.

Bruins Slot, L., Kleven, M.S., Newman-Tancredi, A., 2005. Effects of
novel antipsychotics with mixed D2 antagonist/5-HT1A agonist
properties on PCP-induced social interaction deficits in the rat.
Neuropharmacology 49 (7), 996–1006.

Buchanan, R.W., 2007. Persistent negative symptoms in schizophre-
nia: an overview. Schizophr. Bull. 33 (4), 1013–1022.

Chindo, B.A., Adzu, B., Yahaya, T.A., Gamaniel, K.S., 2012.
Ketamine-enhanced immobility in forced swim test: a possible
animal model for the negative symptoms of schizophrenia. Prog.
Neuro-Psychopharmacol. Biol. Psychiatry 38 (2), 310–316.

Chue, P., 2013. Glycine reuptake inhibition as a new therapeutic
approach in schizophrenia: focus on the glycine transporter 1
(GlyT1). Curr. Pharm. Des. 19 (7), 1311–1320.

Corbett, R., Zhou, L., Sorensen, S.M., Mondadori, C., 1999. Animal
models of negative symptoms: M100907 antagonizes PCP-
induced immobility in a forced swim test in mice. Neuropsycho-
pharmacology. 21 (6), S211–S218.

Crawford, M.J., Killaspy, H., Barnes, T.R., et al., 2012. MATISSE
project team, 2012. Group art therapy as an adjunctive treat-
ment for people with schizophrenia: multicentre pragmatic
randomised trial. Br. Med. J. 344, e846.

Davis, J.D., Smith, G.P., 1992. Analysis of the microstructure of the
rhythmic tongue movements of rats ingesting maltose and
sucrose solutions. Behav. Neurosci. 106 (1), 217–228.

Deakin, J.F.W., Lees, J., McKie, S., Hallak, J.E.C., Williams, S.R.,
Dursun, S.M., 2008. Glutamate and the neural basis of the
subjective effects of ketamine. Arch. Gen. Psychiatry 65 (2),
154–164.

Depoortere, R., Auclair, A.L., Bardin, L., Bruins Slot, L., Kleven, M.S.,
Colpaert, F., Vacher, B., Newman-Tancredi, A., 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.

Dunn, R.W., Corbett, R., Fielding, S., 1989. Effects of 5-HT1A
receptor agonists and NMDAR receptor antagonists in the social
interaction test and the elevated plus maze. Eur. J. Pharmacol.
169, 1–10.

Dwyer, D.M., 2012. Licking and liking: the assessment of hedonic
responses in rodents. Q. J. Exp. Psychol. 65 (3), 371–394.

Ellenbroek, B.A., Cools, A.R., 2000. Animal models for the
negative symptoms of schizophrenia. Behav. Pharmacol. 11 (3–
4), 223–233.

Foussias, G., Remington, G., 2010. Negative symptoms in schizophrenia:
avolition and occam's razor. Schizophr. Bull. 36 (2), 359–369.

Galistu, A., Modde, C., Pireddu, M.C., Franconi, F., Serra, G.,
D'Aquila, P.S., 2011. Clozapine increases reward evaluation but
not overall ingestive behaviour in rats licking for sucrose.
Psychopharmacology (Berl) 216 (3), 411–420.

Gard, D.E., Kring, A.M., Gard, M.G., Horan, W.P., Green, M.F., 2007.
Anhedonia in schizophrenia: distinctions between anticipatory
and consummatory pleasure. Schizophr. Res. 93 (1–3), 253–260.

Goghari, V.M., Sponheim, S.R., MacDonald 3rd, A.W., 2010. The
functional neuroanatomy of symptom dimensions in schizophre-
nia: a qualitative and quantitative review of a persistent
question. Neurosci. Biobehavi. Rev. 34 (3), 468–486.

Gur, R.E., Loughead, J., Kohler, C.G., Elliott, M.A., Lesko, K.,
Ruparel, K., Wolf, D.H., Bilker, W.B., Gur, R.C., 2007. Limbic
activation associated with misidentification of fearful faces and
flat affect in schizophrenia. Arch. Gen. Psychiatry 64, 1356–1366.

Gururajan, A., Taylor, D.A., Malone, D.T., 2010. Current pharma-
cological models of social withdrawal in rats: relevance to
schizophrenia. Behav. Pharmacol. 21, 690–709.

Gururajan, A., Taylor, D.A., Malone, D.T., 2011. Effect of cannabi-
diol in a MK-801-rodent model of aspects of schizophrenia.
Behav. Brain Res. 222, 299–308.

Gururajan, A., Taylor, D.A., Malone, D.T., 2012. Cannabidiol and
clozapine reverse MK-801-induced deficits in social interaction
and hyperactivity in Sprague–Dawley rats. J. Psychopharmacol.
26 (10), 1317–1332.

Haddad, P.M., Dursun, S.M., 2008. Neurological complications of
psychiatric drugs: clinical features and management. Hum.
Psychopharmacol. 23 (Suppl. 1), 15–26.

Hendrie, C.A., Pickles, A.R., 2013. The failure of the antidepressant
drug discovery process is systemic. J. Psychopharmacol. 27 (5),
407–413.

Herman, E.J., Bubser, M., Conn, P.J., Jones, C.K., 2012. Metabo-
tropic glutamate receptors for new treatments in schizophrenia.
Handb. Exp. Pharmacol. 213, 297–365.

Ho, B.C., Psych, M.R.C., Nopoulos, P., Flaum, M., Arndt, S.,
Andreasen, N.C., 1998. Two-year outcome in first-episode
schizophrenia: predictive value of symptoms for quality of life.
Am. J. Psychiatry 155 (9), 1196–1201.

Horan, W.P., Kring, A.M., Blanchard, J.J., 2006. Anhedonia in
schizophrenia: a review of assessment strategies. Schizophr.
Bull. 32 (2), 259–273.

Horan, W.P., Kring, A.M., Gur, R.E., Reise, S.P., Blanchard, J.J.,
2011. Development and psychometric validation of the Clinical
Assessment Interview for Negative Symptoms (CAINS). Schizophr.
Res. 132 (2–3), 140–145.

Horiguchi, M., Huang, M., Meltzer, H.Y., 2011a. Interaction of
mGlu2/3 agonism with clozapine and lurasidone to restore novel
object recognition in subchronic phencyclidine-treated rats.
Psychopharmacology (Berl) 217 (1), 13–24.

Horiguchi, M., Huang, M., Meltzer, H.Y., 2011b. The role of 5-
hydroxytryptamine 7 receptors in the phencyclidine-induced
novel object recognition deficit in rats. J. Pharmacol. Exp. Ther.
338 (2), 605–614.

Iritani, S., 2007. Neuropathology of schizophrenia: a mini review.
Neuropathology 27 (6), 604–608.

http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref6
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref6
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref6
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref6
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref7
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref7
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref7
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref8
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref8
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref8
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref9
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref9
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref9
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref9
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref9
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref10
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref10
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref10
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref10
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref11
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref11
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref11
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref12
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref12
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref13
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref13
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref13
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref13
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref13
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref14
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref14
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref14
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref14
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref14
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref14
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref14
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref14
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref15
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref15
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref15
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref15
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref16
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref16
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref17
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref17
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref17
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref17
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref18
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref18
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref18
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref19
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref19
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref19
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref19
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref20
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref20
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref20
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref20
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref21
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref21
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref21
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref22
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref22
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref22
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref22
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref23
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref23
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref23
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref23
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref23
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref24
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref24
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref24
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref24
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref25
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref25
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref26
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref26
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref26
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref27
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref27
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref28
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref28
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref28
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref28
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref29
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref29
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref29
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref30
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref30
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref30
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref30
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref31
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref31
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref31
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref31
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref32
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref32
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref32
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref33
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref33
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref33
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref34
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref34
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref34
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref34
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref35
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref35
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref35
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref36
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref36
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref36
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref37
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref37
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref37
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref38
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref38
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref38
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref38
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref39
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref39
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref39
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref40
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref40
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref40
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref40
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref41
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref41
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref41
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref41
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref42
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref42
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref42
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref42
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref43
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref43


833NMDAR antagonists and negative symptoms in animals
Javitt, D.C., 2012. Twenty-five years of glutamate in schizophrenia:
are we there yet? Schizophr. Bull. 38 (5), 911–913.

Javitt, D.C., Zukin, S.R., Heresco-Levy, U., Umbricht, D., 2012. Has
an angel shown the way? Etiological and therapeutic implica-
tions of the PCP/NMDA model of schizophrenia. Schizophr. Bull.
38 (5), 958–966.

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, 230–235.

Jenkins, T.A., Harte, M.K., Reynolds, G.P., 2010. Effect of sub-
chronic phencyclidine administration on sucrose preference and
hippocampal parvalbumin immunoreactivity in the rat. Neu-
rosci. Lett. 471 (3), 144–147.

Jentsch, J.D., Tran, A., Le, D., Youngren, K.D., Roth, R.H., 1997.
Subchronic phencyclidine administration reduces mesoprefron-
tal dopamine utilization and impairs prefrontal cortical-
dependent cognition in the rat. Neuropsychopharmacology. 17
(2), 92–99.

Jones, P.B., Barnes, T.R., Davies, L., Dunn, G., Lloyd, H., Hayhurst,
K.P., Murray, R.M., Markwick, A., Lewis, S.W., 2006. Rando-
mized controlled trial of effect on quality of life of second-vs.
first-generation antipsychotic drugs in schizophrenia. Cost Uti-
lity of the Latest Antipsychotic Drugs in Schizophrenia Study
(CUtLASS 1). Arch. Gen. Psychiatry 63 (10), 1079–1087.

Juckel, G., Schlagenhauf, F., Koslowski, M., Wustenberg, T., Vill-
ringer, A., Knutson, B., Wrase, J., Heinz, A., 2006. Dysfunction
of ventral striatal reward prediction in schizophrenia. Neuro-
image 29, 409–416.

Katayama, T., Jodo, E., Suzuki, Y., Hoshino, K.Y., Takeuchi, S.,
Kayama, Y., 2009. Phencyclidine affects firing activity of baso-
lateral amygdala neurons related to social behavior in rats.
Neuroscience 159, 335–343.

Kirkpatrick, B., Fischer, B., 2006. Subdomains within the negative
symptoms of schizophrenia: commentary. Schizophr. Bull. 32
(2), 246–249.

Kirkpatrick, B., Fenton, W.S., Carpenter Jr., W.T., Marder, S.R.,
2006. The NIMH-MATRICS consensus statement on negative
symptoms. Schizophr. Bull. 32 (2), 214–219.

Knable, M.B., Barci, B.M., Bartko, J.J., Webster, M.J., Torrey, E.F.,
2002. Molecular abnormalities in the major psychiatric illnesses:
Classification and Regression Tree (CRT) analysis of post-mortem
prefrontal markers. Mol. Psychiatry 7 (4), 392–404.

Kraepelin, E., 1920. Die Erscheinungsformen des Irresciens (H.
Marshall, Trans., 1974) as patterns of Mental Disorder. In:
Hirsch, S.R., Shepherd, M. (Eds.), Themes and Variations in
European Psychiatry. Bristol, Wright.

Krystal, J.H., Karper, L.P., Seibyl, J.P., Freeman, G.K., Delaney, R.,
Bremner, J.D., Heninger, G.R., Bowers Jr., M.B., Charney, D.S.,
1994. Subanesthetic effects of the noncompetitive NMDA
antagonist, ketamine, in humans—psychotomimetic, perceptual
cognitive, and neuroendocrine responses. Arch. Gen. Psychiatry
51 (3), 199–214.

Lane, H.Y., Chang, Y.C., Liu, Y.C., Chiu, C.C., Tsai, G.E., 2005.
Sarcosine or D-serine add-on treatment for acute exacerbation
of schizophrenia: a randomized, double-blind, placebo-
controlled study. Arch. Gen. Psychiatry 62, 1196–1204.

Large, C.H., 2007. Do NMDAR receptor antagonist models of
schizophrenia predict the clinical efficacy of antipsychotic
drugs? J. Psychopharmacol. 21, 283–301.

Leucht, S., Corves, C., Arbter, D., Engel, R.R., Li, C., Davis, J.M.,
2009. Second-generation versus first-generation antipsychotic
drugs for schizophrenia: a meta-analysis. Lancet 3 (373), 31–41.

Liemburg, E., Castelein, S., Stewart, R., van der Gaag, M., Aleman,
A., Knegtering, H., 2013. Genetic Risk and Outcome of Psychosis
(GROUP) Investigators. Two subdomains of negative symptoms in
psychotic disorders: established and confirmed in two large
cohorts. J. Psychiatry Res. 47 (6), 718–725.
Li, N., Liu, R.-J., Dwyer, J.M., Banasr, M., Lee, B., Son, H., Li, X.-
Y., Aghajanian, G., Duman, R.S., 2011. Glutamate N-methyl-D-
aspartate receptor antagonists rapidly reverse behavioral and
synaptic deficits caused by chronic stress exposure. Biol. Psy-
chiatry 69 (8), 754–761.

Lieberman, J.A., Stroup, T.S., McEvoy, J.P., Swartz, M.S., Rosen-
heck, R.A., Perkins, D.O., Keefe, R.S., Davis, S.M., Davis, C.E.,
Lebowitz, B.D., Severe, J., Hsiao, J.K., 2005. Effectiveness of
antipsychotic drugs in patients with chronic schizophrenia. N.
Engl. J. Med. 353 (12), 1209–1223.

Lisman, J.E., Coyle, J.T., Green, R.W., Javitt, D.C., Benes, F.M.,
Heckers, S., Grace, A.A., 2008. Circuit-based framework for
understanding neurotransmitter and risk gene interactions in
schizophrenia. Trends Neurosci. 5, 234–242.

Lu, L.L., Mamiya, T., Lu, P., Toriumi, K., Mouri, A., Hiramatsu, M.,
Zou, L.B., Nabeshima, T., 2011. Prenatal exposure to PCP
produces behavioral deficits accompanied by the overexpression
of GLAST in the prefrontal cortex of postpubertal mice. Behav.
Brain. Res. 220 (1), 132–139.

Lydall, E.S., 2011. Palatability and animal models of schizophrenia.
Cardiff University, Cardiff (Ph.D.).

Lydall, E.S., Gilmour, G., Dwyer, D.M., 2010. Analysis of licking
microstructure provides no evidence for a reduction in reward
value following acute or sub-chronic phencyclidine administra-
tion. Psychopharmacology 209 (2), 153–162 .

Ma, X-C, Dang, Y-H, Jia, M., Ma, R., Wang, F., Wu, J., Gao, C-G,
Hashimoto, K., 2013. Long-Lasting Antidepressant Action of
Ketamine, but Not Glycogen Synthase Kinase-3 Inhibitor
SB216763, in the Chronic Mild Stress Model of Mice. PLoS ONE 8
(2), e56053, http://dx.doi.org/10.1371/journal.pone.0056053.

MacDonald 3rd, A.W., Carter, C.S., Kerns, J.G., Ursu, S., Barch, D.
M., Holmes, A.J., Stenger, V.A., Cohen, J.D., 2005. Specificity of
prefrontal dysfunction and context processing deficits to schizo-
phrenia in never-medicated patients with first episode psycho-
sis. Am. J. Psychiatry 162, 475–484.

Marcus, M.M., Wiker, C., Frånberg, O., Konradsson-Geuken, A.,
Langlois, X., Jardemark, K., Svensson, T.H., 2010. Adjunctive
alpha2-adrenoceptor blockade enhances the antipsychotic-like
effect of risperidone and facilitates cortical dopaminergic and
glutamatergic, NMDA receptor-mediated transmission. Int.
J. Neuropsychopharmacol. 13 (7), 891–903.

Mason, O.J., Morgan, C.J.M., Stefanovic, A., Curran, H.V., 2008.
The Psychotomimetic States Inventory (PSI): measuring
psychotic-type experiences from ketamine and cannabis. Schi-
zophr. Res. 103 (1–3), 138–142.

McKenna, B.S., Young, J.W., Dawes, S.E., Asgaard, G.L., Eyler, L.T.,
2013. Bridging the bench to bedside gap: validation of a reverse-
translated rodent continuous performance test using functional
magnetic resonance imaging. Psychiatry Res. 212, 183–191.

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.

Meehl, P.E., 1962. Schizotaxia, schizotypy, schizophrenia. Am.
Psychol. 17 (12), 827–838.

Menon, V., Anagnoson, R.T., Mathalon, D.H., Glover, G.H., Pfeffer-
baum, A., 2001. Functional neuroanatomy of auditory working
memory in schizophrenia: relation to positive and negative
symptoms. Neuroimage 13, 433–446.

Millan, M.J., Agid, Y., Brüne, M., Bullmore, E.T., Carter, C.S.,
Clayton, N.S., Connor, R., Davis, S., Deakin, B., DeRubeis, R.J.,
Dubois, B., Geyer, M.A., Goodwin, G.M., Gorwood, P., Jay, T.M.,
Joëls, M., Mansuy, I.M., Meyer-Lindenberg, A., Murphy, D.,
Rolls, E., Saletu, B., Spedding, M., Sweeney, J., Whittington,
M., Young, L.J., 2012. Cognitive dysfunction in psychiatric
disorders: characteristics, causes and the quest for improved
therapy. Nat. Rev. Drug Discovery 11 (2), 141–168.

http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref44
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref44
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref45
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref45
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref45
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref45
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref46
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref46
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref46
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref46
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref47
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref47
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref47
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref47
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref48
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref48
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref48
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref48
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref48
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref49
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref49
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref49
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref49
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref49
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref49
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref50
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref50
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref50
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref50
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref51
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref51
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref51
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref51
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref52
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref52
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref52
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref53
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref53
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref53
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref54
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref54
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref54
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref54
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref55
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref55
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref55
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref55
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref56
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref56
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref56
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref56
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref56
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref56
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref57
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref57
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref57
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref57
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref58
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref58
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref58
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref59
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref59
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref59
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref60
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref60
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref60
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref60
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref60
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref61
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref61
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref61
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref61
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref61
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref62
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref62
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref62
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref62
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref62
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref63
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref63
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref63
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref63
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref64
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref64
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref64
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref64
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref64
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref65
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref65
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref66
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref66
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref66
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref66
dx.doi.org/10.1371/journal.pone.0056053
dx.doi.org/10.1371/journal.pone.0056053
dx.doi.org/10.1371/journal.pone.0056053
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref68
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref68
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref68
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref68
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref68
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref69
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref69
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref69
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref69
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref69
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref69
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref70
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref70
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref70
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref70
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref71
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref71
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref71
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref71
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref72
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref72
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref72
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref72
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref72
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref73
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref73
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref74
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref74
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref74
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref74
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref75
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref75
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref75
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref75
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref75
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref75
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref75
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref75


J.C. Neill et al.834
Moessnang, C., Habel, U., Schneider, F., Siegel, S.J., 2012. The
electrophysiological signature of motivational salience in mice
and implications for schizophrenia. Neuropsychopharmacology
37, 2846–2854.

Moghaddam, B., Adams, B.W., 1998. Reversal of phencyclidine
effects by a Group II metabotropic glutamate receptor agonist
in rats. Science 281, 1349–1352.

Moore, H., 2010. The role of rodent models in the discovery of new
treatments for schizophrenia: updating our strategy. Schizophr.
Bull. 36 (6), 1066–1072.

Mouri, A., Noda, A., Enomoto, T., Nabeshima, T., 2007. Phencyclidine
animal models of schizophrenia: approaches from abnormality of
glutamatergic neurotransmission and neurodevelopment. Neuro-
chem. Int. 51, 173–184.

Murai, R., Noda, Y., Matsui, K., Kamei, H., Mouri, A., Matsuba, K.,
Nitta, A., Furukawa, H., Nabeshima, T., 2007. Hypofunctional
glutamatergic neurotransmission in the prefrontal cortex is
involved in the emotional deficit induced by repeated treatment
with phencyclidine in mice: implications for abnormalities of
glutamate release and NMDA-CaMKII signaling. Behav. Brain Res.
180 (2), 152–160.

Neill, J.C., Hendrie, C.A., 2012. Bringing Order to Disorder. Public
Service Review, UK Sci. Technol. 6.

Neill, J.C., Barnes, S., Cook, S., Grayson, B., Idris, N.F., McLean,
S.L., Snigdha, S., Rajagopal, L., Harte, M.K., 2010. Animal
models of cognitive dysfunction and negative symptoms of
schizophrenia: focus on NMDAR receptor antagonism. Pharma-
col. Ther. 128 (3), 419–432.

Noda, Y., Yamada, K., Furukawa, H., Nabeshima, T., 1995. Enhance-
ment of immobility in a forced swimming test by subacute or
repeated treatment with phencyclidine—a new model of schizo-
phrenia. Br. J. Pharmacol. 116, 2531–2537.

Nutt, D.N., Goodwin, G., 2012. Pharma Fears. Public Serv. Rev.: Eur.
Sci. Technol. 14, 129–130.

Olney, J.W., Labruyere, J., Price, M.T., 1989. Pathological changes
induced in cerebrocortical neurons by phencyclidine and related
drugs. Science 244, 1360–1362.

Olszewski, R.T., Janczura, K.J., Ball, S.R., Madore, J.C., Lavin, K.
M., Lee, J.C.-M., Lee, M.J., Der, E.K., Bzdega, T., Neale, J.H.,
2012. NAAG peptidase inhibitors block cognitive deficit induced
by MK-801 and motor activation induced by D- amphetamine and
PCP in animal models of schizophrenia. Translational Psychiatry
31 (2), e145, http://dx.doi.org/10.1038/tp.2012.68.

Papp, M., Moryl, E., 1994. Antidepressant activity of noncompeti-
tive and competitive NMDA receptor antagonists in a chronic
mild stress model of depression. Eur. J. Pharmacol. 263 (1–2),
1–7.

Pelizza, L., Ferrari, A., 2009. Anhedonia in schizophrenia and major
depression: state or trait? Ann. Gen. Psychiatry 8, 22.

Plath, N., Lerdrup, L., Hjørringgaard Larsen, P., Redrobe, J.P.,
2011. Can small molecules provide truly effective enhancement
of cognition? Current achievements and future directions.
Expert Opinion Investigating Drugs 20 (6), 795–806.

Pogue-Geile, M.F., Harrow, M., 1985. Negative symptoms in schizo-
phrenia—their longitudinal course and prognostic importance.
Schizophr. Bull. 11 (3), 427–439.

Pratt, J., Winchester, C., Dawson, N., Morris, B., 2012. Advancing
schizophrenia drug discovery: optimizing rodent models to bridge
the translational gap. Nat. Rev. Drug Discovery 11 (7), 560–579.

Pratt, J.A., Winchester, C., Egerton, A., Cochran, S.M., Morris, B.J.,
2008. Modelling prefrontal cortex deficits in schizophrenia: impli-
cations for treatment. Br. J. Pharmacol. 153 (Suppl. 1), S465–S470.

Profaci, C.P., Krolikowski, K.A., Olszewski, R.T., Neale, J.H., 2011.
Group II mGluR agonist LY354740 and NAAG peptidase inhibitor
effects on prepulse inhibition in PCP and D-amphetamine models
of schizophrenia. Psychopharmacology (Berl) 216 (2), 235–243.
Provencher, H.L., Mueser, K.T., 1997. Positive and negative symp-
tom behaviors and caregiver burden in the relatives of persons
with schizophrenia. Schizophr. Res. 26 (1), 71–80.

Rung, J.P., Carlsson, A., Ryden Markinhuhta, K., Carlsson, M.L.,
2005. (+)-MK-801 induced social withdrawal in rats: a model for
negative symptoms of schizophrenia. Prog. Neuropsychopharma-
col. Biol. Psychiatry 29, 827–832.

Rushforth, S.L., Steckler, T., Shoaib, M., 2011. Nicotine improves
working memory span capacity in r rats following sub-chronic
ketamine exposure. Neuropsychopharmacology 36, 2774–2781.

Sams-Dodd, F., 1995a. Distinct effects of D-amphetamine and phency-
clidine on the social behaviour of rats. Behav. Pharmacol. 6, 55–65.

Sams-Dodd, F., 1995b. Automation of the social interaction test by a
video tracking system: behavioural effects of repeated phency-
clidine. J. Neurosci. Methods 59, 157–168.

Sams-Dodd, F., 1996. Phencyclidine-induced stereotyped behaviour
and social isolation in rats: a possible animal model of schizo-
phrenia. Behav. Pharmacol. 7, 3–23.

Sams-Dodd, F., 2004. (+) MK-801 and phencyclidine induced
neurotoxicity do not cause enduring behaviours resembling the
positive and negative symptoms of schizophrenia in the rat.
Basic Clin. Pharmacol. Toxicol. 95, 241–246.

Savage, S., Kehr, J., Olson, L., Mattsson, A., 2011. Impaired social
interaction and enhanced sensitivity to phencyclidine-induced
deficits in novel object recognition in rats with cortical choli-
nergic denervation. Neuroscience 195, 60–69.

Seibt, K.J., Piato, A.L., da Luz Oliveira, R., Capiotti, K.M., Vianna,
M.R., Bonan, C.D., 2011. Antipsychotic drugs reverse MK-801-
induced cognitive and social interaction deficits in zebrafish
(Danio rerio). Behav. Brain Res. 224, 135–139.

Selten, J.P., Wiersma, D., van den Bosch, R.J., 2000. Discrepancy
between subjective and objective ratings for negative symp-
toms. J. Psychiatr. Res. 34, 11–13.

Semkovska, M., Bédard, M.A., Stip, E., 2001. Hypofrontality and
negative symptoms in schizophrenia: synthesis of anatomic and
neuropsychological knowledge and ecological perspectives.
Encephale 27 (5), 405–415.

Shepard, P.D., 2006. Editorial—modeling negative symptoms: what's
missing? Schizophr. Bull. 32 (3), 403–404.

Shimazaki, T., Kaku, A., Chaki, S., 2010. D-Serine and a glycine
transporter-1 inhibitor enhance social memory in rats. Psycho-
pharmacology (Berl). 209, 263–270.

Singh, S.P., Singh, V., Kar, N., Chan, K., 2010. Efficacy of anti-
depressants in treating the negative symptoms of chronic
schizophrenia: meta-analysis. Br. J. Psychiatry 197 (3), 174–179.

Snigdha, S., Neill, J.C., 2008a. Efficacy of antipsychotics to reverse
phencyclidine induced social interaction deficits in female rats—
a preliminary investigation. Behav. Brain Res. 187, 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, 26–31.

Spielewoy, C., Markou, A., 2003. Withdrawal from chronic-
phencyclidine treatment induces long-lasting depression in brain
reward function. Neuropsychopharmacology 28 (6), 1106–1116.

Suslow, T., Roestel, C., Ohrmann, P., Arolt, V., 2003. Detection of
facial expressions of emotions in schizophrenia. Schizophr. Res.
64 (2–3), 137–145.

Tarazi, F.I., Neill, J.C., 2013. The preclinical discovery of asenapine
for the treatment of schizophrenia and bipolar mania. Expert
Opinion Drug Discovery 8 (1), 93–103.

Taylor, D.M., Smith, L., 2009. Augmentation of clozapine with a second
antipsychotic—a meta-analysis of randomized, placebo-controlled
studies. Acta Psychiatr. Scand. 119 (6), 419–425.

Tejedor-Real, P., Sahagun, M., Faucon-Biguet, N., Mallet, J., 2007.
Neonatal handling prevents the effects of phencyclidine in an
animal model of negative symptoms of schizophrenia. Biol.
Psychiatry 61 (7), 865–872.

http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref76
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref76
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref76
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref76
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref77
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref77
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref77
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref78
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref78
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref78
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref79
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref79
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref79
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref79
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref80
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref80
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref80
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref80
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref80
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref80
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref80
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref81
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref81
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref82
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref82
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref82
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref82
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref82
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref83
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref83
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref83
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref83
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref84
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref84
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref85
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref85
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref85
dx.doi.org/10.1038/tp.2012.68
dx.doi.org/10.1038/tp.2012.68
dx.doi.org/10.1038/tp.2012.68
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref87
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref87
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref87
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref87
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref88
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref88
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref89
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref89
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref89
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref89
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref90
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref90
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref90
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref91
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref91
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref91
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref92
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref92
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref92
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref93
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref93
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref93
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref93
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref94
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref94
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref94
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref95
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref95
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref95
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref95
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref95
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref95
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref96
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref96
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref96
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref97
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref97
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref98
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref98
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref98
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref99
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref99
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref99
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref100
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref100
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref100
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref100
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref100
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref100
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref101
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref101
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref101
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref101
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref102
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref102
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref102
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref102
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref103
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref103
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref103
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref104
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref104
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref104
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref104
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref106
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref106
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref107
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref107
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref107
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref108
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref108
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref108
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref109
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref109
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref109
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref110
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref110
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref110
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref111
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref111
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref111
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref112
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref112
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref112
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref113
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref113
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref113
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref114
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref114
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref114
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref115
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref115
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref115
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref115


835NMDAR antagonists and negative symptoms in animals
Tiihonen, J., Wahlbeck, K., Kiviniemi, V., 2009. The efficacy of
lamotrigine in clozapine-resistant schizophrenia: a systematic
review and meta-analysis. Schizophr. Res. 109 (1–3), 10–14.

Tizabi, Y., Bhatti, B.H., Manaye, K.F., Das, J.R., Akinfiresoye, L.,
2012. Antidepressant-like effects of low ketamine dose is
associated with increased hippocampal AMPA/NMDA receptor
density ratio in female Wistar–Koyoto rats. Neuroscience 213,
72–80.

Tomotake, M., 2011. Quality of life and its predictors in people with
schizophrenia. J. Med. Invest. 58 (3–4), 167–174.

Trullas, R., Skolnick, P., 1990. Functional antagonists at the NMDA
receptor complex exhibit antidepressant actions. Eur. J. Phar-
macol. 185 (1), 1–10.

Tsai, G., Lane, H.Y., Yang, P., Chong, M.Y., Lange, N., 2004. Glycine
transporter I inhibitor, N-methylglycine (sarcosine), added to
antipsychotics for the treatment of schizophrenia. Biol. Psychia-
try 55, 452–456.

Tsai, G.E., Lin, P.Y., 2010. Strategies to enhance N-methyl-D-
aspartate receptor-mediated neurotransmission in schizophre-
nia, a critical review and meta-analysis. Curr. Pharm. Des. 16
(5), 522–537.

Tsang, H.W., Leung, A.Y., Chung, R.C., Bell, M., Cheung, W.M.,
2010. Review on vocational predictors: a systematic review of
predictors of vocational outcomes among individuals with schi-
zophrenia: an update since 1998. Aust. N. Z. J. Psychiatry 44 (6),
495–504.

Turgeon, S.M., Hoge, S.G., 2003. Prior exposure to phencyclidine
decreases voluntary sucrose consumption and operant performance
for food reward. Pharmacol. Biochem. Behav. 76, 393–400.

Turgeon, S.M., Lin, T., Subramanian, M., 2007. Subchronic phencycli-
dine exposure potentiates the behavioral and c-Fos response to
stressful stimuli in rats. Pharmacol. Biochem. Behav. 88, 73–81.

Turgeon, S.M., Anderson, N., O'Loughlin, K., 2010. Phencyclidine
(PCP) produces sexually dimorphic effects on voluntary sucrose
consumption and elevated plus maze behavior. Pharmacol.
Biochem. Behav. 95, 173–178.

Vancampfort, D., Knapen, J., Probst, M., Scheewe, T., Remans, S.,
De Hert, M., 2012. A systematic review of correlates of physical
activity in patients with schizophrenia. Acta Psychiatr. Scand.
125 (5), 352–362.

Vardigan, J.D., Huszar, S.L., McNaughton, C.H., Hutson, P.H.,
Uslaner, J.M., 2010. MK-801 produces a deficit in sucrose
preference that is reversed by clozapine, D-serine, and the
metabotropic glutamate 5 receptor positive allosteric modulator
CDPPB: relevance to negative symptoms associated with schizo-
phrenia? Pharmacol. Biochem. Behav. 95, 223–229.

Willner, P., 2005. Chronic mild stress (CMS) revisited: consistency
and behavioural–neurobiological concordance in the effects of
CMS. Neuropsychobiology 52, 90–110.

Wolf, D.H., 2006. Anhedonia in schizophrenia. Curr. Psychiatry Rep.
8, 322–328.

Wykes, T., Steel, C., Everitt, B., Tarrier, N., 2008. Cognitive
behavior therapy for schizophrenia: effect sizes, clinical models,
and methodological rigor. Schizophr. Bull. 34 (3), 523–537.

Yanagi, M., Southcott, S., Lister, J., Tamminga, C.A., 2012. Animal
models of schizophrenia emphasizing construct validity. Prog.
Mol. Biol. Translational Sci. 105, 411–444.

Yilmaz, A., Schulz, D., Aksoy, A., Canbeyli, R., 2002. Prolonged
effect of an anesthetic dose of ketamine on behavioral despair.
Pharmacol. Biochem. Behav. 71 (1–2), 341–344.

Zarate Jr., C.A., Singh, J.B., Carlson, P.J., Brutsche, N.E., Ameli, R.,
Luckenbaugh, D.A., Charney, D.S., Manji, H.K., 2006. A rando-
mized trial of an N-methyl-D-aspartate antagonist in treatment-
resistant major depression. Arch. Gen. Psychiatry 63 (8), 856–864.

Zarate Jr., C.A., Mathews, D., Ibrahim, L., Chaves, J.F., Marquardt, C.,
Ukoh, I., et al., 2013. A Randomized Trial of a Low-Trapping
Nonselective N-Methyl-D-Aspartate Channel Blocker in Major Depres-
sion. Biological Psychiatry 74 (4), 257–264, http://dx.doi.org/
10.1016/j.biopsych.2012.10.019.

http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref116
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref116
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref116
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref117
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref117
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref117
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref117
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref117
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref118
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref118
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref119
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref119
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref119
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref121
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref121
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref121
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref121
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref122
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref122
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref122
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref122
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref123
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref123
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref123
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref123
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref123
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref124
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref124
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref124
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref125
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref125
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref125
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref126
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref126
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref126
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref126
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref127
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref127
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref127
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref127
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref128
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref128
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref128
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref128
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref128
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref128
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref129
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref129
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref129
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref130
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref130
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref131
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref131
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref131
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref132
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref132
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref132
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref133
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref133
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref133
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref134
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref134
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref134
http://refhub.elsevier.com/S0924-977X(13)00277-0/sbref134
dx.doi.org/10.1016/j.biopsych.2012.10.019
dx.doi.org/10.1016/j.biopsych.2012.10.019
dx.doi.org/10.1016/j.biopsych.2012.10.019
dx.doi.org/10.1016/j.biopsych.2012.10.019

	Acute and chronic effects of NMDA receptor antagonists in rodents, relevance to negative symptoms of schizophrenia: A...
	Introduction
	Negative symptoms: an unmet clinical need
	Negative symptom domains
	Neural substrates underlying negative symptoms—correlates in NMDA receptor antagonist models
	NMDAR antagonists and anhedonia
	NMDAR antagonists and social withdrawal
	Predictive validity of the NMDAR antagonist-induced social withdrawal model
	Detection of novel targets using NMDAR antagonist models
	Latest developments
	Summary and conclusion
	Role of the funding source
	Contributors
	Conflict of interest
	Acknowledgement
	References




