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Cognitive deficits are at the crux of why many schizophrenia patients have poor functional outcomes. One of the cognitive symptoms

experienced by schizophrenia patients is a deficit in context processing, the ability to use contextual information stored in working

memory to adaptively respond to subsequent stimuli. As such, context processing can be thought of as the intersection between working

memory and executive control. Although deficits in context processing have been extensively characterized by neuropsychological

testing in schizophrenia patients, they have never been effectively translated to an animal model of the disease. To bridge that gap, we

trained monkeys to perform the same dot pattern expectancy (DPX) task, which has been used to measure context-processing deficits

in human patients with schizophrenia. In the DPX task, the first stimulus in each trial provides the contextual information that subjects

must remember in order to appropriately respond to the second stimulus in the trial. We found that administration of ketamine, an

N-methyl-D-aspartate receptor antagonist, in monkeys caused a dose-dependent failure in context processing, replicating in monkeys the

same specific pattern of errors committed by patients with schizophrenia when performing the same task. Therefore, our results provide

the first evidence that context-processing dysfunction can be modeled in animals. Replicating a schizophrenia-like behavioral performance

pattern in monkeys performing the same task used in humans provides a strong bridge to better understand the biological basis for this

psychiatric disease and its cognitive manifestations using animal models.
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INTRODUCTION

Schizophrenia is characterized by positive, negative, and
cognitive symptoms. Cognitive dysfunction is an aspect of
the disease that is responsible for a substantial fraction of
the disease burden associated with schizophrenia and has
been shown to predict functional outcome (Green et al,
2000). However, it is an aspect of the disease that is not
improved substantially by typical neuroleptic medications
and is not improved consistently by atypical neuroleptics
(Mortimer, 1997; Stip et al, 2005). Therefore, there is a need
for a better understanding of the underlying changes in
neuronal function at a cellular and synaptic level in
schizophrenia, which are responsible for cognitive deficits
in the disease, as this knowledge is likely to enhance our

ability to identify more effective therapies to restore normal
cognitive function. Animal models of schizophrenia can
have an important role in this effort, as they provide a
means to test hypotheses about the relation between altered
neural and cognitive function in the disease state. They may
be used to help elucidate the neural mechanisms by which
the disease and its associated symptoms arise.
Here we examine in monkeys one aspect of cognitive

processing that has not been previously studied in animal
models but is frequently deficient in schizophrenia patients:
context processing. Context processing is the ability to use
contextual information encoded and maintained in working
memory to flexibly modify responses to later stimuli (Barch
et al, 2003; MacDonald, 2008). The construct of context
processing (Cohen and Servan-Schreiber, 1992; MacDonald,
2008) incorporates and attempts to unify several observa-
tions of behavioral deficits in schizophrenia. These include
not only a basic defect in the ability to store information in
working memory (Castner et al, 2004), but also additional
deficits in selective attention (Nuechterlein and Dawson,
1984), response inhibition (Abramczyk et al, 1983), and
executive control (Sullivan et al, 1993) that have been
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described in the disease. Context-processing deficits in
schizophrenia reflect the inability to use information stored
in working memory to implement computational flexibility
(Cohen and Servan-Schreiber, 1992; Goodwin et al, 2012;
MacDonald, 2008; Miller and Cohen, 2001). Operationally,
context processing is defined as the ability to produce
different responses to the same sensory input as a function
of stored contextual information, such as goals or rules
(Miller and Cohen, 2001; Servan-Schreiber et al, 1996).
The coupling of working memory and executive control
components in the construct of context processing has
proven to provide a sensitive measure of cognitive dysfunc-
tion in schizophrenia. For example, context-processing
deficits are found in both in medicated and unmedicated
first-episode schizophrenia patients (Servan-Schreiber et al,
1996) as well as in their first-degree relatives (MacDonald
et al, 2003). In addition, deficits in context processing
significantly correlate with deficits in the Stroop task
(Cohen et al, 1999), supporting the construct validity of
context-processing tasks as measures of cognitive opera-
tions that extend beyond working memory to include
response inhibition and executive control (MacDonald,
2008). Further, patients with schizophrenia are impaired on
context-processing tasks when there is no delay between
stimuli within the trial (MacDonald et al, 2003), suggesting
that context-processing deficits cannot be attributed solely
to a failure of working memory maintenance. Context-
processing dysfunction on the AX-continuous performance
task (AX-CPT) appears to be specific to schizophrenia
spectrum disorders including schizophrenia and schizoty-
pal personality disorder (Barch et al, 2004) compared with
non-schizophrenia psychotic diseases, bipolar disorder, and
depression (Supplementary Discussion; Barch et al, 2003;
Brambilla et al, 2007; Holmes et al, 2005; MacDonald et al,
2005a).
In this study, we trained monkeys to perform the dot

pattern expectancy (DPX) task. This task has been validated
as an effective measure of context-processing deficits in
schizophrenia patients (Henderson et al, 2012; Jones et al,
2010; Lopez-Garcia et al, 2012; MacDonald et al, 2005b;
Zhang et al, 2012). The DPX task is a variant of the AX-CPT
that has been extensively used in prior studies of cognitive
dysfunction in schizophrenia (Barch et al, 2003; Chung
et al, 2011; Cohen et al, 1999; MacDonald et al, 2003, 2005a;
Servan-Schreiber et al, 1996; Stratta et al, 1998). In the DPX
task, dot patterns replace letters as stimuli, making it
possible to more readily manipulate the visual similarity of
stimuli and also reduce the influence of prior familiarity
with the stimuli (MacDonald et al, 2005b), particularly
useful for translational studies in monkeys and humans. In
this study, we characterized performance on the DPX task
before and after administering ketamine, an N-methyl-D-
aspartate (NMDA) receptor antagonist. There is consider-
able evidence that altered NMDA function may be a core
component of the disease process producing schizophrenia
(Coyle, 2012; Javitt and Zukin, 1991; Kantrowitz and Javitt,
2010; Lisman et al, 2008). Drugs that block neurotransmis-
sion at NMDA receptors are able to replicate the full
spectrum of symptoms in schizophrenia, including positive,
negative, and cognitive symptoms in human controls
(Krystal et al, 1994). Here we provide the first evidence
in monkeys that blocking neurotransmission at NMDA

receptors replicates the specific error pattern that schizo-
phrenia patients typically produce when performing the
same context-processing task.

MATERIALS AND METHODS

Subjects

Two male rhesus macaques (Macaca mulatta), weighing
8.3–10.2 kg, were subjects in this study. All animal care and
experimental procedures conformed to National Institutes
of Health guidelines and were in compliance with the
protocols approved by the Animal Care and Use Committee
at the University of Minnesota and Minneapolis Veterans
Affairs Medical Center.

Experimental Conditions

Monkeys were seated in a primate chair in a sound-
attenuated, dimly illuminated room during task perfor-
mance. Visual stimuli were varying spatial configurations of
dots, which spanned 2.7–4.4 1 and were back-projected on a
video screen 77.5 cm in front of the monkey by an LCD
projector (Dell). Eye position was tracked using an infra-red
eye tracking system (ISCAN, Woburn, MA), enabling the
control of gaze strategies and visual input across conditions.
During each trial until the response was made, monkeys
were required to maintain visual fixation (within 2.7–3.9 1)
at the center of the screen marked by the fixation cross
(0.4 1). Failure to do so resulted in the trial aborting.
Monkeys manipulated a joystick with their right hand in
order to make a response during each trial.

Task

Monkeys were trained to perform the DPX task (Figure 1).
Stimuli were various dot patterns that were comparable to
those used in human studies (Jones et al, 2010). Each trial

Figure 1 Schematic of the dot pattern expectancy (DPX) task. The dot
patterns used as stimuli in the task are also depicted, grouped by their
respective category designation. The monkeys performed the task while
fixating at the cross at the center of the screen. ‘Target’ cue-probe
sequences (‘AX’ trials) required a leftward motor response; ‘non-target’
cue-probe sequences (all other trial types) required a rightward motor
response. ISI, inter-stimulus interval; ITI, intertrial interval.
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consisted of a sequence of two dot patterns, a cue stimulus
(orange dots) followed by a probe stimulus (white dots)
separated by a delay (Figure 1). The cue was presented for
1.0 s. After a 1.0-s inter-stimulus delay, the second stimulus
(probe) was presented for 0.5 s. The intertrial interval was
1.1 s. Monkeys had 1.5 s from the onset of the probe in
which to respond. A valid cue (designated ‘A’) followed by
a valid probe (designated ‘X’) was the target sequence
(‘AX’). The correct response on target sequence trials was to
move a joystick to the left after the probe appeared. A non-
target sequence was defined as one in which either the cue
was invalid (collectively classified as ‘B’), and/or the probe
was invalid (collectively classified as ‘Y’). Non-target
trials consisted of ‘AY’, ‘BX’, or ‘BY’ sequences. The correct
response on non-target trials was to move the joystick to the
right. Monkeys were rewarded with sweetened water for
correctly performed trials. Occasionally, to maintain a high
level of baseline performance, additional rewards were
given on a minority of trials in monkey 2 (Supplementary
Methods). Directly before and following injection (saline or
drug), monkeys performed at least 200 DPX trials (200–600
trial sets). Each set was a mixture of trial types with the
following distribution: 69% ‘AX,’ 12.5% ‘AY’, 12.5% ‘BX’,
and 6% ‘BY’, the same proportions as used in human DPX
studies with patients (Jones et al, 2010). Trials were selected
for presentation in random order from each trial set.
Monkeys were trained to perform at X80% accuracy on
each trial type before testing began.

Injection Regimen

Monkeys received either a saline or ketamine injection
intramuscularly into the hind limb each day following
baseline trials. Post-injection trials began directly after the
injection (within 5min). During baseline trials, each
monkey had to perform at least 200 trials and achieve
X80% accuracy on each trial type before an injection was
given. Based on a pilot experiment in monkey 1, we deter-
mined that the 0.32–0.57mg/kg dose range was optimal to
test in the current experiment because in this range the
monkey continued to work on the task but exhibited a
substantial level of behavioral impairment. Four subanes-
thetic doses of ketamine (0.32, 0.40, 0.49, and 0.57mg/kg;
diluted in saline) and saline alone were pseudo-randomly
administered (0.28–0.34ml injection volume) such that each
monkey received two replications of each ketamine dose.
A total of two saline and eight ketamine injections were
given to monkey 1 while six saline and eight ketamine
injections were given to monkey 2.

Data Analyses

Behavioral performance in most cases had returned to near
baseline by 40-min post-injection of ketamine, so we
restricted our analyses to the first 40min. On average post-
injection, the monkeys completed 476 and 352 trials per day
(monkey 1 and monkey 2, respectively) and these trials were
used in the data analyses. Early response (monkey 1: 0.1%
and monkey 2: 0.6%), no response (monkey 1: 0.2% and
monkey 2: 1.1%), and fixation error (monkey 1: 12.8% and
monkey 2: 17.8%; Supplementary Figure S1, Supplementary
Results) trials were excluded from data analysis. A po0.05

was considered a statistically significant result for all data
analyses.
In order to statistically evaluate the influence of ketamine

on performance, we examined error rate data at the trial
level using logistic regressions because the dependent
variable in the analysis (trial success/failure) was a dicho-
tomous variable. The independent variables in the model
were injection status (pre- vs post-injection) and dose
(equation 1).

ln
pðerrorÞ

1� pðerrorÞ

� �
¼ b0 þ b1Injþ b2Dose ð1Þ

where p(error) is the probability of an erroneous response,
‘Inj’ is the injection status, and ‘Dose’ is the ketamine dose.
To examine differential effects of ketamine on the various
trial types, we performed a logistic regression restricted to
the post-injection behavioral data in which trial outcome
was the dependent variable and trial type (‘AX’, ‘BX’, ‘AY’,
or ‘BY’), dose, and their interaction were independent
variables (equation 2).

ln
pðerrorÞ

1� pðerrorÞ

� �
¼ b0 þ b1Typeþ b2Doseþ b3Type�Dose

ð2Þ
where ‘Type’ refers to the trial type. For the analysis of
reaction time (RT) data, we used analysis of variance
(ANOVA) followed by a Tukey–Kramer post hoc analysis on
correct trials (Supplementary Methods).
The error rate data were further examined by computing

d’context (Servan-Schreiber et al, 1996). The d’ parameter is
a sensitivity index that is defined as Z(hit rate)�Z(false
alarm rate), where the function Z(p) is the inverse of the
cumulative Gaussian distribution. D’context is similar but is
meant to measure specifically sensitivity to context in the
AX-CPT and its variants (Servan-Schreiber et al, 1996).
D’context was computed as Z(proportion of correct ‘AX’
trials)�Z(proportion of ‘BX’ errors) (Servan-Schreiber
et al, 1996). Thus, as the proportion of ‘BX’ errors
(analogous to false alarms) approaches the proportion of
‘AX’ correct trials, d’context will approach 0 indicating that
monkeys tended to make the same response to the ‘X’ cue
regardless of whether the preceding cue was ‘A’ or ‘B’,
indicating low sensitivity to the cue and failure to use cue
information to override habitual responding to the probe.
A small constant correction of 0.001 was used to allow for
estimation in the case of perfect accuracy (Servan-Schreiber
et al, 1996). To confirm that changes in d’context in response
to ketamine did not simply reflect a directional response
bias, we computed the difference between ‘BX’ and ‘AY’
errors (MacDonald et al, 2003) for each replication of each
ketamine dose. If there were high ‘BX’ errors and low ‘AY’
errors post drug this would indicate a problem in context
processing and not a response bias (because incorrect
responses on the ‘BX’ and ‘AY’ trial types are both to the
left, and a response bias alone could therefore not account
for a difference in these errors). In order to address whether
deficits in context processing in the DPX task were due
to deficits in early bottom-up visual processing, visual-
motor association, or general visual attention to stimuli,
we adapted d’context to examine sensitivity to the probe

Ketamine and context-processing in monkeys
RK Blackman et al

2092

Neuropsychopharmacology



stimulus. We defined sensitivity to the probe as d’probe being
equal to Z(proportion of correct ‘AX’ trials)�Z(proportion
of ‘AY’ errors). We reasoned that any general deficit in
visual processing or attention would equally affect sensi-
tivity to both of the visual stimuli in the trial. Any greater
loss of sensitivity to the cue relative to the probe after
ketamine administration we therefore attributed to a
context-processing deficit. The significance of the relation
between dose and d’context (as well as ‘BX’� ‘AY’ errors and
d’probe) was evaluated using linear regression.
Finally, we conducted logistic regression analyses to

determine whether under ketamine, monkeys tended to
commit perseverative ‘BX’ errors. (Perseveration analyses
using the saline data were not performed because monkeys
committed too few errors.) We evaluated whether, after
making an error on a ‘BX’ trial, the probability of making
another error on the subsequent trial increased if that trial
was a ‘BX’ trial relative to the other trial types. We restricted
this analysis to the subset of trials in the data that followed a
‘BX’ trial. We then used a logistic regression to evaluate
whether success probability varied as a function of the trial
type and whether the previous ‘BX’ trial was performed
correctly or not (equation 3; doses were collapsed for this
analysis).

ln
pðerrorÞ

1� pðerrorÞ

� �
¼ b0 þ b1CurrentTypeþ b2PrevBXErr

þ b3CurrentType�PrevBXErr
ð3Þ

where ‘Current Type’ refers to the trial type of the current
trial and ‘PrevBXErr’ refers to whether the previous ‘BX’
trial was performed incorrectly. In addition, in order to
examine the effect of dose on perseveration of the ‘BX’ trial
type, we identified sequences of two consecutive ‘BX’ trials
in the data. We then performed a logistic regression to
contrast the rate of errors committed on the second ‘BX’
trial as a function of dose and whether the previous ‘BX’
trial was performed incorrectly (equation 4). Dose was
entered into the logistic model as either low (0.32 and
0.40mg/kg) or high (0.49 and 0.57mg/kg), because too few
‘BX’ trial pairs were available to examine doses individually.

ln
pðerrorÞ

1� pðerrorÞ

� �
¼ b0 þ b1Doseþ b2PrevBXErr

þ b3Dose�PrevBXErr
ð4Þ

RESULTS

Error rate data were examined at the trial level. After
ketamine administration, the monkeys’ performance
was worse as indicated by a significant increase in
errors post-injection compared with baseline performances
(monkey 1: Wald1¼ 60.33, po0.001; monkey 2: Wald1¼
29.43, po0.001). This effect was dose dependent (monkey 1:
Wald1¼ 76.48, po0.001; monkey 2: Wald1: 78.42, po0.001)
for both monkeys (Figures 2a and b). The error rate
remained low after saline (Figures 2a and b, dose 0.0mg/kg;
Figures 2c and d, ‘saline’).
A more informative picture of the effects of ketamine on

performances came from examining errors separated by

trial type (Supplementary Table S1; Figures 2c and d). This
allowed us to evaluate whether the effects of ketamine
observed were more generalized or specific to trials with
higher context-processing demands. A logistic model
that included dose, trial type, and their interaction was
significant for each factor in monkey 1 (dose: Wald1¼
19.90, po0.001; trial type: Wald3¼ 10.47, p¼ 0.015; dose�
trial type: Wald3¼ 76.937, po0.001). Trial type and the
interaction between dose and trial type were significant in
monkey 2 using the same model (trial type: Wald3¼ 39.49,
po0.001; dose� trial type: Wald3¼ 37.39, po0.001),
although the main effect of dose was not. Dose was signifi-
cant in monkey 2 when the interaction term was removed
from the model (dose: Wald1¼ 88.28, po0.001).
As illustrated in Figures 2c and d, most of the errors in

both monkeys post-injection stemmed from poorer perfor-
mance on the ‘BX’ trial type. The ‘BX’ trial type is the trial
type that is most sensitive to patients’ context-processing
impairments (Figure 2e; Cohen et al, 1999; Jones et al, 2010;
MacDonald et al, 2005b). By 40-min post-injection, there
was no longer an increase in ‘BX’ errors over the saline
condition except at the highest dose in monkey 2 (Supple-
mentary Figure S2; Supplementary Results).
Considering the effects on reaction time, ketamine

produced a dose-dependent slowing of response that was
most pronounced in monkey 2 (Figures 3a and b). The
pattern of the effect on RT over the different trial types
was markedly different from the effect on percent correct
performance (Supplementary Table S1, Figures 2 and 3).
Although ketamine led to an increase in errors that was
markedly more severe on ‘BX’ trials relative to the other
trial types, the effects of the drug on RT were less restricted
to ‘BX’ trials and were more generalized across all the trial
types (compare Figures 2c and d with Figures 3c and d).
Both animals exhibited a general pattern of slower
responding on ‘AY’ and ‘BY’ trials relative to ‘AX’ and
‘BX’ trials that persisted across doses of ketamine in both
animals (Figures 3c and d). In an ANOVA applied to the RT
data in monkey 1, both main effects of dose (F1¼ 244.64,
po0.001), and trial type (F3¼ 336.69, po0.001) were signi-
ficant, as was the dose by trial type interaction (F3¼ 35.70,
po0.001). In monkey 2, there were also significant effects of
dose (F1¼ 967.37, po0.001), trial type (F3¼ 66.90,
po0.001), and dose by trial type interaction (F3¼ 31.76,
po0.001). Monkeys were slowest to respond on ‘AY’ trials
relative to the other trial types regardless of dose (Tukey–
Kramer test; po0.05), a result similar to that seen in
humans (Jones et al, 2010). This provides evidence that in
both species, suppressing the pre-potent target response to
the probe after seeing an ‘A’ cue is a time-consuming
process in the case that the probe is a ‘Y’.
To further quantify the effect of ketamine on DPX

performance we examined d’context to measure the monkeys’
sensitivity to context (the cue). Specificity to context
was diminished with increasing dosage of ketamine in both
monkeys (monkey 1: F1, 8¼ 15.24, p¼ 0.005; Monkey 2:
F1, 12¼ 71.94, po0.001) such that d’context scores decreased
with increasing dosage (Supplementary Table S1, Figure 4a).
As these results may reflect a response bias, we examined
another measure of context processing, the difference in
‘BX’ and ‘AY’ errors rates. A dose-dependent effect
following drug was observed when differencing errors on
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‘BX’ and ‘AY’ trials (monkey 1: F1, 8¼ 17.15, p¼ 0.003;
monkey 2: F1, 12¼ 35.71, po0.001), such that with increas-
ing dosage a higher proportion of errors on the ‘BX’ trial
type versus ‘AY’ was observed (Figure 4b). These results
complement the d’context results indicating ketamine in-
duced a context-processing deficit that could not simply be
accounted for by a response bias.
In order to examine whether ketamine induced deficits in

the DPX task (Figures 2 and 4) that could be attributed to
deficits in visual processing, visual–motor association, or
general visual attention to stimuli, we measured sensitivity
to the probe using d’probe. Ketamine-induced sensory motor
or attention deficits should equally impact processing of the
cue and the probe. Therefore, any greater impact of
ketamine on cue processing could be attributed to context
processing. We found that, in contrast to sensitivity to the
cue, sensitivity to the probe was not diminished by
increasing doses of ketamine in both monkeys (monkey 1:
F1, 8¼ 0.063, p¼ 0.808; monkey 2: F1, 12¼ 4.05, p¼ 0.067)

such that d’probe scores were not significantly different
among doses examined (Figure 4c). Monkeys did exhibit an
increased probability to break fixation under ketamine
(Supplementary Figure S1; Supplementary Results). How-
ever, this effect did not account for the increase in ‘BX’
errors (Figure 2) because fixation errors were excluded from
the analysis of the behavioral data. Another possible
account of the ketamine effect we observed is that it
disrupted the ability to switch between alternative response
rules in the task. Considering ‘X’ probe trials, the cue (‘A’ or
‘B’) dictated which of two competing responses to the probe
was correct. However, we found that ‘BX’ errors were no
more frequent on cue-switch than cue-repeat trials
(Supplementary Figure S3, Supplementary Results).
Finally, the high number of trials collected allowed us to

examine a novel aspect of context processing, namely
perseveration of ‘BX’ errors in the ketamine condition.
Perseveration of errors is often seen in schizophrenia
patients where patients continue to make the same mistakes

Figure 2 Effect of ketamine dose on performance accuracy (a–d). Replications for monkey 1: two replications per drug dose and two replications of the
saline condition. Replications for monkey 2: two replications per drug dose and six replications of the saline condition. (a, b) Overall performance accuracy by
dose. Dashed line represents the logistic function fit line to the data for baseline performance. Solid line represents the logistic function fit to the data for
post-injection performance. (c, d) Effect of ketamine dose on performance accuracy for each trial type. Error bars are 1 SEM. (e) Data illustrating
schizophrenia patient (n¼ 47) vs control (n¼ 48) performance on the DPX task were adapted from a prior human study (Jones et al, 2010). Copyright r
2010 by the American Psychological Association. The use of APA information does not imply endorsement by APA.
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repeatedly over consecutive trials and are seemingly
ignoring information instructing them to change their
strategy (Waford and Lewine, 2010). To examine whether
monkeys were perseverating on the DPX task, we evaluated
errors on trials that were preceded by ‘BX’ trials (the trial
type with the greatest number of errors to examine).
Following a ‘BX’ error, the probability that monkeys would
commit another error was markedly higher if the subse-
quent trial was also a ‘BX’ trial relative to the other trial
types (Figures 5a and b). A logistic model that included
current trial type, previous ‘BX’ error, and their interaction
was significant for the interaction term in both monkeys
(monkey 1: Wald3¼ 16.649, p¼ 0.001; monkey 2:
Wald3¼ 10.422, p¼ 0.015). As the two monkeys exhibited
the same general pattern in response to ketamine (Figures
5a and b) and there were relatively few consecutive ‘BX’
trials in the data, we pooled the data across the two animals
to examine whether ketamine effects on ‘BX’ perseveration
were dose dependent. We found that ketamine increased
perseveration on ‘BX’ trials in a dose-dependent manner
(Figures 5c and d; dose: Wald1¼ 10.27, p¼ 0.001; previous
error: Wald1¼ 15.37, po0.001; dose� previous error:
Wald1¼ 4.24, po0.039), suggesting that ketamine adminis-
tration affected the use of feedback to increase context-
processing resources. We further examined whether ‘BX’
errors under ketamine could be entirely attributed to
perseveration, and found evidence to the contrary. Speci-
fically, in addition to increasing perseverative errors,
ketamine increased nonperseverative ‘BX’ errors as well
(defining nonperseverative errors as errors that followed

successfully performed trials). The increase in nonperse-
verative errors was dose dependent in both monkeys
(Figure 5e; Supplementary Results).

DISCUSSION

In this study, we provide the first evidence that NMDA
receptor blockade in monkeys can replicate the context-
processing deficit that has been thoroughly characterized in
the human schizophrenia patient population (Barch et al,
2003; Chung et al, 2011; Cohen et al, 1999; Henderson et al,
2012; Jones et al, 2010; Lopez-Garcia et al, 2012; MacDonald
et al, 2003, 2005a, b; Servan-Schreiber et al, 1996; Stratta
et al, 1998; Zhang et al, 2012) and replicated in human
controls given ketamine (Umbricht et al, 2000). Results
were robust and specific in both animals, with monkey 1
(Figure 2c) and monkey 2 (Figure 2d) exhibiting a highly
similar pattern of errors over trial types under ketamine.
The consistency of the results across animals provides
compelling evidence that NMDA antagonists in monkeys
can replicate context-processing deficits seen in schizo-
phrenia patients. Future studies will be needed to evaluate
the question of individual variability in these deficits and
what genetic and/or environmental factors might contribute
to them. Previous studies have shown that NMDA
antagonists impair working memory function in monkeys
(Boyce et al, 1991; Roberts et al, 2010a, b; Taffe et al, 2002;
Tsukada et al, 2005), modeling one important aspect of
cognitive dysfunction in schizophrenia (Castner et al, 2004;

Figure 3 Effect of ketamine dose on reaction time. Replications for monkey 1: two replications per drug dose and two replications of the saline condition.
Replications for monkey 2: two replications per drug dose and six replications of the saline condition. (a, b) Overall reaction time by dose. Dashed line
represents baseline performance. Solid line represents post-injection performance. (c, d) Effect of ketamine dose on reaction time for each trial type. Error
bars¼ SEM.
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Park and Holzman, 1992). However, our data extend and
refine prior efforts to translate cognitive deficits in
schizophrenia to monkeys in several key respects.
First, by showing that ketamine can replicate context-

processing deficits we broaden the scope of cognitive

dysfunction in schizophrenia that has been effectively
replicated in an animal model. In the case that contextual
cue and imperative probe stimuli are separated by a delay,
context processing incorporates working memory. How-
ever, context-processing tasks measure processes that
extend beyond the domain of working memory to
incorporate the additional element of executive control
(Cohen et al, 1999; MacDonald, 2008). For example,
attenuated impairment in context processing is observed
in patients performing the AX-CPT when there is no
working memory requirement (MacDonald et al, 2003),
indicating that context-processing deficits involve disrup-
tion of processes that are not restricted to working memory
alone. We found that monkeys given ketamine (Figures 2c
and d), just like patients with schizophrenia (Figure 2e;
MacDonald, 2008), are selectively impaired in the cognitive
and behavioral flexibility that the DPX task requires and
which is a fundamental component of cognitive deficits in
the disease. The one prior study in which monkeys were
trained to perform a variant of the AX-CPT (Dias et al,
2006) did not examine the effects of NMDA receptor
blockade on performance, which was the focus of this study.
The specific increase in ‘BX’ errors after ketamine admin-
istration we observed in monkeys performing the DPX task
could not be attributed to disruption of other processes
such as rule switching or be entirely explained by an
increase in perseveration, adding to the evidence that errors
in the task reflected a failure of context processing
(Figure 5e and Supplementary Figure S3, Supplementary
Results).
Second, we trained monkeys to perform the same

behavioral paradigm used to evaluate cognitive function
in human patients with schizophrenia, equating the aspects
of the task (such as the type of visual stimuli and overall
task complexity) that could greatly complicate quantitative
comparisons of behavioral performance patterns between
the two species. Many prior studies examining the same
cognitive functions in humans and monkeys have used
substantially different paradigms to measure the cognitive
function of interest. For example, working memory
processes evaluated in monkeys with spatial delayed
response tasks that require monkeys to retrieve a bait item
from a covered well after a delay (Roberts et al, 2010a, b),
could differ from working memory processes in humans
evaluated with n-back and span tasks, which present
different stimuli, require different motor responses, and
are substantially more complex (Lee and Park, 2005).
Third, one of the greatest potential confounds in

neuropsychological testing of cognitive dysfunction in

Figure 4 Effect of ketamine dosage on context (a, b) and probe
processing (c). Dashed (monkey 1) and solid (monkey 2) lines represent
linear fits obtained by regressing performance data onto ketamine dose.
Replications for monkey 1: two replications per drug dose and two
replications of the saline condition. Replications for monkey 2: two
replications per drug dose and six replications of the saline condition.
(a) D’context (Z(proportion of correct ‘AX’ trials)�Z(proportion of ‘BX’
errors)) values for each replication of each dose in the experiment.
(b) Difference in proportion of ‘BX’ and ‘AY’ errors for each replication of
each dose in the experiment. (c) D’probe (Z(proportion of correct ‘AX’
trials)�Z(proportion of ‘AY’ errors)) values for each day of the experiment.
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schizophrenia is the possibility that behavioral paradigms
measure a generalized deficit in the disease rather than an
impairment in a specific cognitive process (MacDonald,
2008). Our data provide strong evidence that ketamine in
monkeys produces a specific cognitive deficit in context
processing that can be dissociated from a generalized deficit
in more global processes such as vigilance, attention,
motivation (Figures 2c and d, Figures 4a and b), general
stimulus processing (Figure 4c), or motor response bias
(Figure 4b). Our behavioral results could reflect a deficit in
top–down control of visual processing that selectively
impaired encoding of the cue stimulus as has been
previously proposed (Dias et al, 2011). However, to our
view, a deficit in visual processing that selectively disrupts
visual processing of contextual cues could be considered to
constitute a deficit in one aspect of context processing.
Fourth, the context-processing task we have adopted for

this translational study incorporates four distinct trial

conditions in the task design. This provides two advantages:
it significantly increases the behavioral resolution with
which we are able to compare performance patterns across
the two species, and it further adds to our ability to
differentiate a selective impairment in context processing
from a more generalized cognitive impairment (Supplemen-
tary Discussion). Both monkeys given ketamine (Figures 2c
and d) and patients with schizophrenia (Figure 2e)
performing the DPX task exhibit a selective and dramatic
increase in errors on ‘BX’ trials, and are relatively unim-
paired on the remaining trial types. Humans given ketamine
(Umbricht et al, 2000) and some schizophrenia
patients performing the AX-CPT (Cohen et al, 1999) also
demonstrate greater ‘AX’ errors; a result not observed in
this study. Monkeys had much greater experience perform-
ing the task than human subjects (extensive training was
necessary given the complexity of the task), which may have
resulted in the ‘AX’ performance difference since monkeys

Figure 5 Proportion of perseverative ‘BX’ errors after ketamine administration (a–d). Replications for monkey 1: two replications per drug dose and two
replications of the saline condition. Replications for monkey 2: two replications per drug dose and six replications of the saline condition. (a, b) Performance
accuracy on trials that followed ‘BX’ trials during the experiment, as a function of trial type and previous ‘BX’ trial performance (data collapsed across dose).
(c, d) Effect of ketamine dose on ‘BX’ perseverative errors. Analysis restricted to consecutive pairs of ‘BX’ trials during the experiment. Bars plot the
proportion of erroneous trials on the second ‘BX’ trial as a function of whether the monkey performed correctly (open bars) or incorrectly (filled bars) on
the previous ‘BX’ trial. (e) Effect of ketamine dose on nonperseverative ‘BX’ errors. Proportion of ‘BX’ errors on ‘BX’ trials that followed a correctly
performed trial as a function of ketamine dose. Error bars ¼ SEM.
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had a longer time to develop habitual responding to ‘target’
trials.
Fifth, our data provide a particularly direct translation of

executive control impairments in schizophrenia to mon-
keys. One prior study has shown that ketamine adminis-
tered to two monkeys performing an executive control task
impaired their ability to select between competing res-
ponses to the same stimulus instructed by alternative rules,
an effect known as congruity cost (Stoet and Snyder, 2006).
However, it is not readily feasible on the basis of these prior
data to directly compare executive control deficits in
monkeys given ketamine and schizophrenia patients
because the task used to index this function in that prior
study in monkeys (Stoet and Snyder, 2006) has not yet been
tested in human patients with schizophrenia. Congruity
costs have been observed in a related executive control task
in schizophrenia patients (Wylie et al, 2010). However, that
task involved letter identification, a condition not tested in
monkeys (Stoet and Snyder, 2006).
Sixth, ours is the first study to show that ketamine

increases perseverative errors in context-processing tasks
(Figures 5a–d). This increases confidence in the trans-
lational validity of our nonhuman primate model, as
perseverative errors are a hallmark of patient performance
in other executive control tasks (Perry and Braff, 1998;
Waford and Lewine, 2010).
In summary, our data demonstrate that administration of

an NMDA receptor antagonist to monkeys performing the
DPX task can replicate a schizophrenia-like performance
pattern that is indicative of a selective deficit in context
processing. Our data suggest that knocking down NMDA
synaptic function is sufficient to produce context-proces-
sing deficits. They do not provide evidence that NMDA
hypofunction is necessary, however, and we cannot rule out
the possibility that these cognitive deficits stem from
dysfunction at other receptors in patients or that there are
multiple neurotransmitter systems involved. For example,
human control subjects given the 5-HT2A agonist psilocybin
also demonstrate context-processing deficits (Umbricht
et al, 2003). In addition, the a2A receptor agonist gaunfacine
has been shown in one study to ameliorate context-
processing dysfunction in schizotypal personality disorder
patients (McClure et al, 2007). These data suggest that
multiple transmitter systems independently converge on the
neural systems that normally mediate context processing, or
that these transmitter systems are functionally coupled. By
the same token, our data indicating that blocking NMDA
receptors disrupts context processing suggests that treat-
ments that augment the NMDA synaptic function may be
beneficial in treating context-processing dysfunction in
schizophrenia. Glycine is a co-agonist of the NMDA
receptor and administration of glycine transport inhibitors
has been shown to restore of working memory in monkeys
given ketamine (Roberts et al, 2010b). Glycine transport
inhibitors are currently in different phases of clinical
trials in humans to test their efficacy in the patient
population (Javitt, 2012), although it is not yet known
whether these compounds will prove effective in reversing
deficits in context processing in schizophrenia. To our
knowledge, it has not yet been tested whether drugs that act
at other synapses are able to induce context-processing
deficits in animals.

As cognitive function predicts functional capacity in the
patient population (Green et al, 2000), it is essential to
develop treatments that effectively address cognitive
dysfunction in the disease. Context processing does not
account for the full spectrum of cognitive dysfunction in
schizophrenia and restoration of this process alone is not
likely to restore normal social and cognitive function in
patients entirely. However, patients’ performance on the
DPX task is positively correlated with general levels of
functioning (Gold et al, 2012). In addition, the DPX task
isolates a relatively circumscribed and specific cognitive
process (context processing), perhaps to a greater degree
than more traditional neuropsychological tests (Gold et al,
2012). This could narrow the search for the causal neural
mechanisms that underlie cognitive deficits in the disease.
As it is often easier to solve a more clearly delineated
problem, targeting transmitter systems and neural mechan-
isms that enable context processing may therefore have
significant utility in early drug development. Now that
context-processing dysfunction on the DPX task has been
demonstrated in monkeys given ketamine, this model could
facilitate discovery of more effective ways to restore normal
cognitive function in schizophrenia.
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