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NMDA Receptor Function and Human
Cognition: The Effects of Ketamine

in Healthy Volunteers
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A rapidly growing body of preclinical data has implicated
the glutamatergic N-methyl-d-aspartate (NMDA) receptor
in memory and other cognitive processes. There is
comparatively less information about this receptor system
in human cognition. We examined the effects of
subanesthetic doses of ketamine, a noncompetitive NMDA
receptor antagonist, on two forms of memory, free recall and
recognition, as well as attention and behavior in a double-
blind, placebo-controlled, 1-hour infusion in 15 healthy
volunteers. Ketamine produced decrements in free recall,
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Several lines of evidence have suggested that the glu-
tamatergic N-methyl-d-aspartate (NMDA) receptor is
critically involved in cognition. Studies in laboratory
animals have demonstrated that NMDA receptor an-
tagonists disrupt learning (Shapiro and Caramanos
1990; Maurata and Kawasaki 1993), immediate recall
(Ohno et al. 1994), and long-term retention (Lee et al.
1993), whereas NMDA receptor agonists improve mem-
ory retention (Flood et al. 1992). In addition, NMDA re-
ceptor antagonists disrupt the induction of long-term
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recognition memory, and attention. In addition, ketamine
induced a brief psychosis in our healthy volunteers marked
by thought disorder and withdrawal-retardation. Ketamine-
induced memory impairments were not accounted for by
changes in subject’s attention and were not significantly
related to psychosis ratings. These data suggest that the
NMDA receptor plays a direct role in two types of explicit
memory. The implications of these data for the
pathophysiology of schizophrenia are discussed.
[Neuropsychopharmacology 14:301-307, 1996]

potentiation (LTP) in the hippocampus (Harris et al.
1984; Abraham and Mason 1988), a process of synaptic
facilitation (the enhancement of postsynaptic response
to presynaptic input) that may underlie the mechanism
of learning and memory (Morris et al. 1986). Given the
methodological and theoretical limitations of studying
cognitive function in animals, it is difficult to extrapo-
late these data into humans, and studies examining the
role of NMDA receptor in mediating human cognition
are needed.

Human studies of NMDA receptor function have
been limited by the lack of suitable pharmacological
probes. Phenylcyclidine (PCP) and dizolcipine (MK-
801), potent noncompetitive NMDA receptor antago-
nists, have proven too toxic for human use (Olney et al.
1989). One strategy that has proven useful for the study
of NMDA function is administration of subanesthetic
doses of the “dissociative” anesthetic ketamine. Like
PCP and dizolcipine, ketamine binds to a site within the
ion channel of the NMDA receptor to inhibit calcium in-
flux (Zukin and Zukin 1979). Clinically ketamine pro-
duces minimal cardiac and respiratory effects, and its
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anesthetic and behavioral effects remit soon after admin-
istration (Pandit et al. 1980; Moretti et al. 1984).

Prior studies of the effects of subanesthetic doses of
ketamine have reported impairments in several cogni-
tive domains, including attention and memory (Harris
et al. 1975; Ghoneim et al. 1985; Oyte et al. 1992; Krystal
et al. 1994). A number of unresolved issues, however,
confound the interpretation of these studies. First, ke-
tamine may disrupt attention, and it remains unclear
whether ketamine-induced effects on other cognitive
domains represent direct effects of ketamine or are sec-
ondary to attentional disturbances. Second, ketamine
produces a psychosis in humans (Krystal et al. 1994)
that may be responsible for the changes in cognitive
function. Finally, methodological considerations such as
the dose of ketamine, administrative paradigm, smalt
sample sizes, and the lack of a placebo condition make
interpretation of data from previous studies difficult.

In the present study we examined the effects of a pla-
cebo-controlled, double-blind, 1-hour infusion of sub-
anesthetic doses of ketamine on cognition in healthy
volunteers. The hypothesis to be tested was that ke-
tamine would impair memory and attention and that
these effects would be independent of each other and
unrelated to ketamine’s psychotomimetic effects.

METHODS
Subjects

Fifteen subjects (12 males, 3 females; mean age 27.9 *
7.1) were recruited through the National Institutes of
Health normal volunteer program and participated in
the study. All subjects were free of psychiatric disorders
as determined by structured diagnostic interview [Sched-
ule for Affective Disorders and Schizophrenia (SADS);
Endicott and Spitzer 1978] and were in good health as
determined by physical exam, electrocardiogram, and
laboratory testing including liver and thyroid function
tests and urinalysis.

Procedure

Each subject participated in two double-blind test days:
one involving ketamine infusion and the other a pla-
cebo (saline) infusion. The order of ketamine and pla-
cebo was randomized and test days were separated by
at least one day. Subjects fasted after midnight on each
study day. On the morning of each study day bilateral
antecubital intravenous lines were inserted. Sixty min-
utes after IV placement, a bolus of 0.12 mg/kg of ke-
tamine or placebo was administered followed by infu-
sion of 0.65 mg/kg of ketamine (maximum dose of 58
mg) or placebo over 1 hour for a total dose of 0.77 mg/
kg/hr in subjects receiving ketamine.
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Cognitive and Behavioral Measures

Baseline cognitive and behavioral measurements were
collected 30 minutes prior (—30) to the infusion. During
the study cognitive testing was conducted at timepoints
+10, +55, +90, and +120 minutes and behavioral rat-
ings were conducted at +55 and +90 minutes.

Cognitive testing included tasks that assessed atten-
tion, free recall of categorically related words, and rec-
ognition memory for categorically related words. These
tasks have been standardized and validated in studies
of the effects of different classes of drugs in a number of
patient populations (Weingartner et al. 1982, 1983a,
1983b, 1992). Subjects were read a list of 12 categorically
related words at a 2-second rate. These words are typi-
cal exemplars of categories such as vegetables, fruit,
and animals. Six of the 12 words were read once, and
six of the words were repeated after the presentation of
at least two other words. The subjects were instructed
to listen to the words and identify when a word was re-
peated by saying “repeat.” To accomplish this task sub-
jects must be able to attend to the words and hold them
in working memory for as long as 34 seconds. After an
activity-filled 2-minute delay, subjects were asked to re-
call freely all words. After a 30-second activity-filled de-
lay, subjects were then read a new list of 24 words from
the same category. This list contained all 12 of the previ-
ous words and 12 distractor items. Subjects were asked
to identify the origin of each as “new” (not on previous
list) or “old” (on previous list).

Behavioral changes were assessed by administration
of the 18-item Brief Psychiatric Rating Scale (BPRS;
Overall and Gorham 1962). The BPRS scores were ana-
lyzed in total and by analysis of the empirically derived
factors for thought disorder, withdrawal-retardation,
anxiety-depression, and hostility-suspiciousness (Hed-
lund and Vieweg 1980).

Data Analysis

Data were analyzed by using repeated-measures analy-
ses of variance (ANOVAs) with time as the within-sub-
jects variable and drug condition as the independent vari-
able. To account for sphericity, the Greenhouse-Geisser
conservative F-test was used to interpret the ANOVA.
Post hoc #-tests were conducted when the ANOVA drug X
time interactions were significant. One subject did not
complete recognition memory testing at timepoint +55
during the ketamine infusion day and this subject’s rec-
ognition memory data was not included.

To test the hypothesis that ketamine-induced atten-
tional deficits were not responsible for free recall and
recognition memory impairments, analyses of covari-
ance were conducted with attention as a covariate at the
time of peak drug effect (+55 mins).

To test the hypothesis that ketamine-induced mem-
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ory impairments were not related to ketamine’s psy-
chotomimetic effects, Pearson correlational coefficients
were conducted between the changes in recall and rec-
ognition scores and the changes in BPRS scores (total
score and individual factors) at the time of peak drug
effect (+55 minutes). For each item ketamine effects
were calculated by subtraction of placebo day score
from the active day score at +55 minutes. All correla-
tions were two-tailed. Analyses of covariance could not
be conducted with BPRS scores because of the lack of
variance in the placebo condition.

RESULTS

Ketamine produced significant decreases in free recall
(Figure 1). The effects of drug [F(1,14) = 9.63, p = .008],
time [F(4,56) = 5.16, p = .005], and the interaction of
drug and time [F(4,52) = 4.35, p = .004] were significant.
Post hoc analysis demonstrated significant decreases in
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Figure 1. The effects of ketamine (open dianionds) compared
with placebo (open squares) on attention, free recall, and rec-
ognition memory in 15 healthy controls. Measurements were
taken at baseline 30 minutes prior to infusion (—30), at two
time points during the infusion (+10 and +55), and at 30 and
60 minutes postinfusion (+90 and +120). Significant dif-
ferences between ketamine and placebo are indicated by
*(p < .05).
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free recall at +55 minutes [F (1,13) = 18.79, p = .001],
and +90 minutes [F(1,13) = 6.25, p = .026]. Ketamine
also produced significant impairments in recognition
memory (Figure 1). The effects of drug [F(1,13) = 17.48,
p = .001) and time [F(4,52) = 6.05, p = .001] and the in-
teraction of drug and time [F(4,52) = 7.95, p < .001] were
highly significant. Post hoc analysis showed decreases
in recognition memory performance at +10 minutes
[F(1,13) = 8.92, p = .01] and +55 minutes [F(1,13) = 18.78,
p = .001]. Ketamine produced significant, although less
robust, decrements in attention (Figure 1). The effects of
drug [F(1,14) = 9.63, p = .008], time [F(4,56) = 5.37, p =
.003], and the interaction of drug and time [F(4,56) =
2.71), p = .05] were significant. Post hoc analysis re-
vealed significant deceases in attention scores at +55
minutes [F(1,14) = 8.79, p = .01]. Examination of indi-
vidual subjects” cognitive testing revealed that 9 of 15
subjects demonstrated decreases in attention from base-
line at +55 minutes of the ketamine infusion. Thirteen
of the 15 subjects demonstrated deceases in free recall,
and 9 of 14 subjects demonstrated decreases in recogni-
tion memory.

Ketamine also produced significant effects on BPRS
scores (Table 1). In the repeated-measures ANOVA of
BPRS total score, the effects of drug [F(1,82) = 24.20, p <
.001], time [F(2,82) = 9.00, p < .001], and the interaction
of drug condition and time [F(2,81) = 10.37, p < .001]
were highly significant. Upon analysis of BPRS factors,
ketamine produced significant effects on the thought dis-
order and withdrawal retardation factors. For thought
disorder, effects of drug [F(1,82) = 39.65, p < .001], time
[F(2,82) = 25.30, p < .001], and the interaction of drug
and time [F (2,81) = 24.99, p < .001] were significant.
For withdrawal-retardation effects of drug [F(1,82) =
21.58, p < .001], time [F(2,82) = 11.21, p < .001], and the
interaction of drug and time [F(2,81) = 8.12, p < .001)
were significant. For anxiety-depression the effect of drug
was significant [F(1,82) = 7.51, p = .007], but no signifi-
cant effects were seen by time or on the interaction of
drug and time. For hostility-suspiciousness the ANOVA
revealed no significant effects. Examination of individ-
ual subjects’ behavioral data revealed that 13 of 15 sub-
jects demonstrated increases from baseline in the thought
disorder subscale score. Fourteen of 15 subjects demon-
strated increases in withdrawal-retardation. Six of 15 sub-
jects demonstrated increases in anxiety-depression, and
1 of 15 had increases in hostility-suspiciousness.

To characterize further the behavioral response to ke-
tamine, individual items within the thought disorder and
withdrawal-retardation factors were examined. Within
the thought disorder factor, ratings on item #4 [concep-
tual disorganization and disorganized speech (Xket =
29 = 1.1, Xppo = 1.0 £ 0.0, ¢ = 642, p < .001)] and on
item #15 [unusual thought content (Xyer = 2.2 = 1.1,
Xpbo = 1.0 + 0.0, t = 4.29, p < .001)] were significantly
higher on ketamine at peak drug effect (+55 minutes).
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Table 1. Psychotomimetic Effects of Ketamine in Normal Controls (7 = 15)

—30Min. +55Min.  +90Min. F(DF = 2,81)% r°
BPRS total?
Ketamine 19304 275x16° 215+14 10.4 <.001
Placebo 191+07 187*x04 18703
Thought disorder
Ketamine 3000 63x06° 35%02 249 <.001
Placebo 3.0x00 30=x=0.0 3.0=x00
Withdraw /retardation
Ketamine 33+01 6.6 x06° 46=*05 8.1 .001
Placebo 3302 35x02 35%0.2
Hostility /suspiciousness
Ketamine 33x02 35%x05 3303 0.1 .90
Placebo 3.1x01 31x01 31x01
Anxiety/depression
Ketamine 3502 39=*03 3101 23 .10
Placebo 3302 31=x01 3.0=x0.0
?Drug X time.
bBPRS score (mean + SEM).
¢p < .001 for difference between ketamine versus placebo.
There was no significant difference between ratings on
item #12 [hallucinations (Xt = 1.2 = 0.5, Xpbo =1.0 = A BPRS ve. & Recall A Thought Disorder vs. A Recall
0.0, t = 1.38, p = 0.190)]. Within the withdrawal-retarda- “ (N=15) \ (N=15)
tion factor, ratings on item #3 [emotional withdrawal 128, p=31 R =31, p=26
(Xket =2.1 209, Xppo = 1.2 =04, t = 3.67, p = .003)], ] ¢ g o .
item #13 [motor retardation (Xket = 2.3 £ 0.9, Xppo =12+ 2 o o .
04, t = 591, p < .001)], and item #16 [blunted affect &=»{, % o 2l e e e
(Xiet =22 £ 09, Xpbo = 1.1 £ 03, t = 4.94,p < .001)] ° | % . 2 .
were significantly higher on ketamine than placebo at o . < *
55 minutes. . ¢ ¢ *
Ketamine-induced effects on free recall and recogni- [ I S R S e 1 : 5z
tion remained significant after the effects of attention 4 Recall a Recall
were covaried for as the drug-by-time interaction was
significant for both free recall [F(1,12) = 6.55, p = 0.25]
and recognition memory [F(1,13) = 7.05, p = .025]. 4 BPRS v ey & Thought Diseifler e & Recognition
Ketamine’s effects on free recall were not signifi- » 28, pa4 ¢ a1, p=t4
cantly related with ketamine’s effects on BPRS total . . N ¢
score (r = —.28, p = .31), thought disorder (r = —.31,p = . $e £ ¢ ¢
-26), or withdrawal-retardation (r = —.11, p = .71). Ke- ¢ f e . _‘%’ A * . *
tamine’s effects on recognition memory were not signif- % | . 2 .
icantly related to BPRS total score (r = —.28, p = .34), f N . .
thought disorder (r = — .41, p = .14), or withdrawal-re- " . M - .
tardation (r = .02, p = .96; Figure 2) either. Ketamine’s —_— o

effects on free recall significantly correlated with keta-
mine’s effects on recognition memory (r = .64, p = .01).
Ketamine’s effects on thought disorder did not signifi-
cantly correlate with ketamine’s effects on withdrawal-
retardation (r = .06, p = .83).

DISCUSSION

This study demonstrated that ketamine disrupted nor-
mal subject’s performance of an attention task, impaired

A Recognition A Recognition

Figure 2. Correlational analyses of changes in cognitive
function and behavior ratings between ketamine and pla-
cebo at peak effect of ketamine (+55 minutes) and 15 healthy
controls (N = 14 for recognition memory). There were no sig-
nificant correlations between ketamine-induced changes in
free recall and changes in Brief Psychiatric Rating Scale (BPRS)
total score or BPRS Thought Disorder subscale scores. Simi-
larly, correlations between ketamine-induced changes in rec-
ognition memory and changes in BPRS total score or BPRS
Thought Disorder subscale scores were not significant.
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their free recall of recently presented items, and decreased
their ability to recognize correctly the origin of these items.
Concomitantly, ketamine produced significant levels of
thought disorder and withdrawal-retardation in our
healthy volunteers. Ketamine’s effects on free recall and
recognition memory were not secondary to ketamine-
induced effects on attention. Moreover, ketamine’s effects
on memory were not significantly related to ketamine-
induced changes in psychosis ratings. These data suggest
that ketamine has direct effects on free recall and recog-
nition memory.

Previous clinical studies have reported ketamine-in-
duced impairments in cognitive performance. In six
subjects, Oye et al. (1992) found a dose-dependent re-
duction in recall of a set of eight pictures presented after
a bolus administration of ketamine. Another study
(Harris et al. 1975) demonstrated impairments in recall
of word pairs after a 0.4-mg/kg bolus of ketamine fol-
lowed by 0.2-mg/kg doses every 15 minutes. Ghoneim
et al. (1985) reported diminished recall of a 24-item list
after 0.25-mg/kg and 0.50-mg/kg injections of ketamine.
Krystal et al. (1994) administered a constant infusion of
0.5 mg/kg of ketamine over 40 minutes to 17 normal
volunteers and found that ketamine impaired delayed
recall of three items. Although the contribution of the
attentional or psychotomimetic effects of ketamine on
memory was not specifically addressed, two studies (Har-
ris et al. 1975; Krystal et al. 1994) have also reported im-
pairments in attention with changes in behavior and
perception. Our study suggests that these attentional and
behavioral disturbances were not related to the specific
memory impairments induced by ketamine.

Ketamine-induced memory deficits could be second-
ary to a disruption of acquisition of new material or an
inability to retrieve material that has been successfully
acquired and stored. If ketamine selectively impaired
retrieval, decrements in free recall would occur because
free recall of successfully acquired material is primarily
a measure of retrieval ability. Recognition memory,
however, would be relatively preserved as the recogni-
tion paradigm involves a second presentation of each
item to the subject and therefore does not require the
subject to self-generate a retrieval strategy for searching
memory. If ketamine produced acquisition deficits, rec-
ognition memory would be as equally disrupted as free
recall because the presence of retrieval cues would not
assist in recognition of items not successfully acquired
and unavailable for retrieval. Our data suggest that ke-
tamine preferentially impairs acquisition as ketamine
produced profound decrements in both free recall and
recognition performance. Support for this interpreta-
tion is provided by a small clinical study that found that
ketamine produced acquisition deficits with a sparing
of retrieval ability (Oye et al. 1992) and a preclinical
study demonstrating NMDA antagonist-induced defi-
cits in acquisition but not performance (i.e., retrieval) of
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spatial learning tasks (Ohno et al. 1994). These acquisi-
tional impairments may be secondary to ketamine’s
ability to inhibit LTP induction in the hippocampus
(Zhang and Levy 1992), and further study of LTP and
human memory will be valuable in identifying pre-
cisely the molecular mechanisms underlying human
memory.

These human data are consistent with basic studies
implicating NMDA receptor function in cognition (Sha-
piro and Caramanos 1990; Flood et al. 1992; Murata and
Kawasaki 1993; Lee et al. 1993). There remains the pos-
sibility that ketamine produces cognitive impairments
via interactions with nonNMDA receptor sites. Ke-
tamine’s affinity for the intrachannel site within the
NMDA receptor (Hampton et al. 1982), however, is sev-
eral-fold higher than its affinities for monoamine trans-
porter sites (Smith et al. 1981), the sigma receptor (Oye
et al. 1991), the mu opiate receptor (Smith et al. 1980),
and acetylcholinesterase (Cohen et al. 1974). Byrd et al.
(1987) administered naloxone, atropine, or chlorpro-
mazine in combination with ketamine or PCP and
found that these selective agents for opiate, cholinergic,
and monoamine receptors, respectively, did not antago-
nize ketamine and PCP-induced behavioral effects, sug-
gesting that ketamine’s behavioral effects are mediated
by its interaction with the PCP site. In vitro studies have
found that ketamine only reduces non-NMDA voltage-
gated potassium currents at concentrations much higher
than reported in patients anesthetized with ketamine
(Rothman 1988). This suggests that low doses of NMDA
antagonists will enhance selectivity for the PCP site
(Javitt and Zukin 1991).

This study also provides support for the idea that ad-
ministration of NMDA antagonists produces a clinical
syndrome similar, though not identical, to schizophre-
nia (Javitt and Zukin 1991). As shown in this and other
studies (Luby et al. 1959; Krystal et al. 1994), NMDA an-
tagonists produce many of the “positive” (i.e., thought
disorganization, bizarre thought content, perceptual dis-
tortions) and “negative” (i.e., restricted affect, withdrawal-
retardation) symptoms of schizophrenia (though keta-
mine did not commonly induce hallucinations or paranoid
delusions in our healthy volunteers). In addition, our
data suggest that NMDA receptor antagonism also re-
produces aspects of the memory dysfunction observed in
schizophrenia. Both treated and untreated schizophrenic
patients have been found to suffer specific deficits in
free recall and recognition memory not accounted for by
alterations in attention or arousal level (Saykin et al.
1991; Tamlyn et al. 1992). This cognitive profile is similar
to the cognitive profile observed in our normal subjects
treated with ketamine. The use of ketamine as a phar-
macological probe of NMDA function may therefore
yield new insights into the specific cognitive dysfunc-
tion of schizophrenia.

In summary, our study suggests that ketamine, an
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NMDA antagonist, directly interferes with specific as-
pects of human cognition and that these effects are not
significantly related to psychotic or attentional changes.
Ketamine, in contrast to agents like the benzodiazepines
that produce profound decrements in both attention and
memory (Weingartner et al. 1992), may therefore repre-
sent a unique pharmacological probe of cognition and
NMDA receptor function. Further work with ketamine,
then, should prove valuable in the understanding of hu-
man cognition and the neuropsychiatric disorders that
involve cognitive deficits.
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