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Schizophrenia is a complex and debilitating disorder, characterized by positive, negative, and cognitive symptoms. Among the cognitive

deficits observed in patients with schizophrenia, recent work has indicated abnormalities in multisensory integration, a process that is

important for the formation of comprehensive environmental percepts and for the appropriate guidance of behavior. Very little is known

about the neural bases of such multisensory integration deficits, partly because of the lack of viable behavioral tasks to assess this process

in animal models. In this study, we used our recently developed rodent cross-modal object recognition (CMOR) task to investigate

multisensory integration functions in rats treated sub-chronically with one of two N-methyl-D-aspartate receptor (NMDAR) antagonists,

MK-801, or ketamine; such treatment is known to produce schizophrenia-like symptoms. Rats treated with the NMDAR antagonists

were impaired on the standard spontaneous object recognition (SOR) task, unimodal (tactile or visual only) versions of SOR, and the

CMOR task with intermediate to long retention delays between acquisition and testing phases, but they displayed a selective CMOR task

deficit when mnemonic demand was minimized. This selective impairment in multisensory information processing was dose-dependently

reversed by acute systemic administration of nicotine. These findings suggest that persistent NMDAR hypofunction may contribute to the

multisensory integration deficits observed in patients with schizophrenia and highlight the valuable potential of the CMOR task to

facilitate further systematic investigation of the neural bases of, and potential treatments for, this hitherto overlooked aspect of cognitive

dysfunction in schizophrenia.
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INTRODUCTION

Cognitive dysfunction, which is often apparent before the
onset of psychosis, is a core component of schizophrenia.
Indeed, the MATRICS (Measurement and Treatment Re-
search to Improve Cognition in Schizophrenia) initiative has
recently outlined eight cognitive domains commonly dis-
rupted in schizophrenia: processing speed, attention/vigi-
lance, working memory, verbal learning and memory, visual
learning and memory, reasoning and problem solving,
verbal comprehension, and social cognition (Nuechterlein
et al, 2004). Thus, the cognitive deficits in schizophrenia are
varied and complex, and there is much interest in
elucidating the neural bases of these impairments.

Several animal models have been developed to study the
bases of the neuro- and psychopathology of schizophrenia.
One of the most common classes of these is based on the
N-methyl-D-aspartate receptor (NMDAR) hypofunction
hypothesis (Jentsch and Roth, 1999; Neill et al, 2010),
which emerged from findings that acute administration of
non-competitive NMDAR antagonists such as phencyclidine
and ketamine induces schizophrenia-like symptoms in
healthy humans and exacerbates symptoms in patients with
schizophrenia (Itil et al, 1967; Luby et al, 1959). Accord-
ingly, rodents and nonhuman primates treated with
non-competitive NMDAR antagonists display behavioral
features consistent with many symptoms of schizophrenia
(Gilmour et al, 2011). Repeated dosing with these drugs may
provide greater validity than acute administration, as such
regimens induce neurochemical changes similar to those
seen in schizophrenic patients (Cochran et al, 2003;
Enomoto et al, 2005; Reynolds et al, 2004), as well as
lasting cognitive deficits that can be observed when animals
are tested in a drug-free state (Jentsch and Roth, 1999).
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Indeed, sub-chronic treatment with PCP or ketamine has
been reported to decrease GABAergic markers and glucose
utilization in the rat prefrontal cortex (Cochran et al, 2003;
Pratt et al, 2008), consistent with observed prefrontal
dysfunction in patients with schizophrenia (Lewis and
Gonzalez-Burgos, 2008).

In accord with the visual learning and memory domain
identified by MATRICS, object recognition is commonly
impaired in rats treated with non-competitive NMDAR
antagonists (Lyon et al, 2011). Standard rodent object
recognition tasks, however, are not purely visual in nature,
and object representation typically involves integration of
information across multiple sensory modalities. Although
sensory processing deficits in schizophrenia have long been
acknowledged (Adler et al, 1982; Braff, 1989; Ford et al,
2004), the integration of information from different sensory
modalities has only recently begun to attract greater
attention (Stone et al, 2011; Williams et al, 2010). The
ability to form comprehensive multimodal object represen-
tations is crucial to developing accurate percepts and
memories about the environment, and much of our
everyday information processing is facilitated by the ability
to combine information from more than one sensory
source. Indeed, research indicates that the presentation of
congruent information from different sensory modalities
can enhance information processing in healthy human
participants (Stein and Meredith, 1993). A recent study,
however, showed that such a facilitative effect was
significantly attenuated in patients with schizophrenia
(Williams et al, 2010). Furthermore, incongruent informa-
tion from different modalities can cause perceptual
illusions, such as the audio-visual McGurk effect (McGurk
and MacDonald, 1976), but there is evidence that schizo-
phrenic patients may be less susceptible to such illusions
(Pearl et al, 2009). Additional research suggests that
patients with schizophrenia display decreased multisensory
integration for complex stimuli, such as emotional faces and
voices (de Gelder et al, 2005; de Jong et al, 2009) and
speech-related stimuli (de Gelder et al, 2003; Ross et al,
2007). Thus, there is a growing need for a better under-
standing of the nature of these apparent multisensory
deficits in schizophrenia.

The relative lack of data regarding the neural bases of this
cognitive impairment is partly related to the limited
availability of viable tests to study multisensory integration
in animal models. Indeed, the importance of multisensory
integration was recognized by the first CNTRICS (Cognitive
Neuroscience Treatment Research to Improve Cognition in
Schizophrenia) breakout session, which suggested the
inclusion of ‘cross-modal integration’ in a preclinical
battery for cognition in schizophrenia research (Butler
et al, 2008). We have recently introduced a cross-modal
(tactile-to-visual) variant of the rodent spontaneous object
recognition (SOR) task that enables assessment of multi-
sensory integration (Winters and Reid, 2010). The aim of
this study was, therefore, to evaluate the performance of rats
treated with sub-chronic regimens of either MK-801 or
ketamine in the standard SOR task, the cross-modal object
recognition (CMOR) task, and two unimodal variants of
SOR (tactile- and visual-only). We predicted that the CMOR
task would be particularly sensitive to cognitive deficits in
these animals. Finally, to further validate the CMOR task,

we assessed the ameliorative potential of systemic nicotine.
Nicotine can improve schizophrenia-associated cognitive
impairment, and changes in nicotinic acetylcholine recep-
tors are associated with the neuropathophysiology of
schizophrenia (Leonard et al, 2000; Woodruff-Pak and
Gould, 2002).

MATERIALS AND METHODS

Subjects

The subjects were 119 adult male Long Evans rats (Charles
River, Quebec), weighing B300–350 g at the onset of
experimentation. Rats were housed in pairs and maintained
on a reverse light/dark cycle (0700 hours lights off; 1900
hours lights on). All behavioral testing occurred during the
dark phase of the cycle, and lighting conditions in the
testing room were specific to the task being run (see below).
Rats received 20 g of rodent chow each evening to maintain
85–90% of free-feeding body weight during behavioral
testing. Water was available ad libitum throughout the
experiments. All procedures adhered to the guidelines of the
Canadian Council on Animal Care and were approved by
the Animal Care Committee at the University of Guelph.

Sub-chronic Drug Administration

All rats were handled for 1 week before the commencement
of drug administration and then randomly assigned to
treatment groups. Sub-chronic MK-801 (( + )-5-methyl-10,
11-dihydro-SH-dibenzo(a,d)cyclohepten-5,10-imine maleate;
dizocilpine) or ketamine were administered according to
established protocols (Beninger et al, 2009; Enomoto and
Floresco, 2009). Rats in the drug conditions received twice
daily i.p. injections of MK-801 (0.5 mg/kg in saline; Sigma)
or ketamine (30 mg/kg; Bioniche, Belleville, ON, Canada) at
a volume of 1 ml/kg of body weight at approximately 0800
hours and 2000 hours for seven (MK-801) or 10 (ketamine)
consecutive days. Control rats received i.p. injections of
physiological saline (0.9% NaCl, pH 7.0; Sigma) at the
same times. Experimenters were blind to the identity of
the drug being administered. The drug administration
phase was followed by a 7- or 10-day-washout period for
MK-801 and ketamine, respectively. Animals remained
undisturbed in their home cages on free feed during the
washout phase.

Object Recognition Testing

At the end of the washout period, object recognition testing
began. All object recognition tasks were conducted in a
Y-shaped apparatus as described previously (Forwood et al,
2005; Winters et al, 2004; Winters and Reid, 2010).
Duplicate copies of objects made from plastic, ceramic,
glass, and aluminum and ranging in height from 10 to 20 cm
were used. The different objects varied with respect to their
visual and tactile qualities. All objects were affixed to the
floor of the apparatus with a reusable adhesive putty to
prevent them from being displaced during testing. Before
being placed in the apparatus, objects were wiped with 50%
ethanol.
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Each experiment followed the same general procedure.
For all experiments, the experimenter was blind to the
group assignments of subjects. All rats were habituated to
the Y-shaped apparatus over 2 consecutive days. For the
standard SOR experiments, these habituation sessions
consisted of two 5-min exposures to the empty Y-shaped
apparatus in normal (white) lighting conditions. For the
CMOR and unimodal SOR tasks, each rat spent 5 min in
the empty Y-shaped apparatus in red light and 5 min in the
apparatus in white light with transparent plastic barriers in
place; the order of these exposures was counterbalanced
across animals.

Behavioral testing began 24 h after the second habituation
session. Each trial consisted of two phases, sample
(acquisition) and choice (test), separated by a retention
delay. To reduce variability, rats were run on two trials
in each condition for each experiment, with at least 24 h
separating the end of one trial from the beginning of the
next and with all conditions counterbalanced across the
total number of trials (see specific details below). Habitua-
tion to the Y-shaped apparatus was not repeated before each
trial. A different object pair was used for each trial for a
given rat, and the order of exposure to object pairs as well
as the designated sample and novel objects for each pair
were counterbalanced.

In the sample phase, two identical objects were placed in
the Y-shaped apparatus, one at the end of each exploration
arm. The time spent exploring the two objects was scored
by an experimenter viewing the rat on a video screen.
Exploration of an object was defined as directing the nose to
the object, or the area of the transparent barrier within the
outline of the object in the visual-only conditions, at a
distance of o2 cm and/or touching it with the nose or
whiskers. The sample phase ended when the rat had
explored the identical objects for a total of 25 s, or after
3 min had passed, whichever came first.

In the choice phase, the Y-shaped apparatus contained
the sample object in one arm and a new object in the other.
The exploration arms in which the choice objects were
placed were counterbalanced between rats and across trials.
The time spent exploring the novel and familiar objects was
recorded for the 1-min choice phase. We then calculated a
discrimination ratio, the difference in time spent exploring
the novel and familiar objects divided by the total time
spent exploring the objects, for each object recognition trial.
This measure takes into account individual differences in
the total amount of exploration time. Normal rats tend to
explore the novel object more than the familiar sample
object in this SOR paradigm.

Figure 1 illustrates the various versions of the SOR task
used in this study. For the standard SOR task, rats were
given full visual and tactile access to the objects in both the
sample and choice phases. For tactile (unimodal) SOR, the
sample and choice phases were run in red light to limit
exploration to the tactile features of the objects, as rat vision
is severely compromised in red light (Jacobs et al, 2001;
Winters and Reid, 2010). For visual (unimodal) SOR, the
sample and choice phases were run in white light with a
transparent plastic barrier between the rats and the objects
to limit exploration to the visual features of the objects. For
the CMOR task, the sample phase was run in red light, and
the choice phase was run in white light with the transparent

barriers, thereby necessitating a tactile-to-visual CMOR
judgement on the part of the rats (see Winters and Reid,
2010 for further details).

Four types of experiments were run with each NMDA
receptor antagonist preparation:

(1) Standard SOR with multiple delays (‘immediate’, 5 min,
and 24 h). The immediate retention delay was the length
of time require for the experimenter to remove the
sample objects and replace them with the choice

Figure 1 Illustration of the four spontaneous object recognition (SOR)
tasks used in this study. (a) In the standard SOR task, both the sample and
choice phases are run in white light, allowing full access to the tactile and
visual properties of objects. The retention delays for SOR in this study were
‘immediate’, 5min, or 24 h. For all other tasks, the delays were ‘immediate’
or 1 h. (b) In the tactile SOR task, the sample and choice phases are run in
red light, permitting only the tactile qualities of the objects to be explored.
(c) In the visual SOR task, the sample and choice phases are run in white
light with transparent barriers in front of the objects. These barriers prevent
physical contact, allowing rats to explore only the visual characteristics of
the objects. (d) In the cross-modal object recognition (CMOR) task, the
tactile sample phase is run in red light, whereas the visual choice phase is
run in white light with transparent barriers in front of the objects. This
requires rats to use the visual information available during the choice phase
to recognize an object based on a tactile representation previously
acquired in the sample phase.
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pairing; this took B45 s on average. Two separate
batches of 20 rats (10 MK-801/10 saline; 10 ketamine/10
saline) were run in standard SOR testing with the three
retention delays counterbalanced across trials. Thus,
each rat was run for a total of six trials (two trials per
delay length), with a minimum of 24 h separating trials.

(2) 1-h delay CMOR, tactile SOR, and visual SOR. Two new
batches of rats (9 MK-801/10 saline; 20 ketamine/20
saline) were run with counterbalanced trials of the
CMOR, tactile SOR, and visual SOR tasks, all with a 1-h
retention delay. Thus, each rat was run for a total of six
trials (two trials per task type), with a minimum of 24 h
between trials.

(3) Immediate delay CMOR, tactile SOR, and visual SOR.
Two batches of rats (9 MK-801/10 saline; 10 ketamine/
10 saline) were run with counterbalanced trials of the
CMOR, tactile SOR, and visual SOR tasks, all with the
immediate retention delay. The 19 MK-801/saline rats
were the same rats tested with the 1-h delay, above. Each
rat was run for a total of six trials (two trials per task
type), with a minimum of 24 h separating trials.

(4) Immediate delay CMOR with nicotine. Two batches of
rats (9 MK-801/10 saline; 10 ketamine/9 saline) were run
in probe trials with acute i.p. nicotine ((�)-nicotine
hydrogen tartrate salt, 0.2 mg/kg; Sigma) or saline
injections administered 20 min before the sample phase
in the CMOR task with the immediate retention delay.
Order of acute drug administration was counterba-
lanced, and experimenters were blind to the identity of
the drugs being administered. The MK-801/saline rats
were the same rats tested with the 1 h and immediate
delays, above. The ketamine/saline rats were the same as
those tested with the immediate delay, above (one rat
from the saline group died between experiments). All
rats were run for four total trials (two with saline and
two with nicotine) with a minimum of 48 h separating
trials.

Following the nicotine probe trials, a new batch of rats
was prepared to assess the dose–response function of
systemic nicotine in naı̈ve animals. A total of 10 new rats
were treated with sub-chronic MK-801 as described above,
and 10 additional rats received sub-chronic saline admin-
istration. Following the 7-day-washout period, these new
groups were assessed in the immediate delay version of the
CMOR task with counterbalanced administration of phy-
siological saline and three doses of nicotine (0.05, 0.2, and
0.8 mg/kg) to each rat. Thus, these rats were naı̈ve at the
start of nicotine testing. Each rat was run for a total of four
trials, one with each dose of nicotine and saline. Experi-
menters were blind to the identity of the drug being
administered, and order of drug administration was
counterbalanced within groups across these four trials. A
minimum of 48-h separated trials, and object sets were not
repeated for a given rat within the four trials of CMOR
testing.

Data Analysis

Group means of three measures taken from object
recognition testing were analyzed for each experiment: the
total object exploration in the sample phase, the total object

exploration in the choice phase, and the discrimination
ratio, which is the index of object recognition ability in
these tasks. The total exploration control measures were
analyzed to assess the possibility of gross differences in
general exploratory behavior. Group means for these three
measures were submitted to two-way mixed factorial
ANOVAs with group as a between-subjects factor and delay
(standard SOR experiments: immediate, 5 min, or 24 h), task
(CMOR, tactile, or visual), or drug (nicotine dose or saline)
as a within-subjects factor in the respective experiments;
post-hoc independent samples t-tests were used to further
assess group differences. An additional analysis was
performed on the object recognition data for each experi-
ment using independent samples t-tests to compare the
mean discrimination ratio in each condition to a score of 0
(ie, no significant discrimination between the novel and
familiar objects in the choice phase). All statistical analyses
were conducted with a significance level of a¼ 0.05 using
SPSS 19.0 for Windows.

RESULTS

Rats treated with sub-chronic MK-801 were significantly
impaired on the standard SOR task, particularly at the
longer retention delays (Figure 2a). ANOVA revealed
significant effects of group (F(1,18) ¼ 5.86, p¼ 0.026) and
delay (F(2,36) ¼ 7.06, p¼ 0.003) on the discrimination ratio
measure, but a non-significant interaction (F(2,36)¼ 2.38,
p¼ 0.107). The interpretation of a delay-dependent effect is
supported by the results of independent samples t-tests on
the discrimination ratio scores, which revealed significant
novel object preference by both groups at all retention
delays (all po0.01), except for the MK-801 group at the
24-h delay. Analyses also revealed significant effects of
MK-801 treatment on total sample (F(1,18)¼ 7.04, p¼ 0.016)
and choice (F(1,18) ¼ 12.71, p¼ 0.002) exploration measures,
as the MK-801 group generally explored slightly less than
the control rats (data not shown), but the delay� group
interactions were not significant (sample: F(2,36)¼ 1.35,
p¼ 0.27; choice: F(2,36)¼ 2.84, and p¼ 0.072).

Rats treated with sub-chronic ketamine were also
impaired in standard SOR testing (Figure 2b). ANOVA
indicated significant group (F(1,18)¼ 11.38, p¼ 0.003) and
delay� group interaction (F(2,36) ¼ 3.43, p¼ 0.043) effects
on discrimination ratio; the main effect of delay, however,
was not significant (F(2,36) ¼ 2.57, p¼ 0.09), and the data in
Figure 2b illustrate that the control group in this experiment
showed no apparent reduction across retention delays.
Nonetheless, the delay dependence of the effect in the
ketamine-treated rats indicates a mnemonic component
to their impairment. Post-hoc analysis of the significant
interaction revealed group differences at the 5 min (po0.05)
and 24 h (po0.001) delays only. This pattern was corrobo-
rated by the results of independent samples
t-tests on the discrimination ratio values, which indicated
significant novel object preference in all groups and at all
delays (all po0.05), except for the ketamine-treated rats at
the 5-min and 24-h delays. The only significant effect in the
analyses of general exploration measures was for the
delay� group interaction in total sample exploration
(F(2,36) ¼ 5.59, p¼ 0.008), as the ketamine group explored
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slightly more than controls in the sample phase for
immediate delay trials and slightly less on 5-min trials
(data not shown). Post-hocs, however, revealed no signifi-
cant group differences for sample exploration at any single
retention delay.

Sub-chronic MK-801 treatment disrupted performance in
the CMOR task and both unimodal (tactile and visual) SOR
tasks when a 1-h retention delay was used (Figure 3a).
ANOVA revealed significant effects of group (F(1,17)¼ 28.16,
po0.001) and task (F(2,34)¼ 4.43, p¼ 0.02) on the discri-
mination ratio measure, but the interaction was not signi-
ficant (F(2,34)¼ 0.46, p¼ 0.63). Independent samples t-tests
on the discrimination ratio scores revealed significant novel
object preference in the control group on all tasks (all
po0.01); conversely, the MK-801 animals failed to dis-
criminate between familiar and novel objects on all three
tasks with the 1-h delay. Although there were significant
differences between tasks in terms of general object
exploration (total sample and total choice object explora-
tion), with tactile-only exploration consistently higher than

visual-only exploration, the group and task� group inter-
action terms were not significant. This was also the case for
all subsequent experiments, indicating no gross abnormal-
ities in general object exploratory behavior in the MK-801
and ketamine-treated animals; these data will therefore not
be discussed further.

Sub-chronic ketamine treatment similarly impaired
CMOR and unimodal SOR task performance with the 1-h
retention delay (Figure 3b). ANOVA indicated significant
effects of group (F(1,38)¼ 33.28, po0.001) and task
(F(2,76) ¼ 3.95, p¼ 0.023) on discrimination ratio, as well
as a significant task� group interaction (F(2,76)¼ 3.62,
p¼ 0.031). Post-hoc analysis revealed significant group
differences on the tactile (po0.05), visual (po0.05), and
CMOR (po0.001) tasks. Moreover, independent samples
t-tests on the discrimination ratios indicated significant
novel object preference in the control group on all tasks (all
po0.001), as well as for the ketamine group on the tactile
SOR task (po0.01), but not the visual or CMOR tasks.

Given the literature on perturbed multisensory integra-
tion function in patients with schizophrenia, and the greater

Figure 2 Standard spontaneous object recognition (SOR) task perfor-
mance (average discrimination ratio (±SEM)) by control rats and those
treated with sub-chronic (a) MK-801 or (b) ketamine. Rats treated with
either drug were significantly impaired compared with saline-treated rats,
and this deficit tended to be greater with longer retention delays. *po0.05;
**po0.01.

Figure 3 Cross-modal and unimodal object recognition performance
with a 1-h retention delay by control rats and those treated with sub-
chronic (a) MK-801 or (b) ketamine. Sub-chronic treatment with either
drug caused impairment in all three tasks. *po0.05; **po0.01.
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absolute CMOR task impairment displayed by the ketamine
group with the 1-h retention delay, we predicted that CMOR
task performance might be more sensitive to cognitive
dysfunction in these animals than either the standard SOR
task or the unimodal versions. This hypothesis was assessed
by testing rats in CMOR and unimodal SOR tasks with the
immediate retention delay.

Rats treated with sub-chronic ketamine were selectively
impaired on the CMOR task when tested with the
immediate delay (Figure 4a). Although the group effect
was not significant (Fo1), there were significant task
(F(2,36) ¼ 3.52, p¼ 0.04) and task� group interaction
(F(2,36) ¼ 4.17, p¼ 0.024) effects on the discrimination ratio
measure. Post-hocs revealed a significant group difference
only on the CMOR task (po0.01), and independent samples
t-tests on the discrimination ratio scores indicated that the
only condition in which significant novel object preference
was not shown was when the ketamine group was tested on
the CMOR task. Additional CMOR trials with this batch of
rats revealed that systemic nicotine reversed the impair-
ment in the ketamine group (Figure 4b). The group

(F(1,17) ¼ 5.22, po0.05) and drug� group interaction
(F(1,17) ¼ 5.13, po0.05) effects were both significant. Post-
hoc analysis revealed that the ketamine group performed
significantly worse than the control group when given acute
saline (po0.01), but there was no difference when acute
nicotine was administered. Moreover, only the ketamine
group under acute saline failed to show significant novel
object preference. There was also a main effect of drug for
total sample exploration (F(1,17)¼ 9.74, po0.01), as all rats
explored slightly more under acute saline than nicotine.
Finally, the drug� group interaction was significant
(F(1,17) ¼ 7.49, po0.05) for choice exploration, and post-
hocs indicated that this was due to control animals
exploring more on saline than nicotine trials (po0.05);
independent samples t-tests, however, indicated no differ-
ences between groups within the different acute drug
conditions.

Rats treated sub-chronically with MK-801 were similarly
significantly impaired relative to controls when tested with
the immediate delay (Figure 5a). ANOVA on the discrimi-
nation ratio data indicated significant group (F(1,17)¼ 5.29,
p¼ 0.034), task (F(2,34) ¼ 7.07, p¼ 0.003), and interaction
terms (F(2,34) ¼ 4.01, p¼ 0.027). Post-hoc analysis of the
interaction revealed a significant group difference only on
the CMOR task (po0.01). In further support of this
interactive effect, independent samples t-tests indicated
significant novel object preference for each group on each
task (all po0.05), except for the MK-801 rats when tested
on the CMOR task. When this same batch of rats was tested
on additional CMOR trials with the immediate delay,
systemic nicotine reversed the impairment in the MK-801
group (Figure 5b). Although the group effect was not
significant (Fo1), there were significant drug
(F(1,17) ¼ 19.88, po0.001) and drug� group interaction
(F(1,17) ¼ 30.56, po0.001) effects. Post-hoc analysis revealed
that the MK-801 group performed significantly worse than
the control group under acute saline treatment (po0.05),
but significantly better when both were administered acute
systemic nicotine (po0.01). Only the MK-801 group under
acute saline failed to show significant novel object
preference. There were no significant effects in the analyses
of general exploration measures from the sample or choice
phases.

The ability of nicotine to reverse CMOR impairments in
MK-801-treated rats was further explored in a new group of
animals. Nicotine dose-dependently rescued CMOR perfor-
mance of the MK-801 group when tested with the immediate
retention delay (Figure 5c). ANOVA on the discrimination
ratio data indicated that, although both group (F(1,17)¼ 0.19,
p¼ 0.667) and drug (F(3,51) ¼ 1.92, p¼ 0.137) main effects
were nonsignificant, a significant interaction effect was
found (F(3,51) ¼ 4.44, p¼ 0.008). Post-hoc analysis of the
interaction revealed a significant group difference only
when rats received an acute injection of saline (po0.05).
Furthermore, independent samples t-tests on the discrimi-
nation ratios indicated significant novel object preference
for the control group when administered 0, 0.05, and
0.2 mg/kg nicotine (0.01, 0.05, and po0.01, respectively)
and for the MK-801 group when receiving 0.2 and 0.8 mg/kg
nicotine (0.05 and po0.01, respectively). Additional paired
samples t-tests indicated that, within the MK-801 group,
CMOR task performance following acute administration of

Figure 4 Performance of control and ketamine groups on (a) Cross-
modal and unimodal object recognition tasks with an immediate retention
delay and (b) additional immediate delay cross-modal trials with acute pre-
sample injections of systemic saline or nicotine (0.2mg/kg). The selective
cross-modal impairment in the ketamine group was reversed by acute
nicotine. **po0.01.
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0.8 mg/kg nicotine was significantly better than with acute
injections of 0.05 mg/kg nicotine (po0.05) or saline
(po0.05); the MK-801 group performance with 0.2 mg/kg
nicotine was also significantly better than with saline
(po0.05); all other paired samples t-tests within the two
groups were nonsignificant. Analyses also revealed signifi-
cant effects of nicotine treatment on total sample explora-
tion (F(3,51)¼ 4.43, p¼ 0.008), indicating slightly less object
exploration in the 0.2 and 0.8 mg/kg nicotine conditions
compared with acute saline (data not shown). Importantly,
however, this effect was similar in both the control and MK-
801 groups, as the drug� group interaction was not
significant (F(3,51)¼ 0.234, p¼ 0.872).

As a general note, systemic MK-801 and ketamine are
typically associated with acute motoric effects (Gilmour
et al, 2009; Smith et al, 2011). Indeed, such effects were
often observed in the first 10–15 min following injections
during the sub-chronic administration period. However,
these motoric effects did not appear to persist beyond the
drug injection phase for MK-801 or ketamine. Qualitative
observations and the absence of consistent significant group
differences in terms of the general sample and choice phase
exploratory measures described above were consistent with
the interpretation that the acute motoric effects of MK-801
and ketamine did not extend into the object recognition
testing phases.

DISCUSSION

Few studies have directly assessed multisensory integration
in schizophrenia. Recent research, however, reveals abnor-
mal multisensory processing in schizophrenic patients
(Stone et al, 2011; Williams et al, 2010). This study
represents a valuable extension of current animal models
by providing a novel method for evaluating this potentially
overlooked aspect of cognitive dysfunction in schizophre-
nia. Indeed, our results indicate that the CMOR task is
highly sensitive to cognitive deficits in rats treated with sub-
chronic NMDAR antagonists. Rats treated sub-chronically
with MK-801 or ketamine were impaired on the standard
SOR task with intermediate (5-min) and long (24-h)
retention delays, but not when the delay was substantially
shortened to reduce mnemonic demands. These animals
were also impaired when tested with cross-modal and
unimodal (tactile or visual) object recognition tasks using a
1-h retention delay. The impairment in the unimodal tasks,
however, as in the standard SOR task, disappeared when the
retention delay was reduced. Conversely, the CMOR task
impairment persisted even at the minimal delay. This
selective CMOR deficit was dose-dependently reversed by
acute nicotine injections. The overall patterns of results in
MK-801- and ketamine-treated rats were highly similar,
further strengthening our interpretation of a robust CMOR
deficit in rats treated sub-chronically with NMDAR
antagonists. These findings may have important ramifica-
tions for understanding the specific cognitive impairments
affecting patients with schizophrenia, as well as for
developing successful treatment strategies.

Sub-chronic treatment with NMDAR antagonists pro-
duces robust object recognition memory impairments in
rats (Lyon et al, 2011), and the current results replicate and

Figure 5 Performance of control and MK-801 groups on (a) Cross-
modal and unimodal object recognition tasks with an immediate retention
delay and (b) additional immediate delay cross-modal trials with acute pre-
sample injections of systemic saline or nicotine (0.2mg/kg). (c) Data from a
separate batch of rats prepared specifically to assess the dose–response
relationship for the acute nicotine effect in cross-modal object recognition
performance. Physiological saline and three doses of nicotine (0.05, 0.2, and
0.8mg/kg) were administered to rats in counterbalanced order. The
selective cross-modal deficits in rats treated sub-chronically with MK-801
were reversed in a dose-dependent manner by acute nicotine. *po0.05;
**po0.01.
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extend this established finding. These results speak to the
severity of object recognition disruption in such animals by
showing that they are significantly impaired in unimodal
(tactile or visual) versions of the standard SOR task. The
inclusion of these unimodal tasks in such a study is
important, as they help to control for aspects of the CMOR
task not directly related to multisensory integration. The
unimodal deficits, like the standard SOR impairment, may
be predominantly mnemonic in nature, as they were no
longer apparent when memory demands were minimized.
Conversely, the CMOR deficit was observed even when the
immediate retention delay was used, suggesting a disruption
in multisensory integrationFthe key difference between
the CMOR and unimodal tasks-even with little mnemonic
demand. Although the switch from dark to light conditions
is a necessary additional procedural difference between the
unimodal and cross-modal versions of the task, this does
not seem to have had a major role in the deficit observed, as
no reliable changes in general exploratory behavior were
seen in immediate delay CMOR trials relative to unimodal
trials. There also were no other obvious differences between
the unimodal and CMOR immediate delay trials, as
experimenters were careful to equate the delay times and
movement of animals from the exploratory area to the
start box of the Y-shaped apparatus in all three versions of
the task.

Although it is possible that the various unimodal, SOR,
and CMOR task impairments describe here are psycholo-
gically and neurobiologically independent, it is tempting to
view these deficits as different manifestations of the same
underlying neurobiological dysfunction. There is ample
evidence that sub-chronic NMDAR antagonist treatment
affects parvalbumin-containing GABAergic inhibitory inter-
neurons in the cortex, and these interneurons may be
critical to oscillatory activity central to cognitive functions
(Cochran et al, 2003; Nakazawa et al, 2012; Pratt et al, 2008);
similar deficiencies are observed in the brains of patients
with schizophrenia (Lewis et al, 2012). In the absence of this
oscillatory control, synchronous information processing in
the cortex may be disrupted. Such cortical disinhibition
could be expected to affect brain areas responsible for visual
and tactile object memory, as well as their interaction. Our
previous results indicate that at least two cortical
regionsFthe perirhinal and posterior parietal corticesF
must interact in the service of CMOR task performance
(Winters and Reid, 2010), and recent data from our lab
indicate that the orbitofrontal region of the prefrontal
cortex may also contribute to this task (JM Reid, DL Jacklin,
and BD Winters, unpublished observations). Thus, although
cortical disinhibition could disrupt basic object memory
processing, it might be expected to have a larger impact on
performance in the CMOR task, which likely relies on even
greater integration of information processing across cortical
regions. The neural effects induced by sub-chronic NMDAR
antagonists are widespread (Abdul-Monim et al, 2007;
Keilhoff et al, 2004; Mouri et al, 2007), and the extent to
which dysfunction in various cortical and/or subcortical
regions contributes to the selective CMOR deficits observed
here remains to be determined. Ongoing and future studies
in our lab will aim to answer these and related questions.

The cholinergic system is a potentially important target in
the development of novel pharmacological treatments for

schizophrenia symptoms. Indeed, studies have shown that
drugs activating muscarinic or nicotinic acetylcholine
receptor (nAChR) subtypes have potential for the treatment
of cognitive symptoms in patients with schizophrenia (for
review, see Jones et al, 2012). Specifically, nicotine, as well
as agonists and positive allosteric modulators of a7 and
a4b2 nAChRs, attenuate various cognitive deficits in rodent
models of schizophrenia (Boess et al, 2007; Hashimoto et al,
2008; Hauser et al, 2009; Hurst et al, 2005; Pichat et al, 2007;
Rushforth et al, 2011; Thomsen et al, 2009; Timmermann
et al, 2007; Wallace et al, 2011; Wildeboer and Stevens, 2008;
Wishka et al, 2006). Our observations that nicotine reverses
the selective CMOR impairment in rats treated with sub-
chronic NMDAR antagonists is consistent with studies
using standard object recognition tasks and extends these
findings by implicating nAChRs in the potential treatment
of multisensory integration deficits in schizophrenia.

The dose–response experiment confirmed that the facil-
itation of CMOR performance by nicotine was dose-
dependent, at least in MK-801-treated rats, which were signi-
ficantly worse than controls when treated with saline but
not when administered acute nicotine. The enhancing effect
of nicotine was strongest at the intermediate (0.2 mg/kg)
and highest (0.8 mg/kg) doses, the only conditions in which
MK-801 rats demonstrated a significant discrimination
between novel and familiar objects. The dose–response
experiment also enabled us to assess the effects of nicotine
in naı̈ve rats, as the earlier nicotine trials were run with
animals that had been repeatedly tested on other forms of
the object recognition tasks. Such retesting could concei-
vably impact the effects of acute drugs in subsequent trials.
For instance, it is possible that the apparent hypersensitivity
of MK-801 rats to acute nicotine in the single-dose
experiment could be related to the extensive testing
experienced by these rats before nicotine trials. Thus, we
prepared a new batch of MK-801 rats to assess the effects of
acute nicotine in animals not previously tested. The dose–
response data, however, while not identical to the results
seen in the single-dose nicotine experiment, indicate that
naı̈ve MK-801 rats may nonetheless display a heightened or
shifted behavioral response to acute nicotine. The 0.2 mg/kg
dose of nicotine improved MK-801 CMOR task performance
back to control levels, but, unlike in the previous
experiment, MK-801 rats were not significantly better than
controls. However, a result similar to this earlier finding was
seen at the 0.8 mg/kg dose of nicotine, as the performance of
MK-801 rats remained significantly above chance, whereas
controls treated with the same dose of nicotine did not
discriminate between novel and familiar objects. We are not
aware of any similar findings in the literature, and future
studies will be required to ascertain the basis and
robustness of this apparent hypersensitivity to nicotine in
MK-801-treated animals performing the CMOR task. Addi-
tional dose–response analyses should also be run to test the
possibility that ketamine-treated rats display a similar
pattern of altered responsivity to nicotine. Future work is
also required to determine specific nAChR subtype
contributions to the current effects. Furthermore, there is
ample evidence for interactions between nicotinic activation
and other neurotransmitters, such as glutamate and GABA
(Levin et al, 2006; Timofeeva and Levin, 2011); thus,
another goal of future research will be to assess the potential
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involvement of glutamatergic or GABAergic modulation in
the facilitative effects of nicotine on CMOR task perfor-
mance in rats treated sub-chronically with NMDAR
antagonists.

Rats are capable of recognizing objects across sensory
modalities in the CMOR task, and our results indicate that
this task is acutely sensitive to the cognitive impairment
present in rats treated sub-chronically with non-competitive
NMDAR antagonists. Moreover, the CMOR deficit was
apparent with testing parameters under which other object
recognition impairments disappeared, suggesting a rela-
tively selective and severe disruption of multisensory
integration in these animals. Given recent findings high-
lighting altered multisensory processing in patients with
schizophrenia (Stone et al, 2011; Williams et al, 2010), there
is a current need for more refined methods to evaluate this
aspect of cognition in animal models. The CMOR task
represents a flexible and easily implemented addition to
established testing batteries that appears to tap a cognitive
domain not accessed by typical object recognition tasks. As
no single preparation comprehensively recapitulates the full
spectrum of schizophrenic symptoms, testing other animal
models, including genetic (Robertson and Feng, 2011) and
developmental (Brown, 2011) models, in the CMOR task
should provide greater insight into the biological bases of
this specific cognitive impairment and how it relates to
schizophrenia. The current results, however, are likely to be
highly relevant to schizophrenia considering the established
relationships between NMDAR-mediated intracellular path-
ways and schizophrenia-related genetic factors (Harrison
and Weinberger, 2005). The current results therefore not
only implicate NMDAR hypofunction in multisensory
integration deficits, but also demonstrate the valuable
potential of the CMOR task to facilitate future systematic
study of the etiology and treatment of cognitive impairment
in schizophrenia.
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