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Abstract

Background: The demands of the Wisconsin Card Sorting Test (WCST) change with
experience. This report contains two studies designed to examine A~methyl-p-aspartate (NMDA)
receptor contributions to the executive components of WCST performance. These aspects of
WCST performance figure more prominently in the initial completion of this task than in
subsequent task repetitions in healthy populations.

Methods: In the first study, healthy subjects (7= 15) completed the WCST on two occasions
separated by 1 week. In the second study, healthy subjects (/7= 22) completed two test days
spaced by approximately 1 week, during which, they completed the WCST and other assessments
after administration of the NMDA antagonist ketamine (intravenous bolus 0.26 mg/kg followed by
infusion of 0.65 mg/kg/hour) or matched placebo.

Results: In the first study, subjects reduced the number of total and perseverative errors with a
single repetition of the WCST. In the second study, ketamine significantly increased the number
of total errors and the number and percent of perseverative errors on the first, but not the second
test day. Similarly, it reduced the number of category criteria met on the first, but not second
test day. Ketamine also increased distractibility, impaired recall, produced psychosis, altered

Address reprint requests to John H. Krystal, MD, Yale University School of Medicine, Department of Psychiatry, Abraham Ribicoff
Research Facilities, Connecticut Mental Health Center, 34 Park St., New Haven, CT 06519.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Krystal et al.

Page 2

perception, and had effects resembling the negative symptoms of schizophrenia. However, only
WCST performance showed order dependency.

Conclusions: This order dependency further implicates NMDA receptors in executive cognitive
functions associated with the frontal cortex.
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Wisconsin Card Sorting Test; frontal cortex; ketamine; glutamate; learning and memory;
schizophrenia; executive function

Introduction

The Wisconsin Card Sorting Test (WCST) grew out of sorting test methods developed

by Goldstein and colleagues to assess patients with cortical injury (Grant and Berg 1948;
Wiegl 1941). Goldstein (1949) suggested that frontal cortical injury impaired a group of
related voluntary functions including the capacity to withdraw and focus attention, shift
mental set, store information in a readily accessible form, shift between holistic and detail-
oriented analyses, abstract common properties, engage in conceptual planning, and think
symbolically. Subsequent studies suggest that the WCST is a complex task sensitive to
many of the component functions described above (Dehaene and Changeux 1991; Heaton
1981). An extensive body of research confirmed that frontal cortical injury impaired WCST
performance (Drewe 1974; Milner 1964; Robinson et al 1980) and indicated that WCST
performance activated the dorsolateral prefrontal cortex in healthy individuals (Catafau et al
1994; Weinberger et al 1986). However, WCST performance was also impaired by diffuse
disturbances in cortical function or lesions outside of the frontal cortex (Anderson et al
1991). Also, it is likely that WCST performance is differentially sensitive to regional lesions
within the frontal cortex (Anderson et al 1991; Drewe 1974).

A great deal of recent interest in the WCST developed from its utility for assessing deficits
attributable to the frontal cortex in patients with schizophrenia (Hoff et al 1992; Kolb and
Whishaw 1983; Malmo 1974; Weinberger et al 1994). During the WCST, schizophrenic
patients have reduced regional cerebral flood flow (rCBF), increases in the dorsolateral
prefrontal cortex, and enhanced hippocampal activation relative to matched control groups
(Berman et al 1986, 1992; Weinberger et al 1986, 1994). In schizophrenic patients, WCST
performance deficits correlated with the presence of other cognitive impairments, negative
symptoms, insight deficits, refractoriness to vocational rehabilitation, and poor social
relationships (Braff et al 1991; Breier et al 1991; Lysaker and Bell 1994, 1995).

Ketamine produces symptoms associated with schizophrenia, including psychosis, blunted
affect, thought disorganization, reduced capacity for abstract thought, learning deficits,

and WCST impairments in a dose-related fashion in healthy subjects (Krystal et al

1994, in press-a). The behavioral effects at subanesthetic doses appear to result primarily
from noncompetitive blockade of the A-methyl-p-aspartate (NMDA) subtype of glutamate
receptor (Anis et al 1983). However, it has other sites of action at lower affinity (c.f., Krystal
et al 1994). In healthy subjects performing the WCST, ketamine increases the percent of
perseverative errors and the number of non-perseverative errors, decreases the number of
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categories achieved, and to a lesser extent, increases the number of trials to the successful
completion of the first category (Krystal et al 1994, 1998).

The current report contains findings from two studies designed to further explore ketamine
effects on WCST performance. In the first study, we compared WCST performance in
healthy subjects who completed the test two times separated by 1 week in order to
characterize practice effects on this test. In the second study, we contrasted ketamine effects
on WCST performance when administered on the first of two test days and its effects when
administered on the second test day. The initial performance of the WCST involves many
aspects of executive function. However, performance of this task, once matching rules are
learned, places little demand on problem solving skills, although most other aspects of the
sorting task remain unchanged. Thus, comparison of ketamine effects on the first and second
exposure to the WCST provide insights into components of this task that are impaired by
administration of subanesthetic ketamine.

Methods and Materials

Subjects

The studies described in this paper were approved by the VA Connecticut Healthcare System
Human Subjects Subcommittee. Subjects were recruited for participation through public
advertisement and they were paid for their participation. Healthy subjects were selected to
enter these studies after obtaining written informed consent and following a two-step process
to exclude individuals with a history of psychiatric illness, substance abuse disorders, or
significant current life stress. The first step involved a structured psychiatric interview that
excluded subjects who gave evidence of a psychiatric or substance abuse disorder, history

of consultation for an emotional difficulty, psychiatric illness in a first-degree relative,

or clinically significant current life stress defined operationally as 3 or greater on the
Severity of Psychosocial Stressors Scale for Adults employed in Axis IV of DSM-III-R.

The second step was a telephone interview conducted with an individual identified by the
subject to confirm the information collected in the first stage of screening. No subject

was excluded due to information obtained during the informant interview. Subjects were
instructed to abstain from consuming psychoactive medications for the 4 weeks before
testing. Compliance with this request was supported with urine toxicology screens at initial
screening and on selected test days. None of the subjects reported a history of serious
medical illness.

STUDY 1.—Eight male [mean age 32.2 + 3.6 years (SEM)] and 7 female [mean age 42.6 +

1.4 years (SEM)] subjects performed the WCST once per day on test sessions separated by 7
days. The mean education was 17.6 = 0.6 (SEM). The racial composition was 11 Caucasian

subjects, 2 Hispanic subjects, one African-American subject and one Asian subject.

STUDY 2.—1In addition to the screening procedures described, all of the subjects had
normal results on physical examination and laboratory testing, including liver and thyroid
function tests. Thirteen male [mean age 31.5 + 8.7 year (SEM); mean weight 85.6 + 23.8
kg (SEM)] and 9 female [mean age 31.4 £ 10.5 year (SEM); mean weight 68.4 + 22.8 kg
(SEM)] subjects completed ketamine hydrochloride and placebo testing. The mean Slossen
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1Q score (Slossen 1963) was 132.3 + 28.2. The racial composition of the subject group was
19 Caucasian subjects, 2 African-American subjects, and 1 Hispanic subject.

Ketamine Administration

This study reports on the first two test days from subjects who completed larger studies
involving four test days that were conducted in a randomized and balanced order under
double-blind conditions (Krystal et al 1998, in press-b; Lipschitz et al 1997). This report
is limited to test days in which ketamine hydrochloride (0.26 mg/kg over 2 min followed
by 0.65 mg/kg/hr; Parke-Davis, Kalamazoo, MI) or placebo (Krystal et al 1998, in press-b).
Thus, each subject received ketamine on only one of the two test days reported here.

The mean number of days between tests was 8.3 + 1.6 (SEM). Analyses were limited to
those subjects who received ketamine and placebo on their first two test days. Analysis

of lorazepam (Krystal et al 1998), haloperidol (Krystal et al, in press-b), and clozapine
(Lipschitz et al 1997) responses will be reported elsewhere. While data related to WCST
performance on the first days is included in the other reports, the WCST data collected on
the second test days is reported here for the first time.

Behavioral Ratings

The WCST is a task in which cards are sorted by the color, shape, and number of objects
depicted on the card. This task requires the subject to determine the rule governing the
matching of cards and to change their sorting strategy in response to feedback when these
rules shift during the task. Subjects completed up to six categories involving each matching
condition presented twice in a fixed order feedback; the percent perseverative error was
calculated as the ratio of perseverative errors to the total number of errors. Patients with
frontal lobe lesions (Milner 1964) exhibit increased perseverative errors and fewer categories
successfully completed on this task. Computerized versions of the WCST activated the
frontal cortex in healthy subjects in a previous study (Weinberger et al 1986). The current
study utilized a computerized version of the WCST. WCST administration began 40 min
after initiation of ketamine infusion. Subjects in this study received identical instructions
regarding the WCST on each test day.

Vigilance to visual stimuli was measured using a continuous performance task (Gordon
1983) in which subjects attended to numbers presented sequentially on a screen. The subject
pushed a button to signal when a “9” was preceded by a “1”. The distractibility task was
identical to the vigilance task with the exception that numbers were presented sequentially
in three contiguous columns. Subjects had to attend to the numbers in the middle column
and ignore the numbers presented in the outer two columns. Each task lasted for 8 min.

The outcome measure analyzed for both vigilance and distractibility was A’, a perceptual
sensitivity measure derived from signal detection theory (Green and Swets 1966) that
reflects the impact of both omission and commission errors (Nestor et al 1991): A" = .5

+ (probability of a hit — probability of a false alarm)(1 + probability of a hit — probability of
a false alarm)(4 x probability of a hit)~1(1 — probability of a false alarm)~1.

Learning was assessed using items from the Mini-Mental Status Examination (MMSE;
Folstein et al 1975). This study slightly modified this examination to add an assessment of
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word recall following a 10 min delay. For the memory assessment, separate sets of three
words each, selected on the basis of their comparable frequency of use in the English
language (Kucera and Francis 1967) were presented at each time point. The three words
were presented following the one min bolus infusion of ketamine or placebo. Care was taken
to ensure that the subject was able to recall the three words correctly before moving on to
the next task, but only the initial immediate recall was recorded. Thus, each set of words
was presented once, but recall was assessed three times: immediately following presentation,
following a distracting task, and following a 10-min delay. The MMSE was presented —150
minutes prior to ketamine infusion and at the 5, 90, 120, and 180 minute time points.

Symptoms and behaviors characteristic of schizophrenia were assessed on each test day
using the Brief Psychiatric Rating Scale (BPRS; Overall and Gorham 1962). The BPRS
previously was sensitive to ketamine effects in humans (Krystal et al 1994). Four key
BPRS items were selected as an index of the positive symptoms of schizophrenia based

on previous reports indicating their utility and validity (Bowers et al 1980; Kane et al

1988; Krystal et al 1993) and inclusion within the empirically derived thought disorder
factor of the BPRS (Hedlund and Vieweg 1980). These four key positive symptoms were
conceptual disorganization, hallucinatory behavior, suspiciousness, and unusual thought
content. In evaluating hallucinatory behavior, bizarre perceptual experiences associated with
an identifiable sensory reference were rated as illusory perceptual alterations rather than
hallucinations. This definition was more conservative than that employed in a previous
report (Krystal et al 1994), and selected to provide greater clarity in data interpretation.
Three key BPRS items, blunted affect, emotional withdrawal, and motor retardation were
selected as a measure of the negative symptoms of schizophrenia based on a report of their
reliability and validity (Thiemann et al 1987) and their inclusion within the empirically
derived withdrawal-retardation factor of the BPRS (Hedlund and Vieweg 1980). The BPRS
and analog scales were administered prior to placebo (=120 min and ketamine (=15 min)
administration, 5 min into the ketamine administration, and 60, 90, 120, and 180 min
following the termination of ketamine infusion. For the two subjects from the clozapine
study, the initial rating was performed at =150 min.

The Clinician-Administered Dissociative States Scale (CADSS; Bremner et al 1998; Krystal
et al 1994) was a clinician-administered measure of perceptual, behavioral, and attentional
alterations occurring during dissociative experiences, which had been validated in healthy
subjects, schizophrenic patients, and patients with post-traumatic stress disorder. This
measure was included in the test battery, in part, to ensure that perceptual distortions
(illusions) that were not rated under the BPRS hallucinatory behavior item could be
rigorously assessed. This scale involved 19 self-report questions and 8 observer ratings
scored from 0 (not at all) to 4 (extremely). The CADSS was administered at the —150, 5, 60,
90, 120, and 180 min time points. For the two subjects from the clozapine study, the initial
rating was performed at —180 min.

Data Analyses

STUDY 1.—Performance on the first and second test days were compared by paired #tests.
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STUDY 2.—WCST variables and continuous performance task data were initially analyzed
employing a repeated measures analysis of variance (RMANOVA) with within subjects
factors of order (placebo first vs. ketamine first), drug (placebo vs. ketamine test days),

and time (if multiple time points were assessed). Huynh-Feldt adjustments to the degrees of
freedom were applied when indicated by sphericity tests. When both the main effects (drug,
time) and interaction effects (drug by time) were significant, only the interaction effect is
reported in the text in order to focus the presentation. Post-hoc comparisons were conducted
using the Student’s ¢tests with Bonferroni adjustments. No gender effects were observed in
the data analyses and therefore the reported analyses are collapsed by gender.

As indicated in Table 1, paired #test comparisons showed a significant decrease in the
number of perseverative errors on day 2 (1= 2.2, df = 14, p=.04) as well as in the total
number of errors (£= 2.9, df = 14, p=.01) on that day. No significant practice effects were
seen in the analysis of the percent perseverative errors, loss of set, criteria met, or trials to
first criteria.

Study 2, WCST Results

Prominent order effects emerged for ketamine effects on most aspects of WCST
performance. As outlined in Table 2, ketamine significantly reduced the number of matching
criteria met when administered on the first, but not the second test day. The RMANOVA
performed on the number of category criteria successfully met data revealed a significant
drug by order interaction (A1,20] = 10.9, p=.004) effects. The RMANOVA performed on
percent perseverative error data revealed a significant drug by order interaction (A1,20] =
5.9, p=.02). Post-hoc analyses of these data were suggestive of ketamine effects on the
first, but not second test day (Table 2). The number of perseverative errors was significantly
increased by ketamine only on the first test day (drug by order interaction: A1,20] =11.8,
p=.003) effects. Similarly, the RMANOVA performed on the number of total errors data
revealed a significant drug by order interaction (F[1,20] = .006) effects. The RMANOVA
performed on the number of trials to competition of first criteria showed a nonsignificant
drug by order interaction (A1,20] = 3.3, p=.08). In contrast, no significant drug by order
effects emerged on loss of set.

Other Cognitive and Behavioral Outcomes

No other cognitive or behavioral outcome showed order-dependent ketamine effects.
Ketamine did not significantly impair vigilance. However, as shown in Table 3, it increased
distractibility, as assessed by perceptual sensitivity (A"). It also produced a delay-dependent
recall impairment (drug by delay by time interaction: A8,152] = 7.1, p=.0001), BPRS 4
key positive symptoms associated with schizophrenia (drug by time interaction: A6,120] =
28.4, p=.0001), BPRS 3 key negative symptoms associated with schizophrenia (drug by
time interaction: A6,120] = 20.8, p=.0001), and perceptual effects (CADSS, drug by time
interaction: A6,120] = 54.5, p=.0001).
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Evaluation of Ketamine Effects on Subsequent WCST Performance

The outcome measures from the first study show that there was an improvement in the
total number of perseverative error and total number of errors. As a result, we compared
perseverative error data from study 1 to the group who received ketamine on the first day
in order to examine the possibility that ketamine reduced the improvement shown on the
second test day. Although the group by day interaction was significant (A1,23] = 11.9,
p=.002), this was attributable to the ketamine effect on their first test day. Post-hoc
comparisons of the second test days of both groups did not reveal a significant difference.

Discussion

Ketamine effects on WCST performance showed a high degree of order dependency. It
impaired WCST completion on the first test day, when the task required subjects to both
learn matching rules and to implement these rules. However, ketamine did not significantly
worsen WCST performance on the second test day, when subjects had previously learned the
matching rules and had only to implement them again. Thus, ketamine appeared to interfere
with the acquisition, but not the expression of functions related to abstract procedural
learning. On the first test day, ketamine increased the number and percent of perseverative
errors and it reduced the number of matching criteria achieved on the WCST. These
impairments in WCST performance have been associated with frontal cortical dysfunction
(Milner 1964; Weinberger et al 1994). The number of trials needed to complete the first
matching criterion has shown variable sensitivity to ketamine (Krystal et al. 1994, 1998). In
this study, the ketamine effect on this variable did not reach significance (p=.08). However,
as before, (Krystal et al 1994), ketamine did not produce loss of set.

The order-dependency of ketamine effects on the WCST could not be accounted for by its
effects on other measures in this study because no other measure was differentially sensitive
to ketamine administered on the first as opposed to the second test day. The current findings
replicated previous studies of ketamine effects on cognitive functions and behavior (Domino
et al 1965; Ghoneim et al 1985; Krystal et al 1994, 1998; Malhotra et al 1996; @ye et al
1992). Among these measures, the absence of order-dependency in the amnestic effects of
ketamine may imply that the disruptive effects of NMDA antagonism on learning do not
contribute significantly to the impairments in cognitive functions, such as shifting of mental
set, required for successful performance of the WCST. However, one must be cautious

in making this interpretation due to the absence of a pure procedural learning test for
comparison to the WCST in the current design. Because of its capacity to disrupt encoding,
one might have expected that ketamine would have interfered with the improvement in
WCST performance that would have been expected with repetition of this task. For example,
healthy subjects showed a small, but consistent, reductions in perseverative and total errors
with a single exposure to this test. However, this study was unable to demonstrate that
ketamine exposure during the initial test day influenced performance on the subsequent
placebo test day due to the modest statistical power of this analysis.

Ketamine effects on executive components of attention may have contributed to the order-
dependence of ketamine effects on the WCST. Ketamine produced similar increases in
distractibility on the first and second test days without significantly impairing vigilance.
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Resource allocation theory would predict that more difficult tasks, i.e., those that make
greater demands on the control of attention, are more susceptible than are easier tasks

to disruption by a specified reduction in attention function (Norman and Bobrow 1975;
Wickens 1984). Because the first attempt at completing the WCST is more “difficult”
than subsequent exposures, it may have been more vulnerable to disruption by increased
distractibility.

The current study has several limitations in addition to those cited. First, it describes a
single dose of ketamine and it is likely that the order-dependence of ketamine effects on

the WCST is dose-dependent. Second, although ketamine blood levels are not reported here,
ketamine blood levels measured in the subjects participating in this study were relatively
stable over the testing period and are reported elsewhere (Krystal et al 1998). Third, the
addition of a control group receiving ketamine on both test days may have permitted a more
complete evaluation of order-related effects of ketamine. Lastly, the population studied had
higher levels of intelligence than the surrounding population, a factor that may limit the
generalizability of the current findings.

The current data may suggest that deficits in NMDA receptor function, modeled by
ketamine, preferentially disrupt procedural learning relative to procedural implementation.
As reviewed in the introduction, executive cognitive deficits in schizophrenic patients are
persisting features of the disorder, resistant to treatment, and predictive of poor response

to rehabilitation. A growing body of literature implicates NMDA receptor abnormalities in
deficits in frontal cortical function in schizophrenia (Ishimaru et al 1994; Javitt and Zukin
1991; Kornhuber et al 1989; Krystal et al, in press-a; Lahti et al 1995; Sherman et al 1991).
The disruption of executive cognitive function by ketamine may be a preferential, rather
than nonspecific consequence of reduction in NMDA receptor function. As a result, further
exploration of pharmacologic strategies for ameliorating ketamine effects on cognitive
function may have clinical importance.
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Practice Effects on Wisconsin Card Sorting Test Performance in Healthy Subjects (7= 15)

Table 1.

Outcome Measure

First Day Second Day

Category criteria met
Percent perseverative errors

Perservative errors

Total errors
Trials to first criteria

Loss of set

48+ .5 49+ 5
51.2+42 53.2+22

169+35 1271277

328+62 2514547

29.7+83 279%81
11+.3 16+.5

Data presented are mean + SEM.

Two-tailed paired #tests:
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