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Abstract
Rationale The range of cognitive and psychotomimetic
effects produced by antagonists of the N-methyl-D-aspartate
(NMDA) receptor has lead to widespread usage of these
molecules as pharmacological models of cognitive impair-
ment for drug discovery. Historically, NMDA receptor
antagonists have been used interchangeably on the assump-
tion that they produce analogous effects.
Objectives To profile a subset of these antagonists across a
novel within-subject cognitive battery in the rat.
Methods Naïve male Lister Hooded rats were subjected to a
series of tests in which they were required to learn a simple
visuo-auditory conditional discrimination. They then un-
derwent testing in a delayed discrimination test followed by
rule reversal and rule extinction tests.
Results All NMDA receptor antagonists tested impaired
acquisition performance and, with the exception of ket-
amine and the GluN2A preferring antagonist, NVP-
AAM077, impaired consolidation of extinction. GluN2B
antagonism produced a singular profile with potentially
enhanced delayed discrimination performance and reduced
hit rates in the reversal phase. Only PCP (phencyclidine)
and ketamine disrupted performance in the delay phase but
did so in a delay-independent manner. MK-801, PCP and
memantine all increased the hit rate in the reversal phase;
whilst only MK-801 and PCP impaired extinction per se.

Conclusions NMDA receptor-dependent mechanisms are
requisite in the acquisition of a simple conditional discrim-
ination and consolidation of extinction. Their role in working
memory and reversal tasks appear to be less critical and
potentially specific to the paradigm and NMDA receptor
antagonist used. It is clearly misleading to generalise across
NMDA antagonists with respect to their preclinical cognitive
profile.
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Abbreviations
ANOVA analyses of variance
CNS central nervous system
DMTP delayed matching to position
HR hit Rate
NMDA N-methyl-D-aspartate
OR omission rate
PCP phencyclidine
sem standard error of the mean
VI variable interval

Introduction

The N-methyl-D-aspartate (NMDA) receptor is an iono-
tropic glutamate receptor that has ubiquitous expression
throughout the mammalian central nervous system (CNS;
for review, see Dingledine et al. 1999). It has attracted a
great deal of scientific attention as it has been implicated in
a wide variety of neurological and pathological disorders
such as schizophrenia, Alzheimer's disease and stroke. The
observation that non-competitive NMDA receptor antago-
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nists such as phencyclindine (PCP) and ketamine may
induce or exacerbate schizophrenic-like symptoms in man
(Krystal et al. 1994; Lahti et al. 1995) has lead to the
hypothesis that NMDA-receptor dysfunction is a core
deficit in the schizophrenic syndrome. In rodents, NMDA
receptor antagonists induce a wide spectrum of behavioural
responses including hyperlocomotion, stereotypy and loss
of sensorimotor gating (Geyer et al. 2001; Mansbach and
Geyer 1989; Tricklebank et al. 1989).

In addition to their psychotomimetic effects, NMDA
receptor antagonists may induce performance deficits across
a number of cognitive domains following either intra-cerebral
or systemic administration. Attention has been particularly
focused on hippocampal-dependent tasks due to the impor-
tance of this substrate in human episodic memory (Milner
2005). A wide variety of studies has shown that blockade of
NMDA receptors in the hippocampus by direct infusion of
the NMDA receptor antagonist, 2-amino-5-phosphopenta-
noate will prevent spatial learning in tasks such as non-
matching to place in a T maze (Tonkiss and Rawlins 1991),
Morris watermaze (Morris 1989; Morris et al. 1986), or the
encoding of a paired associate task (Day et al. 2003). It is not
just spatial memory tasks that have been shown to be
dependent on NMDA receptors. For example, blockade of
NMDA receptors in perirhinal cortex will produce deficits in
the acquisition and/or consolidation of long-term novel
object memories as assessed in a spontaneous object
recognition test (Barker et al. 2006a, b; Winters and Bussey
2005; Abe et al. 2004). Effects on learning and memory are
not surprising given that activation of these receptors
underlies basal excitatory synaptic transmission, long-term
potentiation and long-term depression (Bliss and Colling-
ridge 1993; Morris 1989).

The behavioural consequences of NMDA receptor antag-
onism have led to the use of NMDA receptor antagonists not
only as models of psychosis but also as models of cognitive
dysfunction in disorders such as schizophrenia and
Alzheimer's disease. Some of these behavioural deficits
may be reversed by atypical antipsychotics; hence these
models have become widely used as screening assays in
drug discovery in the search for novel antipsychotic and
procognitive compounds. However, the NMDA receptor is
a complex heterogeneous structure comprised of GluN1,
GluN2 and GluN3 (NR1, NR2, NR3) subunits with GluN2
itself being represented by four different genes, GluN2A,
GluN2B, GluN2C and GluN2D (Alexander et al. 2008). A
range of NMDA receptor antagonists have been described
with varying degrees of subtype selectivity and mechanism
of action: (i) phencyclidine, MK-801 and ketamine are the
prototypical, non-competitive open channel blockers, de-
void of subunit selectivity (Lodge and Johnson 1990); (ii)
memantine acts similarly but with lower affinity (Johnson
and Kotermanski 2006); (iii) the non-competitive antago-

nists, CP 101,606 and Ro 25-6981 have substantial
selectivity for GluN2B-containing receptors (Chenard et
al. 1995; Menniti et al. 1997; Fischer et al. 1997) and (iv)
NVP-AAM007 which has some, albeit limited, selectivity
for GluN2A-containing receptors (Auberson et al. 2002).
Historically, NMDA receptor antagonists such as PCP, MK-
801 and ketamine have been used interchangeably preclini-
cally on the assumption that they produce analogous effects
on a variety of cognitive and non-cognitive behaviours.
Quite clearly, this is over-simplistic when consideration is
given to the different biochemical profile of the drugs and
their pharmacological cross-reactivity. Furthermore, despite
the similarity of memantine to ketamine in terms of its
mechanism of action and biophysical properties (Johnson
and Kotermanski 2006), the use of memantine as a
treatment for Alzheimer's disease is clearly at odds with
the clinical experience of ketamine: the latter being used to
model psychosis and cognitive disruption. Indeed, only
ketamine of the NMDA receptor antagonists has been
extensively tested in the clinical setting. In contrast, MK-
801 and PCP are far more commonly used as research tools
within the preclinical literature.

It is therefore somewhat surprising that there has been no
systematic comparison of the range of compounds available
on measures of cognitive and non-cognitive behaviours.
This gap has been recently addressed with the profiling of a
number of NMDA receptor antagonists, including GluN2A
and GluN2B subtype-selective antagonists, across a broad
battery of behavioural tests. In the first body of work, the
effect of a range of NMDA receptor antagonists on the
ability of animals to respond under various variable interval
(VI) schedules of reinforcement was examined. Not only
were large differences in effect size observed in this study,
but the different antagonists tested produced qualitatively
distinct effects on instrumental responding (Gilmour et al.
2009). In this second study, NMDA receptor antagonists
were profiled through four consecutive cognitive tests
designed to access the neuronal systems underlying learning,
memory and cognitive flexibility. Rats were initially trained
to press levers before entering phase 1 (rule acquisition) in
which animals had to learn a simple conditional discrimina-
tion to a visual and auditory cue over five daily training
sessions with drugs given each day immediately beforehand.
Both dopaminergic and glutamatergic processes have been
shown to be important in the acquisition of conditional
discriminations (Dunn and Killcross 2006; Murray et al.
1995). It is therefore not surprising that schizophrenic
patients have been reported to show equivalent deficits
(Hofer et al. 2001). In phase 2 (delayed discrimination), a
delay of 1, 4 or 8 s was inserted between presentation of the
stimuli and access to the choice levers. Working memory
paradigms are intrinsically different in rodents and humans,
as is the definition of working memory itself. However,
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delayed (non) match-to-sample procedures in rodents are
dependent on medial prefrontal cortex (Sloan et al. 2006)
and it is accepted that the prefrontal cortex is critical for
working memory in humans (Petrides 2000a, b; Goldman-
Rakic 1987). Furthermore, solution of the delayed discrim-
ination task requires the holding of information during the
delay period and thus is consistent with human definitions
of working memory. Deficits in working memory are one of
the core cognitive symptoms of schizophrenia (Barch et al.
2009). The aim of phase 2 of the battery was therefore to
assess whether NMDA receptor antagonists produce a
delay-dependent deficit in this novel rodent working
memory task. NMDA receptor antagonists typically pro-
duce delay-independent deficits in delayed (non) matching
paradigms (Han et al. 2000; Stephens and Cole 1996). In
phase 3, the contingency between the conditional stimulus
presented and the rewarded lever was reversed. Schizophrenic
patients show deficient cognitive flexibility evident as poor
performance in both extra-dimensional set shifting and
reversal learning paradigms (e.g. McKirdy et al. 2009). Both
acute and chronic treatment with PCP can produce reversal
learning deficits in a lever-press reversal paradigm (Abdul-
Monim et al. 2003; Abdul-Monim et al. 2006). The aim of
this phase was, therefore, to examine the effect of NMDA
receptor blockade in this novel reversal task. The final phase
of the battery, phase 4, was designed to assess extinction
learning and its consolidation. The animals continued to be
presented with two levers but only one of these was now
rewarded. Drugs were again administered immediately
before testing, as in phases 1–3. On the following day, the
animals were retested in a drug-free state hence both the
effect of NMDA receptor blockade on extinction itself and
then on the consolidation of this learning could be assessed.
Whilst there are a number of reports showing that
consolidation of fear extinction is NMDA receptor-
dependent, appetitive extinction is rarely tested.

To summarise, the aim of the present study was to
further understand (a) the role of the NMDA receptor
across a range of cognitive domains and (b) to test the
functional equivalence of antagonists both within and
between test phases and cognitive domains. The work
further builds on the body of data accumulated by the Lilly
laboratories in an attempt to elucidate the behavioural
phenotype produced by a broad spectrum of NMDA
receptor antagonists. This database will enhance our
understanding of the translational potential of both our
preclinical tests and pharmacological models of CNS
disorders such as schizophrenia. The results demonstrate
that the processes of acquisition of an operant visuo-
auditory conditional discrimination task and the consolida-
tion of its extinction are generally prevented by NMDA
receptor antagonists regardless of mechanism of action or
subtype selectivity, whilst effects on measures associated

with working memory and behavioural flexibility are very
much more compound specific and bidirectional.

Methods

Subjects

Forty-eight naïve male Lister Hooded (250–350 g) rats
were used as subjects for each experiment. The only
exception was Memantine II in which 64 rats were used
to allow for an additional ketamine control group. Animals
were housed in groups of four, receiving only water ad
libitum. Body weights were maintained at no less than 85%
of their free-feeding weights (including allowance for
growth) by food pellets presented during experimental
sessions and by post-session feeding. All animals were
supplied by Harlan, UK and housed in individually
ventilated caging where they were provided with sawdust
and environmental enrichment (tunnels and balls). They
were maintained on a 12-h/12-h light/dark cycle (lights on
at 0700 h) and at a room temperature of 21±2°C. All
procedures complied with regulations laid down in the
United Kingdom Animals (Scientific Procedures) Act,
1986, and were approved by the Ethics Committee of the
Lilly Research Centre.

Materials

Each experiment was performed in one of two sets of 16
standard operant chambers (Med Associates Inc. US). Each
chamber was housed in a sound and light attenuating
cabinet and comprised a house light, two retractable levers;
each with a stimulus light above it. The levers were located
either side of a recessed magazine where food pellets
(Noyes, 45 mg, Formula P) were delivered from an
automatic pellet dispenser. The start of a session was
signalled by onset of the house light, and its permanent
offset indicated the end of a session. Each chamber
contained standard grid floors that were wiped with
disinfectant wipes (Excel 30, Shiloh Healthcare) between
each subject. Auditory signals using a continuous tone and
a clicker were also available. Experimental sessions were
controlled and data recorded using programmes written in-
house using MedPC-IV software. Data were prepared for
analysis using an in-house Microsoft Excel macro designed
for the experiment.

Protocol

An overview of the procedure can be found in Fig. 1. Animals
were initially trained to lever press for an appetitive reward.
They then received seven sessions in which they were trained
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to acquire a simple visuo-auditory conditional discrimination.
Animals received drug treatments prior to each discrimination
acquisition session but not prior to lever-press acquisition
sessions. The rats then underwent further ‘baseline’ drug-free

training sessions to ensure all animals had reached criterion;
this was followed by the delayed conditional discrimination
session. Once again animals had a drug-free baseline
session before entering the two sessions of the reversal
phase. Animals were dosed prior to the delayed discrim-
ination test and prior to each session of the reversal tests.
Finally, animals received a drug-free lever-press session
followed by the two extinction sessions. Animals were
dosed prior to the first extinction session but not the
second. It is important to note that in order to reduce the
impact of carry-over effects animals were pseudoran-
domly reassigned to a different drug treatment prior to
each test phase. Groups were balanced to ensure they
were matched for performance in the baseline session
preceding each phase and that there was a reasonable
distribution reflecting each animal's drug history.

Lever-press training

In the first lever-press training session rats received ten
pellets on a VI-18 schedule of delivery (variable interval;
approximately every 18 s; range 10–25 s). The delivery
of a food reward was signalled by a 0.5 s tone. This was
followed by a 1-minute timeout period (lights out). They
then entered the lever-press section in which there was
pseudorandom presentation of the levers. Each trial
comprised insertion of one or other of the levers. The
rat was rewarded with a food pellet (signalled with a
0.5 s tone) when it pressed the lever and the levers were
then retracted. Levers were presented on a VI-18
schedule and rewarded on a FR-1 schedule (fixed ratio;
i.e. each lever press was rewarded). The session ended
after 30 min. The second session was identical to the
first except that there was no free delivery of pellets. If
more than eight animals did not reach the inclusion
criterion of greater than ten presses in 30 min a third day
of lever-press training was included. This session was
identical to the previous session. Data from the final
training session were used to create matched treatment
groups.

Phase 1: visuo-auditory conditional discrimination acquisition

Animals were trained to acquire a simple visuo-auditory
conditional discrimination between a clicker and signal
lights. There were 90 trials in each session (45 light and 45
clicker). Each trial comprised a 4-s signal (illumination of
either signal lights or a 10 Hz clicker) followed by insertion
of both levers. If an auditory (clicker) signal was given,
pressing on the left lever was rewarded. If a visual (lights)
signal was given, pressing on the right lever was rewarded.
Lever-signal contingency was counterbalanced between
animals. If an animal made a correct response it was

Leverpress Training
2 drug-free sessions

Acquisition days
7 drug-treated sessions

Drug-free training to 
criterion

Delay Test
1 drug-treated session

Drug-free training  to 
criterion

Reversal Test
2 drug-treated sessions

Leverpress retraining
1-2 drug-free sessions

Extinction
2 sessions: drug-treated 
on day 1 only

DELAY: 1,4,8 s

Cues: 
4s 10 Hz clicker
4s illumination

of signal lights

Sample

Test

Fig. 1 Summary of cognitive battery testing protocol. The schematic
represents the standard within-subject training and testing protocol that all
animals were subjected to in this series of studies. During initial lever
training, rats learned to associate the pressing of either lever in an operant
box with the delivery of food reward. Phase 1—acquisition: the first stage
of the test battery involved learning to acquire a conditional visuo-
auditory discrimination, where one cue (either clicker or light) signalled
reinforcement availability on pressing one lever while the other cue
signalled reinforcement from the alternative. Animals were dosed during
the entire acquisition phase. Phase 2—delay: during the delay phase of the
test battery, a variable time interval was imposed between cue presentation
and lever availability during performance of the conditional discrimina-
tion to tax workingmemory. Drugwas administered only once during this
phase. Phase 3—reversal: during the reversal phase the animals performed
the no-delay conditional discrimination, but in this phase the original cue-
lever contingencies were reversed. Drug was administered during two
reversal test sessions. Phase 4—Extinction: during the final extinction
phase, both levers were presented to animals, but only one was rewarded.
No cues were presented during this phase. There were two extinction
sessions, and drug was administered prior to the first of these. When
moving to the next phase of the cognitive battery, animals were trained to
criterion on the previous phase as necessary, and data from these training
sessions was used to rank performance and re-allocate drug treatments to
animals to maintain matched groups throughout the entirety of the study
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counted as a hit and reinforced (pellet delivery signalled by
tone). An incorrect response had no programmed conse-
quences. The levers retracted when the rat had made a lever
press. If a rat failed to respond within 10 s it was counted as
an omission and the levers were retracted. There were no
correction trials. Animals underwent seven sessions on this
programme; there was a two day break between sessions 3
and 4. This was the only phase completed by the Memantine
II cohort; a second cohort of animals was tested at a higher
dose range as no significant effects were revealed in the first
study (memantine I). Ketamine (10 mg/kg) was included as a
positive control in this second cohort.

Phase 2: visuo-auditory delayed conditional discrimination

This was identical to the above programme except that
three delays were imposed between the offset of the signal
and the insertion of the levers. There were 30 trials each of
1-, 4- and 8-s delays. Animals had one day of training on
the standard discrimination programme followed by a
number of remedial sessions for those animals that had
not acquired the discrimination (hit rates of 0.70 or less).
This was followed by a baseline session prior to the delayed
discrimination test. Data from this session were used to
create matched treatment groups for the delay test; i.e.
animals were reassigned to a treatment group that was
independent to their assignment in the preceding phase.
Animals that had a hit rate of less than 0.65 during this
baseline session were excluded from the analyses.

Phase 3: reversal of visuo-auditory conditional
discrimination

This was identical to the discrimination programme above
except that the lever-signal contingency was reversed for all
animals. Animals had one day of training on the standard
discrimination programme prior to the reversal test. Data
from this session were used to create matched treatment
groups for the delay test; i.e. animals were reassigned to a
treatment group that was independent to their assignment in
the preceding phases. Animals that had a hit rate of less
than 0.65 were excluded from the analyses. In the MK-801,
PCP, CP 101,606 and ketamine studies, the reversal tests
was performed over two sessions. For the memantine study,
only one session of reversal was performed. The reversal
phase was excluded from the Ro 25-6981 experiment.

Phase 4: extinction test

In this test, both levers were presented simultaneously, however
only one of these levers was rewarded. There were 90 trials in
three blocks of 30. Animals had one day of training prior to the

extinction test which was identical to the second session of
lever-press training (above). Data from this session were used
to create matched treatment groups for the delay test; i.e.
animals were reassigned to a treatment group that was
independent to their assignment in the preceding phases. No
animals were excluded. The left/right assignment of the
rewarded lever was counter balanced across animals. The
following day, the test was repeated but no drug was
administered.

Measurements and statistical analysis

Two measures are presented: the omission rate (OR) and the
hit rate (HR; proportion of correct trials of responses made).
During the extinction phase the measure was the proportion of
responses on the non-rewarded (extinguished) lever. High
doses of the NMDA receptor antagonists induced high levels
of omissions in some animals. Subjects were excluded from
the HR analyses if they omitted more than 75% of their trials.
If this resulted in fewer than four animals remaining in a
treatment group then the whole treatment group was excluded
from the HR analysis. Data from all animals were included in
the omission rate analyses. ORs were not normally distributed
as groups tended to the extremes of the range (0–1). Analyses
were therefore performed on the square root of the OR. If all
groups made fewer than five omissions (OR<0.056; arbitrari-
ly determined) no statistical analysis was performed as it was
unlikely to be of biological relevance.

All statistics were calculated using Statistica v.8 (Statsoft,
UK). A general linear model, a priori approach was used for all
Analyses of Variance (ANOVA) conducted for measured
parameters. The HR and OR in each phase was submitted to
an appropriate mixed ANOVAwith the between-subject factor
of drug (i.e. dose of the test compound); the within-subject
factors varied dependent on the phase. For the acquisition
phase OR data from all seven sessions were analysed with the
within-subject measure of session. In no experiment were
significant effects of the drug revealed in the first three
sessions, indeed no measurable learning was evident in these
sessions hence they simply add variance to the data. The HR
ANOVA was therefore performed over sessions 4–7 only. In
the delay phase, the within-subject factor of delay (1, 4 or 8 s)
was included in the analysis. The reversal phase comprised six
blocks of 30 trials across two sessions except for the
memantine study in which only one session was performed.
The OR ANOVA included the within-subject factor of session
(1–2) whilst the HR ANOVA included the factor of block
(1–6). The OR data for the extinction phase included the
factor of session (1–2). Each extinction session was split into
three blocks of 30 trials. The sessions were analysed
separately as they aimed to test distinct hypotheses. In each
analysis block (1–3) was the within-subject factor. Significant
main effects and interactions were followed with planned
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comparisons against the appropriate vehicle control group.
In each analysis, statistical significance was defined as
p<0.05.

Forty-one additional analyses were performed in order to
test for carry-over effects of each animals' drug history. The
HR data were submitted to separate ANOVAs comprising
the additional between-subject of ‘previous treatment’—
separate analyses were performed for each preceding phase
(i.e. the extinction HR data were submitted to three further
ANOVAs with the factors: (1) AQ treatment group, (2)
delay treatment group and (3) reversal treatment group).

Drugs

PCP (Phencyclidine hydrochloride, Sigma–Aldrich, UK),
(S)-(+)-ketamine hydrochloride (Sigma–Aldrich, UK), MK-
801 hydrogen maleate (dizocilpine, Sigma–Aldrich, UK),
Memantine hydrochloride (Tocris, UK), Ro 25-6981 ([(R:
(+), S:(-))-α-(4-hydroxyphenyl)-β-methyl-4-(phenyl-
methyl)-1-piperidinepropanol, Lilly Research Labs]), CP
101,606 ((1S,2S)-1-(4-Hydroxyphenyl)-2-(4-hydroxy-4-
phenylpiperidino)-1-propanol, Lilly Research Labs) and
NVP AAM-077 ([(R)-[(S)-1-(4-bromo-phenyl)-ethyla-
mino]-(2,3-dioxo-1,2,3,4-tetrahydroquinoxalin-5-yl)-meth-
yl]-phosphonic acid, Lilly Research Labs) were used in this
study. Memantine, MK-801, PCP and ketamine were all
dissolved in 5% (w/v) glucose vehicle. CP 101,606 was
initially dissolved in a small volume of 10% lactic acid
before being made to volume with 5% (w/v) glucose. Ro
25-6981 was dissolved in 0.9% (w/v) saline. NVP AAM-
077 was dissolved in 5% (v/v) Pharmasolve (N-methyl-
pyrrolidone) then brought to volume with 5% (w/v) glucose
solution. Where necessary, 1 M sodium hydroxide was used
to adjust the pH towards neutral. All drugs were formulated
daily and administered in a volume of 1 ml/kg via the
subcutaneous route with the exception of NVPAAM-077
which was administered by the intraperitoneal route. All
doses refer to free base or acid weights of compounds.
Drug administration was 30 min prior to test sessions for all
compounds with the exception of CP 101,606 which was
administered 60 min prior to test sessions (i.e. acquisition
sessions 1–7, the delay test, the two reversal sessions and
day 1 of the extinction phase).

Results

Full statistical analyses can be found in Tables 1, 2, 3, 4 and
5 of the online supplementary material. ORs of less than
0.056 are not reported nor were they submitted to statistical
analysis. The highest dose of MK-801 (0.25 mg/kg) produced
severe ataxia and motor deficits such that most animals made
fewer than ten responses. This group was excluded from the hit

rate analyses for each phase. Similarly, the highest dose of PCP
(5 mg/kg) induced a high level of omissions in the acquisition
phase and its data were removed from the analyses. In this
study, the decision was made to remove this dose from the
subsequent phases and include a lower dose of 0.5 mg/kg.
Animals treated with Ro 25-6981 developed local skin lesions
at the site of injection. They had a 3-week recovery period
between the end of the acquisition phase and the start of the
delay phase. They did not undergo testing in the reversal phase.
In the Memantine study, only one session of the reversal phase
was performed.

Data from baseline sessions preceding each phase of the
battery were analysed. In all studies, baseline performance
(drug free) was not statistically significant between the
treatment groups and has not been presented. Baseline lever-
press data in the final lever-press session preceding the
acquisition phase (number of lever presses in the 30-min
session) can be found in Table 1 of the online supplementary
material. It was necessary to include a third day of lever-
press training in two of the studies (CP 101,606 and
ketamine) as a high number of animals did not reach the
inclusion criterion of greater than ten presses within the 30-
min session.

Phase 1: visuo-auditory conditional discrimination acquisi-
tion

Vehicle-treated animals from all studies learned to discrim-
inate between the two stimuli resulting in HR performance
levels with group means between 72% and 81%. All seven
compounds produced a significant disruption of perfor-
mance such that the animals at the highest dose tested failed
to acquire the discrimination (see Fig. 2, 3). All compounds
except NVP-AAM077 produced a concomitant increase in
the OR (see Fig. 2). It should be noted that in each
experiment the lowest dose that produced a blockade of
acquisition did so in the absence of a marked effect on the
OR. This distinction was particularly striking in the case of
the GluNR2B antagonists (Ro 25-6981 and CP 101,606)
which produced mild effects evident in session 1 only.
Animals dosed with high doses of MK-801 (0.25 mg/kg),
PCP (5 mg/kg) and ketamine (25 mg/kg) were severely
motorically impaired and unable to respond. With the
exception of MK-801 (0.25 mg/kg) and PCP (5 mg/kg)
animals habituated to the adverse effects of the treatments
across the seven days resulting in a decrease in the OR
across the sessions (Fig. 2).

Phase 2: visuo-auditory delayed conditional discrimination

Introducing a delay between the conditioned stimulus and
the choice phase induced a delay-dependent disruption in
performance regardless of drug treatment (see Fig. 4). MK-
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801, Ro 25-6981, NVP-AAM077 and memantine did not
disrupt performance in this paradigm. The ANOVA on the
HR for MK-801 revealed a significant interaction between
delay and dose; however planned comparisons found no
significant effects against the vehicle control group at any
of the delays. PCP (2.5 mg/kg) produced a delay-
independent disruption in performance; this effect was
non-selective as there was a small, but significant, increase
in the OR (ORs at 1, 4 and 8 s, respectively: 0.15±0.08,
0.16±0.09, 0.16±0.09). Ketamine (25 mg/kg) also pro-
duced a deficit in performance which was evident at the
short (1 s) delay only. It also induced an increase in the OR
(ORs at 1, 4 and 8 s, respectively: 0.31±0.1, 0.24±0.09,
0.30±0.09). Of particular note was the significant delay-
independent enhancement in performance produced by CP
101,606. There was no evidence of dose dependency in this
effect. MK-801 induced a significant increase in the OR at
the highest dose such that this group was excluded from
analysis (ORs at 1, 4 and 8 s, respectively: 0.87±0.1, 0.88±
0.1, 0.86±0.1).

Phase 3: reversal of visuo-auditory conditional
discrimination

Reversing the contingency between the signal and the lever
clearly severely disrupted performance in all treatment
groups across experiments (see Fig. 5). Vehicle-treated
animals showed some limited evidence of acquiring the
new contingency in the MK-801, CP 101,606 and NVP-
AAM077 studies (planned comparisons of B1 vs B6: p<
0.05), but not in the PCP or ketamine study (B1 v B6: both
p>0.1). In the memantine experiment, planned comparisons
between block 1 and block 3 in the vehicle-treated animals
revealed no significant learning within this group (p<0.05).
The effect of the NMDA antagonists on the HR produced a
heterogeneous pattern of data with four profiles: (1) MK-
801 (0.1 mg/kg), PCP (2.5 mg/kg) and memantine all
increased the hit rate relative to control animals however
there was no evidence of learning within any of these
treatment groups (B1 v B6: all p>0.1); (2) NVP-AAM077
(10 mg/kg) produced a significant elevation in the HR in
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Fig. 2 Phase 1: rule acquisition. The effect of NMDA receptor
antagonists on the omission rate during the acquisition of a simple
visuo-auditory conditional discrimination. The figures show the mean
omission rate (OR; ±SEM) calculated for each treatment group across
seven sessions of testing. The asterisks represent significant effects

following planned comparisons against the vehicle group. Asterisks
along the x-axis refer to significant main effects; asterisks marked on
the graph refer to significant effects from the interaction term: * p<
0.05, **p<0.01, ***p<0.001
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block 3 (day 1) relative to the vehicle control animals; in
contrast (3) CP 101,606 significantly reduced the HR
compared to control animals; whilst (4) ketamine failed to
produce any significant effects on the HR regardless of a
significant elevation in the OR at 10 and 25 mg/kg (session
1 and 2: 10 mg/kg −0.19±0.09, 0.1±0.07; 25 mg/kg −0.58±
0.11, 0.62±0.09). Concomitant significant increases in
the OR were observed for MK-801 (session 1 and 2:
0.1 mg/kg −0.11±0.05, 0.02±0.01; 0.25 mg/kg −0.95±0.2,
0.87±0.02) and PCP (session 1 and 2: 2.5 mg/kg −0.7±0.1,
0.54±0.11) but not for memantine, CP 101,606 or NVP-
AAM077.

Phase 4: extinction

All control animals acquired a preference for the rewarded
lever and extinguished responding on the non-rewarded
lever within the first session (planned comparisons between
B1 and B3: all p<0.05). Only MK-801 (0.1 mg/kg) and

PCP (2.5 mg/k) produced significant disruption such that
animals continued to respond on the non-rewarded lever
(see Fig. 6). PCP (2.5 mg/kg) also produced a non-specific
effect evident as an increase in omissions in session 1 only
(0.65±0.1). The second and drug-free session of the
extinction phase aimed to assess whether animals remem-
bered the preceding extinction phase. All compounds tested,
with the exception of ketamine and NVP-AAM077, produced
a selective disruption in performance. This was evident as an
increase in responding on the non-rewarded lever during
session 2 at a dose that had produced no significant effects on
the HR or OR during session 1. Ketamine (25 mg/kg) also
induced an increase in omissions (0.22±0.09).

Carry-over effects

Forty-one additional ANOVAs were performed to assess
whether prior drug treatment affected subsequent perfor-
mance. One significant effect was revealed: the delay phase
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Fig. 3 Phase 1: rule acquisition. The effect of NMDA receptor
antagonists on the acquisition of a simple visuo-auditory conditional
discrimination. The figures show the mean hit rate (HR; ±SEM)
calculated for each treatment group across seven sessions of testing.
The asterisks represent significant effects following planned compar-

isons against the vehicle group. Asterisks along the x-axis refer to
significant main effects; asterisks marked on the graph refer to
significant effects from the interaction term: * p<0.05, **p<0.01,
***p<0.001
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performance of animals treated with CP 101,606 was
significantly affected by the drug treatment that they received
during the acquisition phase (F3, 37=3.2, p<0.05) such that
animals treated with either 3 or 10 mg/kg CP 101,606 in the
AQ phase were impaired relative to the vehicle control (both
p<0.05). Comparisons at each delay showed effects of
10 mg at both 1 and 4 s, and the effect of 3 mg at 4 s only.
There was no interaction with the delay phase drug treatment
such that CP 101,606 remained significant (F3,25=5.4, p<
0.01).

General discussion

In this study seven NMDA receptor antagonists were
profiled across four sequential cognitive operant tests to
examine the equivalence of these preclinical tools. The data
demonstrated that whilst there was some clear commonality
of effect, qualitatively different performance patterns were
revealed across the four different test phases. A summary of

the effect size within each phase is provided in Table 1.
There are two primary implications of these findings:
firstly, as intended by design, different phases of the battery
show differential selectivity to pharmacological treatment
and hence may have different and potentially dissociable
neural substrates; and secondly, NMDA receptor antago-
nists produce performance impairments across different
cognitive domains that are maybe both compound and/or
domain specific.

NMDA receptor antagonist profile across the battery

Phase 1: rule acquisition All seven compounds disrupted
the ability of animals to acquire the conditional discrimina-
tion. MK-801, PCP, the two GluN2B-selective antagonists
(Ro 25-256981 and CP 101,606) and the GluN2A-preferring
NVP-AAM077 showed selective cognitive disruption at
doses that did not produce effects on omissions. In contrast,
the minimal dose of ketamine and memantine required to
produce a deficit in acquisition also concomitantly produced
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Fig. 4 Phase 2: Delayed Discrimination. The effect of NMDA
receptor antagonists on performance of delayed conditional visuo-
auditory discrimination in which a delay was inserted between
presentation of the stimuli and presentation of the levers. The figures
show the mean hit rate (HR ± SEM) calculated for each treatment
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asterisks marked on the graph refer to significant effects from the
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an increase in omissions. Despite tolerance to the non-
specific effects of the compounds (as evident in the decrease
in omissions with repeated dosing) there was very little
evidence of learning in the highest dose group of each
compound with the exception of NVP-AAM077 (10 mg/kg).
The effect of the latter compound was modest in comparison
to the other antagonists. Whilst a higher dose may have
produced a more severe learning deficit it is likely to have also
induced a very large increase in omissions. In our previous
work (Gilmour et al. 2009), 10 mg/kg NVP-AAM077 was
essentially equivalent in effect to 0.25 mg/kg MK-801,
2.5 mg/kg PCP and 10 mg/kg ketamine on lever pressing
on a VI schedule demonstrating a clear dissociation in this
task. Our data are consistent with previous reports that
MK-801 impairs acquisition but not performance of a
simple visual conditional discrimination in a Y maze
(Murray et al. 1995). The NMDA receptor is considered
to be critical for hippocampus-dependent learning and
memory, Pavlovian-conditioned approach behaviour and
also in the acquisition but not expression of appetitive
instrumental learning (i.e. lever-press acquisition; Baldwin
et al. 2000; Bannerman et al. 2006; Di Ciano et al. 2001;
Kelley et al. 1997; Morris et al. 1986; Pallares et al. 1995;
van der Meulen et al. 2003). These data demonstrate that
NMDA receptor-dependent mechanisms are also impor-

tant in the acquisition of appetitive conditional discrimi-
nation learning, and that these effects are more likely
GluN2B than GluN2A mediated. Furthermore, conditional
learning deficits reported in schizophrenia (Hofer et al.
2001) may indeed reflect glutamatergic deficits.

Phase 2: delayed discrimination Animals showed a clear
delay-dependent disruption in performance during delayed
conditional discrimination consistent with working memory
being engaged during this paradigm. Dissociation in task
sensitivity was found such that doses that impaired
acquisition did not impair delayed discrimination perfor-
mance, i.e. the NMDA receptor is critical for acquisition
but not performance of this paradigm. Furthermore, no
evidence was found supporting a critical role for the
NMDA receptor in working memory in this paradigm as
no delay-dependent deficit was revealed. Working memory
impairment manifests as a deficit at longer delays whilst
performance at the shortest delays remains intact. Indeed,
only PCP and ketamine produced any disruption in this
paradigm, apparent only at doses that induced concurrent
increases in omissions. Working memory deficits are a core
deficit evident in schizophrenia (Barch et al. 2009) these
data suggest that either working memory paradigms in
rodents are not equivalent to those in humans or that
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Fig. 5 Phase 3: reversal. The
effect of NMDA receptor
antagonists on reversal perfor-
mance in which the contingency
between signal and reward was
reversed. The figures show the
mean hit rate (HR ± SEM)
calculated for each treatment
group across two consecutive
sessions of testing (memantine
was tested in one session only).
Each session is presented into
three blocks of 30 trials. The
asterisks represent significant
effects following planned com-
parisons against the vehicle
group. Asterisks along the x-axis
refer to significant main effects;
asterisks marked on the graph
refer to significant effects from
the interaction term: * p<0.05,
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Fig. 6 Phase 4: extinction. The effect of NMDA receptor antagonists
on extinction. The figures show the mean proportion of responses on
the non-rewarded lever (±SEM) calculated for each treatment group
across two consecutive sessions of testing. Drugs were administered
prior to session 1 only. Each session is presented into three blocks of

30 trials. The asterisks represent significant effects following planned
comparisons against the vehicle group. Asterisks along the x-axis refer
to significant main effects; asterisks marked on the graph refer to
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***p<0.001

Table 1 Summary of effects across the cognitive test battery

Acquisition Delay Reversal Extinction

OR HR OR HR OR HR OR HR(ex) HR(co)

MK-801 ↑↑↑ ↓↓↓a ↑↑↑a – ↑↑↑ ↑↑ ↑↑↑ ↑↑ ↑↑↑a

PCP ↑↑↑ ↓↓↓a ↑ ↓↓ ↑↑↑ ↑ ↑↑↑ ↑ ↑↑↑a

Ro 25-6981 ↑ ↓↓↓a – – nt nt – – ↑a

CP 101,606 ↑ ↓↓↓a – ↑↑a – ↓↓a – – ↑↑↑a

NVP-AAM077 – ↓a – – – ↑a – – –

Ketamine ↑↑↑ ↓↓↓ ↑↑↑ – ↑↑↑a – ↑↑↑a – –

Memantine ↑↑ ↓↓ – – – ↑a – – ↑a

For each phase of the battery, the direction of significant drug effect (increase or decrease relative to vehicle) and the relative effect size (more
arrows indicate a larger effect size) has been presented for the omission rate (OR) and hit rate (HR)

Dash not significant effect, nt not tested, ex extinction, co consolidation
a Indicates a selective dose (i.e. a significant effect evident on one measure but not the other)
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glutamatergic deficits do not cause the working memory
deficits evident in schizophrenia. As the animals were
performing above criterion prior to the test phase the
impairment must reflect an inability to either remember the
rule, an inability to apply the rule (presumably due to motor or
sensory deficits) or perseverative responding prevailing over
correct responding. Previous studies have demonstrated that
MK-801 can produce delay-independent deficits in spatial
operant tasks such as delayed matching to position (DMTP) at
doses of 0.1 and 0.2 mg/kg (Han et al. 2000; Stephens and
Cole 1996). The lack of an effect in the present study at
0.1 mg/kg may reflect task differences such as the type of
discrimination performed or the naivety of the animals.
Whilst this phase shared features of spatial or non-spatial
delayed discrimination tasks there is an important distinc-
tion: animals in the contemporary design are naïve to the
delay. Accordingly, different cognitive strategies and hence
domains may be important as animals do not have the
opportunity to learn that they need to maintain the
representation or to learn a mediating strategy (Chudasama
and Muir 1997). This does not of course preclude the use of
an unintentional mediation strategy, for example the animals
remaining in position by the correct lever whilst waiting for
lever presentation.

Of particular interest in the delayed discrimination phase
of the battery was the finding that CP 101,606 significantly
enhanced performance. Whilst this effect was not dose
dependent it corroborates a previous report in which CP
101,606 improved accuracy in DMTP (Higgins et al. 2005).
Whilst the ANOVA failed to reach significance, there was also
a trend for enhanced performance with planned comparisons
following treatment with Ro 25-6981 at 3 mg/kg (p=0.04) and
5 mg/kg (p=0.07). These data strongly suggest that selective
GluN2B antagonism may indeed improve accuracy in trained
animals performing a conditional discrimination. However,
the effect was not delay-dependent and so is unlikely to reflect
a specific effect directly on working memory: perhaps
attentional mechanisms are more directly influenced. What-
ever the reason, it is difficult to reconcile enhanced accuracy
in the performance of a task at doses that impair acquisition
and consolidation of extinction of that same task other
than to assume that it illustrates the mechanistic separation
between encoding and consolidation of information over
time with the information processing needed to success-
fully complete one individual trial. Enhanced performance
could be an artefact of disruption of another behavioural
process tending to impair performance, for example by
reducing interference.

Phase 3: reversal Vehicle-treated animals showed very
poor performance and were slow to show improvement
when the discrimination rule was suddenly reversed and the
animals were required to inhibit the response–outcome

relationship that had been rewarded over many sessions.
MK-801 (0.1 mg/kg), PCP (2.5 mg/kg) and memantine
(5 mg/kg) all increased hit rate from the start of the reversal
session. Whilst this could represent rapid acquisition of the
new discrimination it is more likely to represent a
performance artefact resulting from reduced interference
from the learned discrimination or, alternatively, an inabil-
ity to apply the rule such that their performance was simply
at, or approaching chance level. Alternatively, animals
perseverating on one lever would also lead to performance
tending towards 50%. A literature search revealed no
previous reports of the effect on NMDA receptor antago-
nism on the reversal of operant conditional discriminations.
However MK-801 has previously been demonstrated to
impair reversals in a simple lever-press reversal task (van
der Meulen et al. 2003).

In contrast, CP 101,606 produced a different pattern of
disruption of the reversal phase such that the hit rate was
below that of the control group across the two sessions.
This could reflect a stronger representation of the previous
discrimination, genuine impaired reversal learning or an
artefact of a spurious vehicle group as the performance of
this group was indeed higher than in the other studies.
However, when the enhanced performance seen in the
delayed discrimination phase is considered with CP
101,606, it is possible that the findings indeed represent
stronger representation and/or perseveration. Intriguingly,
NVP-AAM077 (10 mg/kg) also produced a significant
enhancement relative to vehicle control animals in block 3
of the first session only, consistent with enhanced acquisi-
tion of the reverse discrimination. Further study is needed
to determine whether this represents meaningful or anom-
alous data.

Phase 4: extinction The final phase of the battery examined
appetitive lever-press extinction in the absence of condi-
tioned stimuli. It should be noted that, as this is a discrete-
trial choice procedure, it may alternatively be described as
spatial lever-press discrimination since one of the levers
remained rewarded. This phase of the battery also shares
some similarity to the extra-dimensional shift in an
attentional set shifting tasks (Dias et al. 1996; Birrell and
Brown 2000) in that the previously ignored dimension
(spatial) is now the relevant dimension. However in the
current paradigm the irrelevant stimuli are no longer
present. There were two phases to the extinction phase—
day 1, in which the animals received drug treatment, and
day 2 which was drug free. Clearly, vehicle-treated animals
learned to inhibit responding on the non-rewarded lever in
favour of the rewarded lever on day 1. This memory was
consolidated and remembered the following day as animals
continued to respond preferentially on the rewarded lever
from the start of the session (block 1). The effects of the
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receptor antagonists on these two phases could be clearly
dissociated. MK-801 (0.1 mg/kg) and PCP (2.5 mg/kg)
blocked extinction such that the animals continued to
respond on the non-rewarded lever. This is consistent with
previous data that have demonstrated that MK-801 can
block extinction in an appetitive lever-press paradigm (van
der Meulen et al. 2003). Other compounds though, were
without effect on extinction day 1.

With the exception of ketamine and NVP-AAM077, the
effect of the NMDA receptor antagonists on day 2 of
extinction was quite striking as significant effects were
observed at doses below those which affected omissions or,
in the case of MK-801 and PCP, extinction on day 1. This
effect was therefore clearly NMDA receptor-mediated and
probably reflects the blockade of consolidation of learning
as deficits were observed at doses that did not affect day 1
extinction. It is widely accepted that extinction involves
new learning as opposed to forgetting per se (Myers and
Davis 2002). It is also known that consolidation of
extinction of conditioned fear involves the transfer from
NMDA receptor-independent to NMDA receptor-
dependent learning (Santini et al. 2001) which is consistent
with the current findings. Indeed the NMDA/glycine site
receptor agonist, D-cycloserine may potentiate extinction of
fear conditioning (Walker et al. 2002). An alternative
explanation: that these data can be explained by state-
dependent learning (Poling et al. 2000), seems unlikely
since both ketamine and NVP-AAM077 were essentially
without effect.

Carry over effects The aim of this investigation was to
examine the differential effects of NMDA receptor antago-
nism on learning, memory and cognitive flexibility using a
novel consecutive series of behavioural tests. The sequential
nature of the tests made it imperative to avoid performance
changes in one phase affecting performance in a subsequent
phase. The potential for this was mitigated by balancing the
treatment groups of each phase in each subsequent phase. In
addition, all animals were trained to criterion prior to each
new phase and received extra training where necessary. Any
animals that failed to reach criterion were excluded from the
analysis. Whilst this may not have entirely prevented carry-
over effects they would at least have been balanced across
treatment groups. An alternative protocol in which animals
received the same dose of the same compound throughout the
test battery would have clearly led to confounded data. For
example, it would have been impossible to determine the
effect of NMDA receptor antagonism on later phases of the
battery relative to vehicle as animals would have been
impaired by the drugs on the initial discrimination. A second
alternative of testing drug-naïve subjects independently on
each phase of the battery would have required very high
numbers of animals: 48 for each phase of the battery—

quadrupling the number of animals used in the present study.
Where more subtle effects are anticipated, for example in
the search for nootropic compounds, animals may receive
the same treatment prior to each test session or alternatively
may be dosed chronically throughout. It is of note that no
carry-over effects were found following treatment with
either PCP or MK-801 as sub-chronic administration can
produce deficits in tasks such as delay-dependent T maze
alternation, social interaction, reversal learning and set
shifting (Abdul-Monim et al. 2006; Pratt et al. 2008; Seillier
and Giuffrida 2008).

Comparison to human studies

A meta-analysis of published clinical data concluded that
ketamine produces robust episodic memory impairments in
man evident as deficits in both recognition and recall
performance (Morgan and Curran 2006). In contrast, the
body of literature suggests only limited, if any, effects on
attention and executive function (Morgan and Curran
2006). Krystal et al. (1994) examined the error pattern
subjects made whilst performing the Wisconsin card sorting
test (WCST) and suggested that ketamine infusion-induced
subjects to show deficits in rule learning rather than in
executive function per se. This analysis would be in
accordance with the current data set as animals were
impaired on the discrimination acquisition (rule learning)
phase. Furthermore, and consistent with our data, (Krystal
et al. 2000) noted that ketamine impaired procedural
learning on repeated testing using the WCST but not the
expression of a learned rule. Ketamine produced no delay-
dependent deficits in the delay phase of the battery and
studies of working memory in humans have, in general,
demonstrated that ketamine does not affect the maintenance
of information in working memory (see Morgan and Curran
2006, for review). In this battery, we were unable to
separate unambiguously cognitive from non-specific per-
formance deficits which contrasts to the clear cognitive
deficits revealed in clinical studies. It is conceivable that the
motoric requirements of human clinical tests are not
sufficient to reveal a deficit, and/or that humans are
sufficiently motivated to overcome them.

The memantine data are also of particular interest.
Memantine and ketamine share many biochemical proper-
ties but have divergent therapeutic potential and clinical
profile (Johnson and Kotermanski 2006). Memantine is
licenced in humans for the treatment of moderate to severe
Alzheimer's disease (Witt et al. 2004). It is thought to
confer therapeutic benefit without cognitive impairment as
it demonstrates the requisite separation between patholog-
ical and physiological activation of NMDA receptors
(Johnson and Kotermanski 2006). It has been proposed
that memantine may provide neuroprotection and enhance
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cognition through the same mechanism, i.e. restoration of
homeostasis in the glutamatergic system (Parsons et al.
2007). Cognitive impairment was demonstrated at low
doses in the acquisition phase (10 mg/kg) and consolidation
of extinction (5 mg/kg) consistent with the data of Creeley
et al. (2006). The minimum dose for neuroprotection in the
rat is 10–20 mg/kg (Creeley et al. 2006; Parsons et al.
1999). Acute doses of up to 5 mg/kg produce plasma levels
similar to those mediating clinical effects in demented
patients and may be considered a therapeutic dose (Parsons
et al. 1999). However a number of papers have reported
positive effects in models of cognitive impairment such as
transgenic mice mimicking some of the biochemical
consequences of Alzheimer's disease and lesion-induced
deficits in rats (e.g. Creeley et al. 2006; Minkeviciene et al.
2004, 2008; More et al. 2008; Yuede et al. 2007). This
discrepancy between the positive effects on cognition in
deficit models as opposed to the negative effects in normal
animals is potentially a consequence of a hypoglutamater-
gic state in these animals (Parsons et al. 2007). Consistent
with this hypothesis are reports of deficits in recognition
memory in normal humans given memantine (Rammsayer
2001). Another study demonstrated that memantine pro-
duced no effects on mood, attention, or verbal or
visuospatial memory but did impair the acquisition of
classical eyeblink conditioning—a non-declarative memory
task (Schugens et al. 1997). Overall, the data highlight the
importance of evaluating the potential of pro-cognitive
effects of drugs in conjunction with manipulations that
impair cognition. As approved antipsychotics do not confer
cognitive improvement, reversal of the cognitive impair-
ment induced by the NMDA receptor antagonists in this
task would not be anticipated if these are a valid model of
schizophrenia.

Summary and conclusions

This study forms part of larger body of work in which we
have profiled a selection of different classes of NMDA
receptor antagonists across a broad range of cognitive and
non-cognitive tasks. In the first of these papers, the
compounds were profiled over a series of VI schedules of
increasing complexity and locomotor activity (Gilmour et
al. 2009). Three qualitatively distinct patterns of perfor-
mance were revealed which neither corroborated nor
negated the broad classification suggested by the contem-
porary findings. MK-801 and PCP showed a similar profile
across the battery with marked effects on acquisition,
reversal and extinction. Their profile only differed in the
delay phase where only PCP produced a hit rate deficit. In
the initial phase, the GluN2A-preferring antagonist, NVP-
AAM077, stood out as producing only very mild deficits on
acquisition and reversal. The GluNR2B preferring antago-

nists CP 101,606 and Ro 25-6981 produced a highly
selective effect on the acquisition phase with only a mild
increase in omissions evident on the first day. The
compounds showed a similar profile during the extinction
phase. The delay and reversal phases revealed CP 101,606
as distinct from the other antagonists suggesting dissocia-
tion between GluNR2A- and GluNR2B-dependent behav-
ioural processes. There is the need for GluNR2A ligands
with higher selectivity to explore these findings further.
Clearly, effects on cognitive parameters could be separated
from a direct consequence of drug effects on motor,
appetitive or goal-directed instrumental behaviour. The
novel test battery was designed to present a series of different
cognitive challenges and hence gain multiple indices of
behaviour including rule learning, cognitive flexibility, working
memory, reference memory, extinction and motor and sensory
processing. Animals readily acquired each phase of the battery
and showed baseline performance at levels suitable for
demonstrating either cognitive enhancement or cognitive
impairment.

Translational psychopharmacological studies with
NMDA receptor antagonists are hampered by a lack of
tools that are available for exploratory research in humans.
Preclinically, MK-801 and PCP have been used to model
psychosis and cognitive disturbances in animals whilst
ketamine alone is used clinically and much less frequently
preclinically. The assumption has been that these com-
pounds produce equivalent behavioural phenotypes across
species. In our studies, to date, we have seen equivalence in
the preclinical profile of MK-801 and PCP but divergence
with respect to the effects of ketamine. Since it is much
easier to use the licenced pharmaceutical, ketamine than
PCP in human psychological and biomarker studies and
given that the preclinical data are not equivalent to PCP and
MK-801, it would make sense to focus on ketamine as the
predominant preclinical tool. However, in our hands,
ketamine's non-specific effects were more evident than its
cognitive impairing properties across the current rat
cognitive battery. Ketamine has a short half-life, making it
far from ideal as a preclinical tool when given as a systemic
bolus. Controlled intravenous infusion, as is used in human
studies, could potentially overcome this problem and
compound exposure may be able to be manipulated to
produce a more selective cognitive deficit. It would also
be interesting to devise human tests with ketamine that,
similar to rodent studies, are motor demanding and so
ascertain whether motor impairment is also a translational
measure.

Whilst it is difficult to extrapolate directly from the available
clinical data, the profile of memantine and ketamine was
nevertheless essentially consistent with data produced from
human studies. This battery may therefore have utility when
used in conjunction with rodent models of schizophrenia and
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Alzheimer's disease. Indeed, it would be interesting to
systematically compare CP 101,606 with memantine and
ketamine in man as the GluN2B antagonist produced a distinct
profile across the battery. Both preclinical and clinical cognitive
assays and animal models of schizophrenia and Alzheimer's
disease are undergoing intensive re-examination and develop-
ment. The choice of NMDA receptor antagonist used
preclinically and clinically needs careful thought and aware-
ness of their differing properties if assay validation across
laboratories and the translation of findings to man is to be
successful.
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