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Background: TheN-methylp-aspartate receptor antago- has shown lower levels of glutamate in schizophrenic
nist, ketamine, produces a clinical syndrome of thoughipatients than in healthy controls (Kim et al 1980). Fur-

disorder, perceptual distortion, and cognitive impairment. thermore, administration of NMDA antagonists such as
Methods: We have administered ketamine to healthyphencyclidine (PCP) to healthy volunteers reproduces
volunteers to characterize the formal thought disorder andmany of the symptoms of schizophrenia (Luby et al 1959;
specific memory dysfunction associated with ketaminepayies and Beech 1960). In schizophrenic patients, ad-
Ten healthy volunteers underwent a double-blind, place,inistration of PCP exacerbates existing symptoms and

bo-controlled, ketamine infusion (0.12 mg/kg bolus and : : : )
0.65 mg/kg/hour). Thought disorder was evaluated with &Y reactivate those in remittance (Luby et al 1959; Ban

the Scale for the Assessment of Thought, Language ard al 1961).

Communication. Cognitive testing involved working and 1 he toxicity of PCP (Olney et al 1989) has led to the use
semantic memory tasks. of the NMDA antagonist, ketamine, to examine the effects

Results: Ketamine produced a formal thought disorder, as °f NMDA antagonism on thought and behavior (Krystal et

well as impairments in working and semantic memory. Thél 1994; Malhotra et al 1996). At subanesthetic doses,
degree of ketamine-induced thought disorder significantlyketamine induces a clinical syndrome characterized by
correlated with ketamine-induced decreases in workingthought disturbance, perceptual alterations, emotional
memory and did not correlate with ketamine-inducedwithdrawal, and cognitive dysfunction in healthy volun-
impairments in semantic memory. teers (Krystal et al 1994; Malhotra et al 1996). Because its
Conclusions: This study characterizes the formal thought behavioral profile resembles many of the clinical features
disorder associated with ketamine and may suggest thasf schizophrenia, ketamine has been proposed as a phar-
ketamine-induced deficits in working memory are associmacologic model of the illness.
ated with ketamine-induced thought disorderBiol Psy- We have previously found the Brief Psychiatric Rating
chiatry 1998;43:811-81@ublished 1998 Society of Biolog- gca1e (BPRS) item, conceptual disorganization, to demon-
ical Psychiatry strate the most significant effect from ketamine (Malhotra
et al 1996). Others have similarly found a very marked
effect of ketamine on the BPRS factor containing concep-
tual disorganization (Krystal et al 1994). In terms of
specific cognitive effects, we found that ketamine pro-
duced marked deficits on two measures of explicit mem-
ory, free recall and recognition memory (Malhotra et al
gveral lines of evidence suggest that tenethyld-  1996). Ketamine has also been associated with impaired
spartate (NMDA) receptor is involved in the patho- performance on delayed recall, another measure of explicit
genesis of schizophrenia. Postmortem studies have renemory, as well as on the semantic memory task of verbal
vealed decreased density of glutamatergic receptors ifluency (Krystal et al 1994; Ghoneim et al 1985). All of
schizophrenic patients (Kerwin et al 1988; Kornhuber et athese memory functions may be considered together as
1989), and at least one Study of CerebrOSpinal fluid (CSF}:omponentS of memaory requiring |0ng-term Storage_ In
addition, ketamine causes deficits on the Wisconsin Card
From the Experimental Therapeutics Branch (CMA, AKM, DP, AB) and Clinical Sorting Test (WCST), a task that includes a significant
Brain Disorders Branch (TEG), Intramural Research Program, National '”St"working memory component (Krystal et al 1994)_ It has

tute of Mental Health, National Institutes of Health, Bethesda, Maryland. X Sy .
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Key Words: N-methylp-aspartate, ketamine, cognition,
thought disorder, working memory

Introduction

St., Glen Oaks, New York 11004. i H ; i
Received August 18, 1997; revised November 19, 1997; accepted December 1I,em_s are a_SSOCIated with fprmal thotht disorder in

1997. schizophrenia. Goldman-Rakic (1994) and others have
Published 1998 Society of Biological Psychiatry 0006-3223/98/$0.00

PIl S0006-3223(97)00556-8



812 BIOL PSYCHIATRY C.M. Adler et al
1998;43:811-816

suggested that working memory may underlie thoughtCognitive and Behavioral Measures
disorder, while Goldberg and Weinberger (1995) have \ gack working MEMORY.  Cognitive testing included
proposed the involvement of semantic memory. a working memory task. Subjects viewed numbers from one to
Previous studies of formal thought disorder and mem+our that consistently appeared in one of four quadrants on a
ory dysfunction caused by ketamine raise several methottomputer screen. They were given a computer keyboard with
ologic issues. First, thought disorder has been measuredur keys corresponding to the numbers and quadrants on the
with the single BPRS item conceptual disorganization, orscreen. Fourteen numbers appeared over a 30-sec interval.
the three-item BPRS factor thought disturbance (Krystal eBubjects were asked to press the key corresponding to the
al 1994; Malhotra et al 1996). Many elements of formal number then appearing in one condition (“zero back”), to press
thought disorder are poorly measured by these limitedhe key corresponding tp thg number that immediately preceded
ratings. Another issue relates to the cognitive tests thaf'® number then appearing in a second condition (one back”), or
have been utilized. The putative working memory taskl© Press the key corresponding to the numbe_r that _precede_d_ the
previously employed, the WCST, involves multiple cog- number currently on the screen by two places, in a third condition

it in addition t i Gold (“two back”). The test was arranged with a 30-sec rest period
nitive prqcesses in addition to working memory (Go " followed by each of the three tasks, randomly arranged. Two of
man-Rakic 1994; Axelrod et al 1994).

. . .In addition, the these 2-min testing periods were done sequentially and were
attention or vigilance tasks employed in the past havggrmed one block. The one back and the two back are tests of

included significant working memory components (Krys- working memory that parametrically increase delay time and
tal et al 1994; Malhotra et al 1996). Thus, it has beenmemory load, while the zero back is considered a simple measure
difficult to isolate which cognitive domains are primarily of attention and vigilance (Callicott et al 1998).

affected by ketamine.

In this study, we further examined the effects of VvERBAL FLUENCY. Two verbal fluency tests were admin-
ketamine on thought disorder and memory function. Weistered. In one, subjects were given 1 min to generate lists of
utilized a comprehensive measure of thought disorder, the/ords in response to single letter prompts (words beginning with
Scale for the Assessment of Thought' Language ana’le letter “F,” the letter “A,” and the letter “S"). In the second,
Communication (TLC). The TLC is a clinical interview they were asked to ger_1erate Wprds for 1 min in response to three
based scale that assesses specific aspects of thou%wperordmate categories: “animals,” “vegetables,” and “fruit”
disorder, including thought formation and communicationBenton and Hamsher 1976; Talland 1965).

(Andreasen 1978). In addition, we examined memory .
PSYCHIATRIC SYMPTOMS. Behavioral changes were as-

function during ketamine administration with two separateSesseol with the 18-tem BPRS (Overall and Gorham 1962). Al

verbal fluency tasks that contain significant semantchPRS ratings were done by a single investigator. BPRS total

memory components, and a working memory task. Ascore was analyzed, as were the empirically derived factors for

simple measure of vigilance involving immediate responsgnought disturbance and withdrawal/retardation (Hedlund and
to a visual stimulus that minimizes the working memory vieweg 1980). In addition, the item for conceptual disorganiza-
contribution was also utilized. Further, the relationshipstion was analyzed.
between ketamine-induced effects on thought disorder and Formal thought disorder was rated during an interview with
the two memory tasks were examined to provide informathe TLC, a structured rating scale (Andreasen 1978). The
tion about the relative contributions of working and interviewer asked open-ended questions designed to elicit a
semantic memory to formal thought disorder under conguantity of speech from the subject. Speech was further stimu-
ditions of glutamatergic perturbation. lated through the use of a standardized selection of pictures on
which the subject was asked to comment at length. All ratings
were done by a single investigator. The TLC was analyzed in
total and using factors for verbal production and disconnection of
Methods and Materials thought. These two factors were found to best model thought
. disorder ratings on the TLC (Harvey et al 1992).
Subjects
Ten subjects (7 men and 3 women, mean age 3517.8 years) PROCEDURE. The study was done in a double-blind, ran-
were recruited through the National Institutes of Health normaldomized, placebo-controlled fashion. Placebo and ketamine were
volunteer program to participate in this study. All of the subjectsadministered on 2 separate days not more than 8 and not less than
were in good health and underwent a medical evaluation? days apart. Subjects were instructed to fast after midnight the
including a physical exam, an electrocardiogram, and laboratoryiight prior to the procedure. On the mornings of the study,
tests including complete blood count, electrolytes, urinalysis, andilateral upper extremity intravenous (IV) lines were inserted.
liver and thyroid studies. Subjects were found to be free ofSixty minutes after the IV placement, a 0.12-mg/kg bolus of
psychiatric disorders on clinical examination and on a structureketamine or placebo was administered, followed by an hour-long
diagnostic interview, the Structured Clinical Interview for DSM- 0.65 mg/kg (maximum dose of 58 mg) ketamine or placebo
llI-R (SCID-1lI-R). infusion.
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Two blocks of then-back attention/working memory test were 5
conducted 45 min prior{45) to infusion. A group of six blocks Verbal factor
was begun 10 min after beginning the infusion and continued for N T O Dissociative factor
approximately 30 min £10—+40). Two more blocks were [

conducted 30 min after the infusion had endetdQ). Verbal

fluency was tested only during the infusion, at 40 min4Q). 34
BPRS and TLC were administered 30 min prior to the infusion Je
(—=30), 40 min into the infusion{40), and 30 min after the

infusion (+90). ]

STATISTICAL ANALYSES. Analyses of variance (ANO- .
VAs) were performed using time as a within-subject variable and
drug condition as the independent variable. The ANOVA of
working memory was calculated using the means of the two o~
preinfusion blocks, the six blocks performed during each infu-
sion, and the two postinfusion blocks. Post hoc Newman—Keuls Ketamine Placebo
tests were performed when ANOVA drug by time interactions Figure 2. Verbal productivity and disconnection TLC factors
were significant. were significantly increased by Ketaminep *= .009. **p <
Spearman rank order correlation coefficients were calculated001.
to ascertain the relationship between ketamine-induced changes
in the TLC and ketamine-induced changes in the working

memory and verbal fluency tasks, as well as between ketamine- \y/a giso analyzed the verbal productivity and discon-
induced changes in individual TLC factors and ketamine-inducednection factors from the TLC. The verbal productivity

changes in performance on the memory tasks. Correlatiozat ianificantl flected by ketami Th
coefficients were also calculated between ketamine-induce clor was  signinicantly - artecte y xetamine. e

changes in TLC scores and ketamine-induced changes in tHeNOVA revealed significant effects for time=[2,18) =
thought disturbance factor of the BPRS. 3.86,p = .040] and the drug by time interactioR(g,18)
= 8.27,p = .003]. Post hoc analysis showed a significant

difference between ketamine and placebe 45 min ( =
Results .009). The TLC disconnection factor was also significantly

Ketamine produced significant increases in TLC total@ffected by ketamine with effects of drug(L,9) = 8.50,
score. The ANOVA revealed a significant effect of time P = 0171, time F(2,18) = 17.8, p < .001], and the
[F(2,18) = 36.1,p < .001], drug F(1,9) = 37.8,p < interaction of drug by timeH(2,18) = 15.5,p < .001]
.001], and the interaction of drug by time(p,18)= 44.5,  Peing significant. Post hoc analysis showed a significant
p < .001] on TLC scores. Post hoc analysis demonstratedifference between ketamine and placebo in the discon-
a significant difference between TLC scores with ket-Nection factor at+45 min ( < .001) (Figure 2).

amine versus placebo at45 min (@ < .001) (Figure 1). Ketamine also produced significant changes in BPRS
total scores. The effects of drug(fL,9) = 47.1,p < .001],

time [F(2,18) = 41.9,p < .001], and the drug by time
interaction F(2,18) = 43.9, p < .001] were highly
. significant. Post hoc analysis showed a significant change
gggg“b'ge in BPRS total scores at45 min (p < .001). Analysis of
the BPRS thought disturbance factor revealed a significant
effect of drug F(1,9) = 33.8,p < .001], time F(2,18)=
30.9,p < .001], and the drug by time interactioR(R,18)
= 30.9,p < .001]. Post hoc analysis showed significant
differences between ketamine and placebo in thought
disturbance scores &t45 min (p < .001). Ketamine did
not produce a significant effect on the withdrawal/retar-
dation factor [drug by timeF(2,18) = 2.57,p = .104].
The BPRS item conceptual disorganization was signif-
- icantly affected by ketamine. The effects of drug(1,9)
-30 min. +45 min. +90 min. = 36.0,p < .001], time F(2,18) = 38.8,p < .001], and
Figure 1. Ketemine significantly increased total TLC score.the drug by time interactiond(2,18) = 36.0,p < .001],
*p < .001. were highly significant. Post hoc analysis showed a

1 t
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Table 1. Effects of Ketamine on Cognition

C.M. Adler et al

Discussion

Preinfusion Infusion  PostinfusionF*  p This study confirms and extends previous findings that
Working memory subanesthetic doses of ketamine cause formal thought
One-back task disorder and memory dysfunction in healthy volunteers
Ketamine ~ 13.25- 0.5 11.78+ 0.5 12.75= 0.4 638 008 (Kyystal et al 1994; Malhotra et al 1996; Ghoneim et al
TWF:?S:S(O sk 128205 1328 0.2 1348+ 0.2 1985). Ketamine administration significantly elevated rat-
Ketamine ~ 11.22- 0.8 8.98+ 0.6’ 11.08+0.6 6.89 006 NgS on the TLC in healthy volunteers and induced
Placebo 10.75% 1.0 11.85+ 0.8 11.28= 1.1 decrements in working memory and semantic memory.
Attention Simple vigilance was not significantly affected by ket-
Zero-back task amine administration.
ﬁg?g’b'ge 11:;%5; 8:; ggi 8:25 g’:gi 8:8‘21 0.86 440 Previous studies have utilized the BPRS to rate thought
disorder induced by ketamine (Krystal et al 1994; Malho-
Infusion Fe p tra et al 1996). BPRS measures of formal thought disorder
Verbal fluency reflect a single item, conceptual disorganization. The TLC
Letter prompt allows a more comprehensive examination of thought
Ketamine 33.4+ 3.3 8.53 .017  disorder. Total TLC scores were increased with ketamine
Placebo 45. 5.3 administration. In addition, ketamine significantly in-
Superordinate prompt creased ratings on the verbal productivity and the discon-
Ketamine 423+ 4.1 12.7 .006 . . .
Placebo 520 42 nection factors of the TLC. The increase in the verbal
- , productivity factor was not secondary to an increase in
host hotp < 0L, verbal output, as subjects showed increased ratings for
“Drug alone. poverty of speech as compared to pressure of speech.

We found no significant change in scores on the
vigilance task. These data contrast with earlier findings of
ketamine-induced effects on attention. This contrast may

significant difference between ketamine and placebo abe due, however, to methodologic differences in testing
+45 min (p < .001). attention. Krystal et al utilized continuous performance

All 10 subjects demonstrated increases of the BPR3esting (CPT), while we previously used word recognition.
thought disturbance factor and of TLC total score. Ket-As both CPT and word tasks include significant working
amine-induced change scores in the thought disturbangmemory components, these results may reflect the impact
factor correlated significantly with ketamine-induced of ketamine on working memory rather than on attention
change scores in the TLEG & .84,p < .002). (Krystal et al 1994; Malhotra et al 1996).

Ketamine was also associated with decreases in scoresOur data are consistent with previous studies showing
on the one-back and two-back tests of working memory
(Table 1). There were no significant effects of ketamine
administration on the zero-back task (Table 1). Verbal
fluency was significantly decreased by ketamine on the
letter and on the category prompt tests (Table 1).

Spearman rank order correlation coefficients were cal-
culated between ketamine-induced effects on the TLC
versus ketamine-induced effects on working memory andW
verbal fluency scores. Ketamine-induced effects on the
one-back working memory test significantly inversely
correlated with ketamine-induced changes on the TLC
(Figure 3). Ketamine-induced effects on the two-back
working memory task did not significantly correlate with
ketamine-induced effects on the TLC (Spearman .13,

p = .73). Ketamine-induced changes in verbal fluency did
not significantly correlate with ketamine-induced changes
on total TLC scores using the letter prompt task (Spear-

manr = —.18,p = .62) or the category prompt task Figure 3. Decrease in performance on one-back working mem-
(Spearmamr = .05,p = .89). ory task significantly correlated with increase in total TLC.

r | r=0.71, p<0.033"
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ketamine-induced effects on working memory. Krystal has test in schizophrenia, mood disorder, and traumatic brain
previously reported ketamine-induced deficits on the injury. Neuropsychiatry Neuropsychol Behav Neufc0—
WCST, a task that includes a significant working memory ) _
component (Krystal et al 1994). The WCST, however, isBan TA, Lohrenz JJ, Lehmann HE (1961): Observations on the

. Lo . action of Sernyl—A new psychotropic drugan J Psychiatry
not a pure working memory task, making interpretation of ¢4 157

the ketamine-induced deficit problematic (Goldman-Rakic

1994). ) _ ] . ination. lowa City, IA: University of lowa Press.
Our data are also consistent with previous findings OfCaIIicott JH, Ramsey MF, Tallent K, Bertolino A, Knable B,

ketamine-induced deficits in verbal fluency (Krystal et al ~ coppola RC, et al (1998): fMRI brain mapping in psychiatry:
1994; Ghoneim et al 1985). In contrast, a more recent Methodologic issues illustrated in a study of working memory
study of the effects of ketamine found no effect on verbal in schizophreniaNeuropsychopharmacology8:186-196.
fluency using either letter or category prompt paradigmsDavies BM, Beech HR (1960): The effect of 1-arylcyclohexy-
(LaPorte et al 1996). Several methodologic discrepancies lamine (Sernyl) on twelve normal volunteerd.Ment Sci
may explain this disparity. First, LaPorte et al examined 106:912-924.

schizophrenic subjects. Second, subjects were not testégioneim MM, Hinrichs JV, Mewaldt SP, Peterson RC (1985):
until 45 min after ketamine bolus. We find that ketamine- Ketamine: Behavioral effects of subanesthetic dodeslin

. . . . . . Psychopharmacdb:70-77.

induced effects on cognition in schizophrenic patients . .

remit 30 min after ketamine infusion (Malhotra et al Goldberg TE, Weinberger DR (1995): Thought disorder, work-
) ing memory and attention: Interrelationships and the effects

1997). Third, LaPorte et al had a smaller study group, and of neuroleptic medications.nt Clin Psychopharmacol

therefore had less power to detect ketamine-induced ef- 10(suppl 3):99-104.

fects. Goldman-Rakic PS (1994): Working memory dysfunction in
We found that the ketamine-induced decrease in work- schizophreniaJ Neuropsychiatry Clin Neuroséi:348—-357.

ing memory on a one-back task significantly correlatedHarvey PD, Lenzenweger MF, Keefe RS, Pogge DL, Serper MR,

with ketamine-induced effects on the TLC. Our findings Mohs RC (1992): Empirical assessment of the factorial

offer moderate support for the hypothesized relation be- structure of cllnlg:al symptoms in schizophrenic patients:

tween thought disorder and working memory. Similarly Formal thou.ght disordepsychiatry Re$4'14l_151'. )

we found an association between the conceptual disorgdiediund JL, Vieweg BW (1980): The brief psychiatric rating

nization item of the BPRS and only the one-back task of ii?dl,%E%Z.RS): A comprehensive reviedvOper Psychiatry

v_vorkmg memory. The s_lgnlflcance of the lack of correla- Kerwin R, Patel S, Meldrum BS, Czudek C, Reynolds GP
tion between thought disorder measures and the two-back ™ (19gg). Asymmetrical loss of glutamate receptor subtype in
task is unclear. The two-back task of working memory is |eft hippocampus in schizophrenigancet12:25-32.
significantly more difficult than the one-back task, and kim Js, Kornhuber HH, Holzmuller B, Schmid-Burgk W,
several subjects had very poor performances. These low Mergner T, Krzepinski G (1980): Reduction of cerebrospinal
scores may have masked a potential correlation. fluid glutamic acid in Huntington’s chorea and in schizo-
In conclusion, we demonstrated that ketamine induces a Phrenic patientsArch Psychiatr N.ervenk228:7—10. _
spectrum of thought disorder in healthy controls, alongKornhuber J, Mack-Burkhardt F, Riederer P, I;|ebenstre|t GF,
with cognitive deficits in two, largely unrelated memory ~ Reynolds GP, Andrews HB, et al (1989)"HMK-801

i ki d fi | trast binding sites in postmortem brain regions of schizophrenic
systems, working and semantic memory. In contrast, We pasients J Neural Transn7:231-236.

Shovye_d no deflc_lts in simple vigilance Wlt_h ketamine Krystal JH, Karper LP, Seibyl JP, Freeman GK, Delaney R,

administration. Finally, we report a correlation between “gremner JD, et al (1994): Subanesthetic effects of the
ketamine-induced deficits in working memory and ket-  noncompetitve NMDA antagonist, ketamine, in humans:

amine-induced thought disorder. While the correlation is  Psychotomimetic, perceptual, cognitive, and neuroendocrine
limited in scope, these findings lend some support to the esponsesArch Gen Psychiatr$1:199-214.

hypothesis that working memory is involved in the cog-LaPorte DJ, Lahti AC, Koffel B, Tamminga CA (1996): Absence

nitive pathogenesis of some aspects of thought disorder. ©f ketamine effects on memory and other cognitive functions
P g P 9 in schizophrenic patients. Psychiatr Re$80:321-330.

Luby ED, Cohen BD, Rosenbaum G, Gottlieb JS, Kelly R
(1959): Study of a new schizophrenomimetic drug—Sernyl.

Benton AL, Hamsher KDS (1976Multilingual Aphasia Exam-
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