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Background: In healthy individuals, ketamine hydro-
chloride and amphetamine sulfate produce cognitive, be-
havioral, and subjective effects resembling endogenous
psychoses. Studying the comparative and interactive ef-
fects of these agents may provide insights into the roles
of the glutamate and monoamine systems in psychosis
and cognition.

Objectives: To directly compare the effects of ket-
amine and amphetamine and to explore their interac-
tive effects within individuals.

Design: Placebo-controlled, randomized, double-blind
psychopharmacologic trial.

Setting and Participants: Forty-one healthy indi-
viduals recruited from the community who completed
up to 4 test days.

Main Outcome Measures: On each test day, partici-
pants received amphetamine (a 1-minute infusion of am-
phetamine sulfate, 0.25 mg/kg, or saline) and ketamine
(a 1-minute intravenous infusion of ketamine, 0.23 mg/
kg, followed by a 1-hour infusion of 0.5 mg/kg or an iden-
tical saline bolus and infusion). The order of amphet-
amine and ketamine infusions was randomized.

Results: At the doses studied, ketamine and amphet-
amine produced positive symptoms and euphoria. How-
ever, perceptual changes were produced only by ket-
amine, and hostility, grandiosity, and somatic concern were
stimulated only by amphetamine. Amphetamine and ket-
amine produced conceptual disorganization, but only ket-
amine produced concrete ideation and unusual manner-
isms. Ketamine produced negative symptoms and disrupted
delayed recall. Ketamine and amphetamine showed 3 types
of interactive effects: (1) amphetamine attenuated the im-
pairment of working memory produced by ketamine; (2)
amphetamine and ketamine had additive effects on thought
disorder, arousal, and euphoria; and (3) amphetamine and
ketamine had less-than-additive effects on psychosis.

Conclusions: These findings implicate N-methyl-D-
aspartate glutamate receptors and dopamine systems in psy-
chosis. However, glutamate and dopamine may differen-
tially contribute to psychosis, thought disorder, and
euphoria. Regarding medication development for cogni-
tive dysfunction, the pattern of the interactive effects of ket-
amine and amphetamine is consistent with the hypoth-
esis that facilitation of prefrontal cortical dopamine levels
would attenuate some cognitive impairments associated
with deficits in N-methyl-D-aspartate receptor function.
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YSFUNCTION IN THE GLU-
tamatergic and dopamin-
ergic systems contributes
to the pathogenesis and

absence of direct comparisons of these
states.'"* Amphetamine sulfate produces a
transient psychotic state in healthy indi-
viduals dominated by positive symptoms

Author Affiliations are listed at
the end of this article.

treatment of psychotic and
addictive disorders."!! However, in vivo hu-
man data that describe the interplay of
agents acting on the glutamate and dopa-
mine systems are limited.'*" Also, dif-
ferences between the psychotic states
produced by psychostimulants and N-
methyl-D-aspartate (NMDA) receptor
antagonists have been discussed in the

and thought disorder.”* In contrast, phen-
cyclidine hydrochloride and ketamine
hydrochloride evoke positive, disorga-
nized, negative, and cognitive symptoms
that resemble schizophrenia.”**® Findings
from a retrospective study?’ that com-
pared the clinical presentations of cocaine
abusers, phencyclidine abusers, and pa-
tients diagnosed as having schizophrenia
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Table. Ordering of Procedures Associated With
the “Amphetamine First” and “Ketamine First” Test Days

Procedure
Time,
min Amphetamine First Ketamine First
-60 Intravenous and ECG leads Intravenous and ECG leads
placed for continuous placed for continuous
monitoring, monitoring,
PANSS, VAS PANSS, VAS
-30 VS VS
-10 Amphetamine sulfate, VS*

0.25 mg/kg, infused
over 1 min, VS*

0 Ketamine hydrochloride
bolus plus infusion

Ketamine bolus plus infusion

10 PANSS, VAS, Amphetamine infusion,

HVLT (fixed order) PANSS, VAS,
HVLT (fixed order)

30 CPT (distractibility) CPT (distractibility)

60 Ketamine infusion Ketamine infusion terminated
terminated, PANSS, VAS
PANSS, VAS

120 PANSS, VAS, PANSS, VAS,

ECG (12-lead) ECG (12-lead)

Abbreviations: CPT, continuous performance test; ECG, electrocardiography;
HVLT, Hopkins Verbal Learning Test; PANSS, Positive and Negative Syndrome
Scale; VAS, visual analog scale; VS, vital signs.

*Blood pressure and pulse were assessed every 2 minutes between -10 and
20 minutes, every 5 minutes between 20 and 40 minutes, every 10 minutes
between 40 and 60 minutes, and every 30 minutes between 60 and 120
minutes.

support the hypothesis that amphetamine abuse is asso-
ciated with paranoia and phencyclidine abuse is associ-
ated with bizarre delusions and altered sensory experi-
ences.

This study directly compares the effects of ketamine
and amphetamine within healthy individuals. In addi-
tion, it evaluates the interactive effects of these drugs. This
study used a relatively high dose of amphetamine, in the
range that worsened psychosis in patients diagnosed as
having schizophrenia.”®* As a result, a relatively low sub-
anesthetic dose of ketamine was used to minimize the
cardiovascular risk to the research participants. In addi-
tion, this study randomized the order of ketamine and
amphetamine infusion to explore the possibility that am-
phetamine-stimulated glutamate release®*>! or ket-
amine effects on dopaminergic activity>* might affect study
outcome measures in a manner that might depend on the
order in which these drugs were administered.

DR METHODS

RESEARCH PARTICIPANTS

This study was approved by the human subjects subcommit-
tee of the VA Connecticut Healthcare System and by the Yale
Human Investigations Committee (New Haven). Participants
were recruited via public advertisements, and they were paid
for their participation. Individuals were healthy by physical ex-
amination, history, electrocardiography, and laboratory test-
ing. They had no personal history of or first-degree relative with
a history of psychiatric illness or substance abuse disorder, no
history of psychotherapy, no history of extended (>6 months)

unemployment, and no major family or occupational disrup-
tion in the month before screening. Screening procedures in-
cluded the Structured Clinical Interview for DSM-1V, Non-patient
Edition® and tests of latent psychosis.>**® An outside informant
was interviewed to confirm information provided by the indi-
vidual. Participants were instructed to abstain from psychoac-
tive substances for 4 weeks before the study. Urine toxicology tests
were performed at screening and on each test day.

Written informed consent was obtained from 67 ind-
ividuals before enrollment. Twenty-six individuals who signed
consent forms were excluded or withdrew before testing. Forty-
one individuals completed at least 1 test day (5 individuals were
recruited to complete a single test day in a pilot phase of the
study). Of the 41 individuals, 37 (90%) were nonsmokers and
3 (7%) smoked 1 to 2 cigarettes per week; smoking data were
notavailable for 1 participant (2%). Also, 20 participants (49%)
had never ingested an illicit drug of abuse. Eighteen partici-
pants (44%) had ingested marijuana in the past, 1 (2%) had
ingested marijuana and cocaine, and 1 (2%) had tried mari-
juana and D-lysergic acid diethylamide; data were not avail-
able for 1 participant (2%). There were no significant effects
of previous drug exposure on reported outcome measures.

Nine of the 36 participants scheduled for 4 test days did not
complete testing. Twenty-seven participants (16 men [mean (SD)
age, 33 (8.9) years | and 11 women [mean (SD) age, 28 (5.2) years];
18 whites, 4 African Americans, 2 Asians, and 3 other races) com-
pleted 4 test days separated by a minimum of 3 days in approxi-
mately 4 weeks. The reasons for discontinuation were unpleas-
ant perceptual effects of ketamine (n=1); nausea and insomnia
after taking the ketamine-amphetamine combination (n=1); hy-
pertension or premature atrial or ventricular contractions after
the administration of ketamine and amphetamine (n=2); anxi-
ety, diaphoresis, or dizziness during amphetamine infusion (n=3);
and scheduling difficulties (n=2). Follow-up revealed that all ad-
verse effects from testing resolved spontaneously without late-
appearing clinical complications, as in other ketamine studies.’”
Each study discontinuation was reported to the Veterans Affairs
human subjects subcommittee.

TEST DAYS

This study is a placebo-controlled, randomized, double-blind,
psychopharmacologic trial. On each test day, each participant
received amphetamine (a 1-minute infusion of amphetamine
sulfate, 0.25 mg/kg, followed by a slow saline infusion or a sa-
line bolus and infusion) and ketamine (a 1-minute intrave-
nous infusion that contained ketamine, 0.23 mg/kg, followed
by a 1-hour infusion of 0.5 mg/kg or an identical saline bolus
and infusion). The order of amphetamine and ketamine infu-
sion was randomized across participants. The group random-
ized to receive amphetamine first (14 study completers) un-
derwent the following test days: amphetamine followed by
ketamine, placebo amphetamine (saline) followed by ket-
amine, amphetamine followed by placebo ketamine, and pla-
cebo amphetamine followed by placebo ketamine. The group
randomized to receive ketamine first (13 study completers) was
exposed to the following test days: ketamine followed by am-
phetamine, placebo ketamine (saline) followed by amphet-
amine, ketamine followed by placebo amphetamine, and pla-
cebo ketamine followed by placebo amphetamine. Except as
noted in the “Results” section, the order of ketamine and am-
phetamine infusion did not affect the results.

Behavioral ratings were obtained at baseline and periodi-
cally after the administration of amphetamine and ketamine for
both test day orders as outlined in the Table. Schizophrenia
symptoms were assessed using the Positive and Negative Syn-
drome Scale (PANSS).*® This study analyzed PANSS data ac-
cording to an empirically derived PANSS factor structure® rather
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than the subscales proposed on an a priori basis by the devel-
opers of this scale. Drowsiness and euphoria were assessed us-
ing 100-mm visual analog scales (VASs).”

Cognitive functions were also evaluated in this study. A con-
tinuous performance test was administered within 5 minutes of
completion of the intravenous infusions to assess distractibil-
ity.* Immediate and delayed recall were assessed using the Hop-
kins Verbal Learning Test (HVLT), a memory test with 6 equiva-
lent versions.” Amphetamine and ketamine levels were measured
30 and 60 minutes after the start of the ketamine infusion.

ANALYSIS OF AMPHETAMINE
AND KETAMINE PLASMA LEVELS

Amphetamine and methamphetamine were quantitated as their
N-heptafluorobutyryl derivatives via gas chromatography-mass
spectrometry using a capillary column with the mass spectrom-
eter, with simultaneous ion monitoring in the negative chemi-
cal ionization mode and reactant gas methane/ammonia
(95:5). The method was essentially the same as that described
previously,” with the following modifications. A 30-m DB-17
capillary column was substituted to improve separation and peak
symmetry. Trideuterated amphetamine was used as the inter-
nal standard. Standard curves for both compounds were uni-
formly linear (r=0.999+) across the range tested (0.1-500 ng/
mL), with negligible intercepts. Sensitivity was less than 0.1
ng/mL for each when 1 mL of plasma was extracted. Interassay
relative standard deviation was 5.2% at 5 ng/mL.

Plasma ketamine and norketamine were assayed using a
validated liquid chromatography procedure with UV detec-
tion. After the addition of 500 ng of internal standard (2-
phenylmorpholinol, BW306U), ketamine and the metabolite
norketamine were extracted from 1 mL of plasma and were made
alkaline using 0.5M sodium hydroxide, with 5.0 mL of 1.5%
isoamyl alcohol in n-heptane. The organic extract was back-
extracted using 0.25 mL of 0.01M hydrochloride and was trans-
ferred to inserts for injection on liquid chromatography. Chro-
matography was carried out using a trimethylsilyl bonded silica
column (LC-1; Supelco, Sigma-Aldrich Co, Bellefonte, Pa) with
a mobile phase consisting of 85% phosphate buffer and 15%
acetonitrile, adjusted to pH 2.4 using phosphoric acid, trieth-
ylamine, and heptane sulfonate. At a flow rate of 2.0 mL/min,
ketamine, norketamine, and the internal standard were sepa-
rated and detected at a UV wavelength of 210 nm in less than
12 minutes. The within-day coefficient of variation of ket-
amine and norketamine did not exceed 10.6% (range, 25-
2000 ng/mL; 12 samples studied at each of 7 ketamine/
norketamine concentrations). Day-to-day variation of ketamine
and norketamine quality controls at 1250, 250, and 50 ng/mL
did not exceed 5.6% and 5.8%, respectively (n=20 days). The
minimum quantifiable limits were set at 10 ng/mL for ket-
amine and norketamine.

DATA ANALYSIS

Data were checked for normality before analysis. The PANSS
total score, the 5 PANSS subscale scores (positive, negative, cog-
nitive, emotional, and hostility), the delayed recall score on the
HLVT, and the VAS data (euphoria and drowsiness) exhibited
floor effects and positive skewness. These outcome measures
were analyzed using a nonparametric approach for repeated-
measures data.” For the PANSS and the VAS, the overall analy-
sis model included the between-participant factor of order of
ketamine and amphetamine administration (ketamine first vs
amphetamine first) and the within-participant factors of (1) ket-
amine (active and placebo), (2) amphetamine (active and pla-
cebo), and (3) time (baseline and 1 minute, 60 minutes, and

120 minutes after infusion). Participant was used as the clus-
tering factor. The analysis was performed by rank-
transforming the data, then fitting a mixed-effects model with
an unstructured variance-covariance matrix using PROC MIXED
in SAS (SAS Institute Inc, Cary, NC), and finally adjusting the
P values for the analysis of variance—type statistics (ATS) as out-
lined by Brunner et al.¥ For all outcome measures, the order
main effect and all its interactions with other factors in the model
were not significant and hence were dropped from the mod-
els. If the 3-way interaction among ketamine, amphetamine,
and time was significant, contrasts for testing interactions be-
tween ketamine and amphetamine were performed at each point.
For the points where significant interactions were observed, the
simple effects of ketamine and amphetamine were tested to de-
termine the nature of the interaction. Bonferroni corrections
were applied for multiple analyses within but not across do-
mains. Throughout this article, we report Bonferroni-adjusted
P values. A" measures were defined for the distractibility task.
Owing to the skewness of the data, they were also analyzed us-
ing the nonparametric approach described previously herein,
with order as the between-participant factor and ketamine and
amphetamine as within-participant factors. On the HVLT, de-
layed recall scores were analyzed using a nonparametric ap-
proach, with and without the last immediate recall measure as
a covariate. Immediate recall scores on the HVLT and vital signs
data were approximately normally distributed and hence were
analyzed using linear mixed models, with ketamine and am-
phetamine as within-participant factors and a nested variance
structure.** Simple effects were tested to illustrate significant
interactions.

— T

PANSS TOTAL SCORE

The magnitude of the combined effects of ketamine and
amphetamine was significantly less than that of the ef-
fects of each drug administered separately. The 3-way in-
teraction among ketamine, amphetamine, and time was
significant (ATS,4=9.54; P<.001). Post hoc testing found
that the interaction between amphetamine and ket-
amine was significant at 1 minute (ATS;=22.77) and at
60 minutes (ATS,=15.18) (P<<.001 for both).

Post hoc testing revealed that ketamine significantly
increased PANSS total scores regardless of whether it
was administered with placebo (1 minute: ATS;=67.59
and 60 minutes: ATS,=80.23; P<.001 for both) or am-
phetamine (1 minute: ATS;=8.31; P=.03 and 60 min-
utes: ATS;=12.69; P<<.001). However, amphetamine in-
creased PANSS total scores significantly relative to
placebo when administered with placebo (1 minute:
ATS,=35.7 and 60 minutes: ATS,;=30.04; P<<.001 for
both), but amphetamine did not increase PANSS total
score when administered with ketamine relative to the
effects of ketamine at the 1-minute (P>.99) and 60-
minute (P=.40) time points.

PANSS PSYCHOSIS/POSITIVE
SYMPTOM FACTOR

The results for the psychosis factor were similar to those
for the total PANSS in that amphetamine and ketamine
produced psychotic symptoms, but the combination of
both drugs produced interactive effects that were signifi-
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Figure 1. Interactive effects of amphetamine sulfate and ketamine hydrochloride on the mean scores of the 5 empirically derived factors of the Positive and
Negative Syndrome Scale (described in the “Methods” section): the positive symptom factor (A), the negative symptom factor (B), the cognitive symptom factor
(C), the emotional discomfort factor (D), and the hostility factor (E). The time of 0 minutes in each graph reflects the timing of the initiation of the ketamine bolus.
KA indicates ketamine-amphetamine; KP, ketamine-placebo; PA, placebo-amphetamine; and PP, placebo-placebo. Error bars represent SEM.

cantly less than additive. There was a significant ket-
amine X amphetamine X time interaction (ATS,3,=6.96;
Bonferroni-corrected P=.002). At 1 minute and at 60 min-
utes, the interaction between ketamine and amphet-
amine was significant (ATS,=9.94; P=.03 and ATS,=15.21;
P<.002, respectively) (Figure 1A). Ketamine signifi-
cantly increased positive symptoms over the placebo-
placebo combination (1 minute: ATS,=27.44 and 60 min-
utes: ATS,=40.72; P<.002 for both), but the combination
of ketamine and amphetamine was not significantly dif-
ferent from amphetamine (corrected P>.99). Similarly,
at both points amphetamine significantly increased posi-
tive symptoms (1 minute: ATS,=25.64 and 60 minutes:
ATS,=29.13; P<.002 for both), but the combination of
amphetamine and ketamine was not significantly differ-
ent from ketamine alone (corrected P>.99).
Amphetamine and ketamine produced different pro-
files of psychotic symptoms (Figure 2). Individual items
were explored separately, using corrections for multiple
comparisons. Amphetamine, but not ketamine, signifi-

cantly increased grandiosity (amphetamine X time inter-
action: ATS,,5=7.58; P=.002). In contrast, ketamine, but
not amphetamine, produced delusions (ketamine X time
interaction: ATS, 1,=5.25; P=.047). Somatic concern was
produced by ketamine and amphetamine in a less-than-
additive manner (ketamine X amphetamine X time in-
teraction: ATS,;,=4.82; P=.03). In contrast, hallucina-
tory behavior was produced by ketamine and amphetamine
in an additive manner (ketamine X time interaction:
ATS; 4,=32.61; P<.001 and amphetamine X time inter-
action: ATS, ¢4=5.35; P=.03).

PANSS NEGATIVE SYMPTOM FACTOR

Ketamine substantially increased negative symptom fac-
tor scores, whereas amphetamine did not produce sig-
nificant main or interactive effects (Figure 1B). The ket-
amine X time interaction was significant (ATS, =51.19;
P<.001). The post hoc test results for blunted affect, emo-
tional withdrawal, and motor retardation mirrored the
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Figure 2. Interactive effects of amphetamine sulfate and ketamine hydrochloride on mean scores of 6 positive symptom items from the Positive and Negative
Syndrome Scale (as described in the “Methods” section): delusions (A), grandiosity (B), hallucinatory behavior (C), somatic concern (D), suspiciousness (E), and
unusual thought content (F). The time of 0 minutes in each graph reflects the timing of the initiation of the ketamine bolus. KA indicates ketamine-amphetamine;
KP, ketamine-placebo; PA, placebo-amphetamine; and PP, placebo-placebo. Error bars represent SEM.

overall negative symptom factor analysis findings, with
significant time-related ketamine (P<<.001) but not am-
phetamine effects. Ketamine (ATS, 43=29.81; P<<.001) and
amphetamine (ATS,;4=5.33; P=.003) increased lack of
spontaneity.

PANSS COGNITIVE SYMPTOM FACTOR

Ketamine and amphetamine seemed to have additive ef-
fects on this factor in that each drug had significant ef-
fects, but there was no significant interaction between these
drugs (Figure 1C). There was a significant ketamine X time
interaction (ATS,,5=34.76; P<<.001) and a significant am-
phetamine X time interaction (ATS; 5,=8.72; P=.003) but
not a significant ketamine X amphetamine X time inter-
action. Ketamine at 1 minute (ATS,=36.87; P<<.002) and
at 60 minutes (ATS,=74.92; P<<.002) and amphetamine
at 60 minutes (ATS,;=10.79; P=.02) increased cognitive
symptom factor scores, although there was no significant
interaction between the effects of these drugs.

Post hoc analyses revealed that ketamine had effects on
several dimensions of thought disorder, whereas amphet-
amine produced only conceptual disorganization. Signifi-
cant ketamine X time interaction effects were found for
conceptual disorganization (ATS, ;3=38.00; P<<.001), dif-
ficulties in abstract thinking (ATS, ;,=14.50; P<<.001), man-
nerisms (ATS, g,=20.74; P<.001), and poor attention
(ATS,5=0.37; P=.01). Significant amphetamine X time in-
teractions were observed for conceptual disorganization
(ATS; 64=9.93; P=.007). No significant drug-related effects
were observed for the stereotyped thinking, lack of judg-
ment, or tension items.

PANSS EMOTIONAL SYMPTOM FACTOR

Ketamine and amphetamine showed significantly less-
than-additive interactive effects (ketamine X amphet-
amine X time interaction: ATS, ¢;=9.09; P<.001)
(Figure 1D). Ketamine and amphetamine interacted sig-
nificantly at 1 minute (ATS;=21.47; P<<.002) but not at
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Figure 3. Interactive effects of amphetamine sulfate and ketamine hydrochloride on mean visual analog scale (VAS) euphoria (A) and drowsiness (B) scores.
KA indicates ketamine-amphetamine; KP, ketamine-placebo; PA, placebo-amphetamine; and PP, placebo-placebo. Error bars represent SEM.

60 minutes (ATS,=8.95; P=.06). Ketamine significantly
increased dysphoria relative to placebo at 1 minute and
at 60 minutes (ATS;=26.74 and ATS,=17.24, respec-
tively; P<<.004 for both), but ketamine in combination
with amphetamine was not different from amphet-
amine (P=.50). Similarly, amphetamine significantly
increased emotional symptoms at 1 minute and at 60
minutes (ATS;=13.09; P=.01 and ATS,=20.59; P=.004,
respectively), but the ketamine-amphetamine combina-
tion was not different from ketamine alone (P>.99). Anxi-
ety was the only symptom of this factor that was
increased by amphetamine (ATS,;:=4.42; P=.01).

PANSS HOSTILITY FACTOR

Amphetamine (amphetamine X time interaction:
ATS, g¢=23.64; P<.005), but not ketamine, elevated hos-
tility factor scores (Figure 1E). However, this finding re-
flected a significant amphetamine effect on the excitement
item (ATS,,=19.50; P<<.001) but no significant effects
on hostility, impulse control, or uncooperativeness.

VAS OF EUPHORIA AND DROWSINESS

There was a significant ketamine X amphetamine X time
interaction for euphoria (ATS, 4=7.12; P=.002)
(Figure 3A). Whereas amphetamine significantly in-
creased self-rated euphoria relative to placebo (1 minute:
ATS,=31.94 and 60 minutes: ATS,=21.33; P<<.003 for
both), the combination of ketamine and amphetamine
was not significantly greater than ketamine. In contrast,

ketamine increased euphoria relative to placebo (1 minute:
ATS,=40.98 and 60 minutes: ATS,=17.26; P<<.003 for
both) and amphetamine (1 minute: ATS,=13.39; P=.01
and 60 minutes: ATS,=48.17; P<<.003).

The stimulant effects of amphetamine seemed to re-
duce the sedative effects of ketamine in an additive man-
ner. The amphetamine X time (ATS,,4=7.92; P<.001) and
the ketamine X time (ATS,,;=6.91; P=.002) interactions
were significant, although there was no significant inter-
action between the effects of these drugs (Figure 3B).

COGNITIVE MEASURES
Distractibility

The analysis of A’ score revealed a significant ketamine
effect (ATS,=12.0; P<.001) but not a significant amphet-
amine effect or a significant interaction of ketamine and
amphetamine.

HVLT Immediate and Delayed Recall

Analysis of the immediate recall data indicated that am-
phetamine attenuated immediate recall relative to pla-
cebo administration but that the combination of ket-
amine and amphetamine improved performance relative
to ketamine (Figure 4). The effects of ketamine
(F181.0=57.6; P<<.001), the number of list repetitions
(F1224=196.0; P<.001), and the interaction of ketamine
and repetition effects (F,1,,=7.2; P=.002) were signifi-
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Figure 4. Interactive effects of ketamine hydrochloride and amphetamine
sulfate on mean performance on the Hopkins Verbal Learning Test.

KA indicates ketamine-amphetamine; KP, ketamine-placebo;

PA, placebo-amphetamine; and PP, placebo-placebo. Error bars represent
SEM.

cant. Whereas the main effect of amphetamine was not
significant, the interactive effects of amphetamine and
ketamine achieved significance (F, gy=5.71; P=.04).
Ketamine and amphetamine seemed to impair delayed
recall. There was a highly significant interaction of ket-
amine and amphetamine effects on delayed recall scores
(ATS,=15.73; P<.001) (Figure 4). Post hoc test results in-
dicated that the combination of ketamine and amphet-
amine impaired delayed recall relative to amphetamine
(t16=—4.09; P=.004) but not ketamine (t,,4=0.51; P=.62).
Ketamine (t,3,0=-6.89; P<<.001) and amphetamine
(t3.4=-3.15; P=.03) impaired delayed recall relative to saline.
Ketamine had effects on immediate and delayed re-
call. However, secondary analyses suggested that the am-
phetamine effect on delayed recall was accounted for by
its disruptive effect on immediate recall. Covarying for
the level of encoding into working memory, that is, the
third repetition of immediate recall (the recall score for
the third immediate recall trial), ketamine (ATS,=32.11;
P<<.001), but not amphetamine (ATS;=0.29; P=.59), re-
duced delayed recall scores. There were no significant
interactions between these medications on this out-
come measure (Figure 4). The results of this analysis sug-
gested that ketamine had an effect on delayed recall in-
dependent of its effect on immediate recall. However, the
apparent impact of amphetamine on delayed recall re-
flected an artifact of its disruption of immediate recall.

VITAL SIGNS
Systolic Blood Pressure

The 2 sequences were analyzed separately owing to the
differing points with respect to drug infusion between

these orders (Figure 5). When amphetamine was ad-
ministered first, only the amphetamine X time interac-
tion was significant (Fi;773=10.0; P<<.001). However, when
ketamine was administered first, the ketamine X time in-
teraction (F4g,7=2.4; P=.006), the amphetamine X time
interaction (F45,7=18.1; P<<.001), and the ketamine X
amphetamine X time interaction (Fisg,=2.1; P=.02) were
significant.

Diastolic Blood Pressure

Amphetamine was administered as a bolus, and
ketamine was administered as a bolus followed by a con-
stitution. Consistent with this pattern, amphetamine
produced blood pressure increases that were more pro-
nounced, but briefer, than ketamine. There was no sig-
nificant interaction of the pressor effects of these drugs.
The 2 sequences were analyzed separately owing to the
differing points with respect to drug infusion between
these orders. The ketamine X time and amphetamine X
time interactions were significant for both orders of drug
infusion (P<<.03).

Pulse Rate
There were no significant drug effects on pulse rate.
KETAMINE PLASMA LEVELS

There was no main effect of amphetamine infusion on
ketamine plasma levels (F;149=0.44; P=.5) or interac-
tion between amphetamine and infusion order effects
(F1140=0.31; P=.6) (Figure 6). However, there was a sig-
nificant interaction among amphetamine, order, and time
effects (F 3,,=5.24; P=.03). In addition to the time effect
(F13,5=41.91; P<<.001), post hoc test results indicated that
this 3-way interaction reflected a nonsignificant trend to-
ward lower plasma ketamine levels at 60 minutes in the
group that received amphetamine before ketamine
(Fy71=5.72; P=.08) relative to the group that received
ketamine before amphetamine.

AMPHETAMINE PLASMA LEVELS

Ketamine infusion did not significantly alter amphet-
amine plasma levels. There were significant effects of time
(F1412=9.38; P=.004), order of drug infusion (F; 550=9.22;
P=.005), and the interaction of order and time
(F141,=16.33; P<<.001). This analysis is consistent with
the bolus infusion of amphetamine and the different in-
tervals between bolus infusion and plasma sampling when
amphetamine was administered before or after ket-
amine (Figure 5).

BN COMMENT Ry

The present study sheds new light on the comparative and
interactive effects of ketamine and amphetamine and, by
implication, on the functions and interactions of NMDA
glutamate receptor and monoaminergic systems in the hu-
man brain. Ketamine and amphetamine produced tran-
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Figure 5. Interactive effects of ketamine and amphetamine on mean systolic blood pressure when ketamine hydrochloride was administered before amphetamine
sulfate (A) and when amphetamine was given before ketamine (B). KA indicates ketamine-amphetamine; KP, ketamine-placebo; PA, placebo-amphetamine; and
PP, placebo-placebo. Error bars represent SEM.
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Figure 6. Interactive effects of ketamine hydrochloride and amphetamine sulfate on the mean plasma levels of each drug. A, Ketamine plasma levels. Because
timing in this study was synchronized to the initiation of ketamine administration, both orders of drug infusion begin at 0 minutes. B, Amphetamine plasma
levels. In this case, plasma amphetamine level sampling in the 2 infusion orders do not overlap and can be seen separately in this figure. KA indicates
ketamine-amphetamine; and KP, ketamine-placebo. Error bars represent SEM.

sient psychotic symptoms in healthy individuals. How- DIFFERENTIAL EFFECTS OF KETAMINE

ever, the positive symptoms produced by each drug could AND AMPHETAMINE

be distinguished within individuals. Also, the combina-

tion of ketamine and amphetamine produced positive The symptom profiles produced by ketamine and am-
symptoms that were, overall, less severe than the sum of phetamine within participants were consistent with the
the effects of each drug administered individually. In con- symptom profiles in studies!'>20?22%2>204 in which each
trast, ketamine and amphetamine produced additive ef- drug was assessed individually. Ketamine produced per-
fects on euphoria and thought disorder. In addition, am- ceptual changes and delusions, negative symptoms, sev-
phetamine attenuated the disruption of working memory eral aspects of thought disorder, and impairments in the
produced by ketamine, as reflected by immediate recall executive control of attention, working memory, and de-
scores on the HVLT. Also, the order of ketamine and am- clarative memory. In contrast, amphetamine stimulated
phetamine infusion did not alter their interactive effects. positive symptoms related to thought content (somatic
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concerns, grandiosity, and suspiciousness), thought dis-
order, and psychomotor activation. However, it did not
produce perceptual changes, negative symptoms, or
prominent cognitive impairments.

Amphetamine and ketamine produced euphoria and
emotional distress, predominantly tension or anxiety.
However, the amphetamine euphoria was associated with
psychomotor activation and hostility, whereas that of ket-
amine was associated with sedation. This distinction may
be relevant to the behavioral effects of alcohol, where do-
pamine may contribute to the stimulant-related “high”
associated with the ascending blood alcohol levels, and
blockade of NMDA receptors may contribute to the seda-
tive effects associated with high levels of alcohol con-
sumption and descending blood alcohol levels.*# In sum-
mary, the present data suggest that despite some overlap,
ketamine and amphetamine produce distinct profiles of
cognitive and behavioral effects.

INTERACTIVE EFFECTS OF KETAMINE
AND AMPHETAMINE

Working Memory

Amphetamine reduced the disruption in working memory
produced by ketamine. Dopamine, via dopamine D; re-
ceptors, and glutamate, via NMDA receptors, contribute
to the sustained prefrontal cortical activity underlying work-
ing memory.*>* Working memory performance may be
enhanced by optimizing the level of D, receptor stimula-
tion and may be impaired by deficient or excessive stimu-
lation of this receptor.**>*% This “inverted U” curve re-
lating the level of monoaminergic activation to working
memory performance also seems to apply to amphet-
amine effects on working memory.”® In the present study,
amphetamine impaired delayed recall owing to a disrup-
tive effect on immediate recall, suggestive of a supraopti-
mal stimulation of cortical dopamine receptors. Amphet-
amine effects on working memory may also reflect
modulation of other monoamine systems.” Also, the pres-
ent data may support the hypothesis that D, receptor ago-
nists might treat working memory impairments in pa-
tients with disorders associated with deficits in NMDA
receptor function or cortical dopamine-related abnormali-
ties, as is the case for schizophrenia.**

Psychosis

Consistent with a previous study,’’ there was no evi-
dence that the combination of NMDA receptor block-
ade and dopamine release resulted in supra-additive or
even fully additive psychotic effects. Thus, this study
did not suggest that endogenous psychoses are better
modeled by the combination of ketamine and amphet-
amine than by either drug alone. Instead, the com-
bined effects of these drugs were substantially less
than their separate effects added together, that is, ket-
amine substantially increased positive symptom levels
when administered in combination with saline but not
with amphetamine. Amphetamine increased positive
symptom levels when administered with saline but not
with ketamine.

Itis notyet clear why ketamine and amphetamine had
less-than-additive interactive effects. It might be ex-
plained by a common psychotogenic mechanism, per-
haps convergent effects on dopamine release,* dopa-
mine D, receptors,® or signal transduction pathways,**
resulting in a ceiling effect when the drugs were admin-
istered together. However, a common mechanism might
lead one to predict that ketamine and amphetamine would
produce a common profile of psychotic symptoms, and
this did not seem to be the case in the present study. Also,
a ceiling effect on psychosis seems unlikely because pre-
vious studies®*’ that administered higher ketamine doses
produced higher levels of positive symptoms than were
found herein. Also, a common dopaminergic mecha-
nism might be inconsistent with the lack of effects of do-
pamine D: receptor antagonists on the ketamine psy-
chosis.?#%%8 Alternatively, it is possible that amphetamine
and ketamine antagonized some effects of the other
drug.® However, mutual antagonism was not evident
in the analyses of individual items. Further research is
needed to clarify this pattern of interaction.

Thought Disorder, Euphoria, Arousal,
and Negative Symptoms

For the PANSS cognitive factor score, the VAS drowsy
score, and, to some extent, the VAS euphoria score (where
the combination of ketamine and amphetamine pro-
duced greater effects than amphetamine but not ket-
amine), the combination of ketamine and amphetamine
produced effects that did not differ significantly from the
effects of each drug added together. For the PANSS cog-
nitive factor score, the additive effects may have re-
flected the broader profile of thought disorder pro-
duced by ketamine than by amphetamine. Outcome
measures where ketamine and amphetamine produce ad-
ditive effects may be related to the regulation of striatal
dopaminergic stimulation, where ketamine has been
shown to increase the impact of amphetamine on dopa-
mine release in humans, although ketamine may not
stimulate striatal dopamine release by itself.®"* If the
thought-disordering and euphoric effects of ketamine are
mediated by striatal dopamine systems, then it is likely
that non-D, dopamine receptors mediate these effects be-
cause, with the possible exception of concrete ideation,
they do not seem to be blocked by the dopamine D re-
ceptor antagonist haloperidol.®® Similarly, dizocilpine
(MK-801) self-administration into the nucleus accum-
bens in animals was not blocked by sulpiride microin-
jections into this brain region at doses that blocked the
self-administration of dopamine transporter antagonists.”

There were several outcome measures where one of
the medications did not produce an effect by itself and
did not modify the effect of the other agent. The present
study further dissociated the sedative effects of ket-
amine and its effects on negative symptoms. For ex-
ample, amphetamine reduced the sedative effects but not
the negative symptoms produced by ketamine. The ab-
sence of an amphetamine modulation of the negative
symptoms produced by ketamine is consistent with the
absence of haloperidol pretreatment effects on this out-
come measure.®® Alternatively, ketamine did not pro-
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duce hostility and did not modify the amphetamine effect
on hostility.

STUDY LIMITATIONS

Methodological limitations in the present study may have
affected the findings. First, the demanding nature of the
study design on research participants necessitated a re-
striction of this study to a single dose of ketamine and am-
phetamine. The findings of this study may not fully gen-
eralize to the interactions of other doses of ketamine and
amphetamine. Second, to mirror previous studies of am-
phetamine effects on dopamine release,*®?* amphet-
amine was administered as a bolus. Thus, amphetamine
plasma levels changed across time during the study. Al-
though statistical analysis steps were taken to try to ad-
dress its impact, some variance in amphetamine levels was
introduced in comparing the 2 drug infusion orders.

In conclusion, this study contributes to the effort to
better understand the interplay of the glutamate and do-
pamine systems. The diverse pattern of interactions ob-
served may have implications for psychiatric and addic-
tive disorders. The partial overlap of the psychotogenic
effects of ketamine and amphetamine, their additive ef-
fects on thought disorder, and their lack of interactive
effects on negative symptoms are consistent with the hy-
pothesis that the neurobiologic features of each symp-
tom cluster associated with schizophrenia are complex
and distinct and may require novel pharmacotherapeu-
tic approaches. This study also supports the evaluation
of Dy-agonists for treating working memory impair-
ments associated with schizophrenia.

Submitted for Publication: October 14, 2004; final re-
vision received March 8, 2005; accepted March 18, 2005.
Author Affiliations: Department of Psychiatry (Drs Krys-
tal, Perry, Belger, and D’Souza and Ms MacDougall) and
Division of Biostatistics, Department of Epidemiology and
Public Health (Dr Gueorguieva), Yale University School
of Medicine, New Haven, Conn; Schizophrenia Biologi-
cal Research Center (116-A), VA Connecticut Health-
care System, West Haven (Drs Krystal, Perry, Belger, and
D’Souza and Ms MacDougall); Abraham Ribicoff Re-
search Facilities, Connecticut Mental Health Center, New
Haven (Drs Krystal, Perry, Gueorguieva, and D’Souza and
Ms MacDougall); Institute of Living, Hartford, Conn (Dr
Madonick); New York State Psychiatric Institute, Co-
lumbia University Department of Psychiatry, New York
(Dr Abi-Dargham and Mr Cooper); and Abbott Labora-
tories, Abbott Park, Il (Dr Abi-Saab). Dr Belger is now
with the Department of Psychiatry, University of North
Carolina, Chapel Hill.

Correspondence: John H. Krystal, MD, Schizophrenia Bio-
logical Research Center (116-A), VA Connecticut Health-
care System, 950 Campbell Ave, West Haven, CT 06516
(john.krystal@yale.edu).

Funding/Support: This study was supported by an In-
dependent Investigator Award Grant from the National
Alliance for Research on Schizophrenia and Depres-
sion, Great Neck, NY; grant P50 MH068789-01 from the
National Institute of Mental Health, Bethesda, Md; grants
P50 AA-12870-03 and K05 AA014906-01 from the Na-

tional Institute on Alcohol Abuse and Alcoholism,
Bethesda; the Department of Veterans Affairs (Schizo-
phrenia Biological Research Center, Alcohol Research
Center), West Haven, Conn; and grant MO1-RR00125
from the General Clinical Research Center, New Haven,
Conn.

Acknowledgment: We thank Angelina Genovese, RN, and
the nursing staff of the Biological Studies Unit of the VA
Connecticut Healthcare System for their expert clinical
contributions to this project; Karyn Casselo for her ex-
pert clinical research contributions to this project; Lia
Donahue for her expert data management and graphical
assistance; and Shan Xie, PhD, and R. F. Suckow, PhD,
for their performance of the amphetamine and ket-
amine assays, respectively.

BN REFERENCES By

1. Carlsson A, Waters N, Holm-Waters S, Tedroff J, Nilsson M, Carlsson ML.
Interactions between monoamines, glutamate, and GABA in schizophrenia: new
evidence. Annu Rev Pharmacol Toxicol. 2001;41:237-260.

2. Coyle JT, Tsai G, Goff D. Converging evidence of NMDA receptor hypofunction
in the pathophysiology of schizophrenia. Ann N'Y Acad Sci. 2003;1003:318-
327.

3. Tamminga CA, Lahti AC, Medoff DR, Gao XM, Holcomb HH. Evaluating gluta-
matergic transmission in schizophrenia. Ann N'Y Acad Sci. 2003;1003:113-
118.

4. Moghaddam B. Bringing order to the glutamate chaos in schizophrenia. Neuron.
2003;40:881-884.

5. Laruelle M, Kegeles LS, Abi-Dargham A. Glutamate, dopamine, and schizophrenia:
from pathophysiology to treatment. Ann N'Y Acad Sci. 2003;1003:138-158.

6. Meador-Woodruff JH, Clinton SM, Beneyto M, McCullumsmith RE. Molecular
abnormalities of the glutamate synapse in the thalamus in schizophrenia. Ann
N'Y Acad Sci. 2003;1003:75-93.

7. Konradi C, Heckers S. Molecular aspects of glutamate dysregulation: implica-
tions for schizophrenia and its treatment. Pharmacol Ther. 2003;97:153-179.

8. Krystal JH, D’Souza DC, Mathalon D, Perry E, Belger A, Hoffman RE. NMDA re-
ceptor antagonist effects, cortical glutamatergic function, and schizophrenia: to-
ward a paradigm shift in medication development. Psychopharmacology (Berl).
2003;169:215-233.

9. Krystal JH, Sanacora G, Blumberg H, Anand A, Charney DS, Marek G, Epperson
CN, Goddard A, Mason GF. Glutamate and GABA systems as targets for novel
antidepressant and mood-stabilizing treatments. Mol Psychiatry. 2002;7:S71-
S80.

. Chambers RA, Bremner JD, Moghaddam B, Southwick SM, Charney DS, Krystal
JH. Glutamate and post-traumatic stress disorder: toward a neurobiology of
dissociation. Semin Clin Neuropsychiatry. 1999;4:274-281.

11. Krystal JH, Petrakis IL, Mason G, D’Souza DC. N-methyl-D-aspartate glutamate
receptors and alcoholism: reward, dependence, treatment, and vulnerability. Phar-
macol Ther. 2003;99:79-94.

. Kegeles LS, Zea-Ponce Y, Abi-Dargham A, Mann JJ, Laruelle M. Ketamine modu-
lation of amphetamine-induced striatal dopamine release in humans. Bio/
Psychiatry. 1999;45:20S.

. Hart CL, Haney M, Foltin RW, Fischman MW. Effects of the NMDA antagonist
memantine on human methamphetamine discrimination. Psychopharmacology
(Berl). 2002;164:376-384.

. Krystal JH, Abi-Dargham A, Laruelle M, Moghaddam B. Pharmacologic models
of psychosis. In: Charney DS, Nestler EJ, eds. Neurobiology of Mental lliness.
2nd ed. New York, NY: Oxford University Press; 2003:287-298.

. Angrist BM, Gershon S. The phenomenology of experimentally induced amphet-
amine psychosis: preliminary observations. Biol Psychiatry. 1970;2:95-107.

. Griffith JD, Cavanaugh J, Held J, Oates JA. Dextroamphetamine evaluation of
psychotomimetic properties in man. Arch Gen Psychiatry. 1972;26:97-100.

. Bell DS. The experimental reproduction of amphetamine psychosis. Arch Gen
Psychiatry. 1973;29:35-40.

. Angrist B, Sathananthan G, Wilk S, Gershon S. Amphetamine psychosis: behav-
ioral and biochemical aspects. J Psychiatr Res. 1974;11:13-23.

. Janowsky DS, Risch C. Amphetamine psychosis and psychotic symptoms. Psy-
chopharmacology (Berl). 1979;65:73-77.

. Sherer MA, Kumor KM, Cone EJ, Jaffe JH. Suspiciousness induced by four-
hour intravenous infusions of cocaine: preliminary findings. Arch Gen Psychiatry.
1988;45:673-677.

21. Luby ED, Cohen BD, Rosenbaum G, Gottlieb JS, Kelley R. Study of a new schizo-

phrenomimetic drug—Sernyl. Arch Neurol Psychiatry. 1959;81:363-369.

22. Domino EF, Chodoff P, Corssen G. Pharmacologic effects of CI-581, a new dis-
sociative anesthetic, in man. Clin Pharmacol Ther. 1965;6:279-291.
23. Krystal JH, Karper LP, Seibyl JP, Freeman GK, Delaney R, Bremner JD, Heninger

(REPRINTED) ARCH GEN PSYCHIATRY/VOL 62, SEP 2005

994

WWW.ARCHGENPSYCHIATRY.COM

Downloaded from www.archgenpsychiatry.com on November 22, 2009
©2005 American Medical Association. All rights reserved.


http://www.archgenpsychiatry.com

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.
35.
36.
37.

38.

39.

40.

41.
42.

43,
44,
45.

46.

47.

48.

GR, Bowers MB Jr, Charney DS. Subanesthetic effects of the noncompetitive NMDA
antagonist, ketamine, in humans: psychotomimetic, perceptual, cognitive, and
neuroendocrine responses. Arch Gen Psychiatry. 1994;51:199-214.

Malhotra AK, Pinals DA, Weingartner H, Sirocco K, Missar CD, Pickar D, Breier
A. NMDA receptor function and human cognition: the effects of ketamine in healthy
volunteers. Neuropsychopharmacology. 1996;14:301-307.

Newcomer JW, Farber NB, Jevtovic-Todorovic V, Selke G, Kelly Melson A, Her-
shey T, Craft S, Olney JW. Ketamine-induced NMDA receptor hypofunction as
model of memory impairment and psychosis. Neuropsychopharmacology. 1999;
20:106-118.

Vollenweider FX, Leenders KL, Oye I, Hell D, Angst J. Differential psychopathol-
ogy and patterns of cerebral glucose utilisation produced by (S)- and (R)-
ketamine in healthy volunteers using positron emission tomography (PET). Eur
Neuropsychopharmacol. 1997;7:25-38.

Rosse RB, Collins JR Jr, Fay-McCarthy M, Alim TN, Wyatt RJ, Deutsch SI. Phe-
nomenologic comparison of the idiopathic psychosis of schizophrenia and drug-
induced cocaine and phencyclidine psychoses: a retrospective study. Clin
Neuropharmacol. 1994;17:359-369.

Laruelle M, Abi-Dargham A, van Dyck CH, Gil R, D’Souza CD, Erdos J, McCance
E, Rosenblatt W, Fingado C, Zoghbi SS, Baldwin RM, Seibyl JP, Krystal JH, Char-
ney DS, Innis RB. Single photon emission computerized tomography imaging
of amphetamine-induced dopamine release in drug-free schizophrenic subjects.
Proc Natl Acad Sci U S A. 1996;93:9235-9240.

Breier A, Su TP, Saunders R, Carson RE, Kolachana BS, de Bartolomeis A, Wein-
berger DR, Weisenfeld N, Malhotra AK, Eckelman WG, Pickar D. Schizophrenia
is associated with elevated amphetamine-induced synaptic dopamine concen-
trations: evidence from a novel positron emission tomography method. Proc Nat/
Acad Sci U S A. 1997;94:2569-2574.

Chuhma N, Zhang H, Masson J, Zhuang X, Sulzer D, Hen R, Rayport S. Dopa-
mine neurons mediate a fast excitatory signal via their glutamatergic synapses.
J Neurosci. 2004;24:972-981.

Joyce MP, Rayport S. Mesoaccumbens dopamine neuron synapses recon-
structed in vitro are glutamatergic. Neuroscience. 2000;99:445-456.

Takahata R, Moghaddam B. Glutamatergic regulation of basal and stimulus-
activated dopamine release in the prefrontal cortex. J Neurochem. 1998;71:
1443-1449.

Spitzer RL, Williams JBW, Gibbon M, First MB. Structured Clinical Interview for
DSM-11I-R-Non-Patient Edition (SCID-NP, Version 1.0 With Supplement for
DSM-1V). Washington, DC: American Psychiatric Press; 1990.

Chapman LJ, Edell WS, Chapman JP. Physical anhedonia, perceptual aberra-
tion, and psychosis proneness. Schizophr Bull. 1980;6:639-653.

Chapman LJ, Chapman JP, Kwapil TR, Eckblad M, Zinser MC. Putatively psychosis-
prone subjects 10 years later. J Abnorm Psychol. 1994;103:171-183.

Bell M, Billington R, Becker B. A scale for the assessment of object relations:
reliability, validity, and factorial invariance. J Clin Psychol. 1986;42:733-741.
Cho HS, D’Souza DG, Gueorguieva R, Perry EB, Madonick S, Karper LP, Abi-
Dargham A, Belger A, Abi-Saab W, Lipschitz D, Bennet A, Seibyl JP, Krystal JH.
Absence of behavioral sensitization in healthy human subjects following repeated
exposure to ketamine. Psychopharmacology (Berl). 2005;179:136-143.

Kay SR, Opler LA, Lindenmayer JP. The Positive and Negative Syndrome Scale
(PANSS): rationale and standardisation. Br J Psychiatry Suppl. 1989;7:59-67.
Bell MD, Lysaker PH, Beam-Goulet JL, Milstein RM, Lindenmayer JP. Five-
component model of schizophrenia: assessing the factorial invariance of the Posi-
tive and Negative Syndrome Scale. Psychiatry Res. 1994;52:295-303.

Gordon M. Gordon Diagnostic Systems. DeWitt, NY: Gordon Systems; 1983.
Brandt J. The Hopkins Verbal Learning Test: development of a new memory test
with six equivalent forms. Clin Neuropsychol. 1991;5:125-142.

Reimer MLJ, Mamer OA, Zavitsanos AP, Siddiqui AW, Dadgar D. Determination
of amphetamine, methamphetamine and desmethyldeprenyl in human plasma
by gas chromatography/negative ion chemical ionization mass spectrometry. Biol
Mass Spectrom. 1993;22:235-242.

Brunner E, Domhof S, Langer F. Nonparametric Analysis of Longitudinal Data in
Factorial Experiments. New York, NY: John Wiley & Sons; 2002.

Brown H, Prescott R. Applied Mixed Models in Medicine. West Sussex, En-
gland: John Wiley & Sons; 1999.

@ye |, Paulsen 0, Maurset A. Effects of ketamine on sensory perception: evi-
dence for a role of N-methyl-D-aspartate receptors. J Pharmacol Exp Ther. 1992;
260:1209-1213.

Krystal JH, Petrakis IL, Webb E, Cooney NL, Karper LP, Namanworth S, Stetson
P, Trevisan LA, Charney DS. Dose-related ethanol-like effects of the NMDA an-
tagonist, ketamine, in recently detoxified alcoholics. Arch Gen Psychiatry. 1998;
55:354-360.

Krystal JH, Petrakis IL, Krupitsky E, Schutz C, Trevisan L, D’Souza DC. NMDA
receptor antagonism and the ethanol intoxication signal: from alcoholism risk
to pharmacotherapy. Ann N'Y Acad Sci. 2003;1003:176-184.

Sawaguchi T, Goldman-Rakic PS. D1 dopamine receptors in prefrontal cortex:
involvement in working memory. Science. 1991;251:947-950.

49.
50.
51.
52.
53.

54.

55.

56.

57.

58.

59.
60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Williams GV, Goldman-Rakic PS. Modulation of memory fields by dopamine D1
receptors in prefrontal cortex. Nature. 1995;376:572-575.

Lisman JE, Fellous J-M, Wang X-J. A role for NMDA-receptor channels in work-
ing memory. Nat Neurosci. 1998;1:273-276.

Wang XJ. Synaptic basis of cortical persistent activity: the importance of NMDA
receptors to working memory. J Neurosci. 1999;19:9587-9603.

Durstewitz D, Seamans JK. The computational role of dopamine D1 receptors in
working memory. Neural Netw. 2002;15:561-572.

Cai JX, Arnsten AF. Dose-dependent effects of the dopamine D1 receptor ago-
nists A77636 or SKF81297 on spatial working memory in aged monkeys. J Phar-
macol Exp Ther. 1997;283:183-189.

Zahrt J, Taylor JR, Mathew RG, Arnsten AF. Supranormal stimulation of D1 do-
pamine receptors in the rodent prefrontal cortex impairs spatial working memory
performance. J Neurosci. 1997;17:8528-8535.

Sawaguchi T, Goldman-Rakic PS. The role of D1-dopamine receptor in working
memory: local injections of dopamine antagonists into the prefrontal cortex of
rhesus monkeys performing an oculomotor delayed-response task. J Neurophysiol.
1994;71:515-528.

Mattay VS, Goldberg TE, Fera F, Hariri AR, Tessitore A, Egan MF, Kolachana B,
Callicott JH, Weinberger DR. Catechol O-methyltransferase val158-met geno-
type and individual variation in the brain response to amphetamine. Proc Nat/
Acad Sci U S A. 2003;100:6186-6191.

Arnsten AF. Stress impairs prefrontal cortical function in rats and monkeys: role
of dopamine D1 and norepinephrine alpha-1 receptor mechanisms. Prog Brain
Res. 2000;126:183-192.

Birnbaum SG, Podell DM, Arnsten AF. Noradrenergic alpha-2 receptor agonists
reverse working memory deficits induced by the anxiogenic drug, FG7142, in
rats. Pharmacol Biochem Behav. 2000;67:397-403.

Williams GV, Rao SG, Goldman-Rakic PS. The physiological role of 5-HT2A re-
ceptors in working memory. J Neurosci. 2002;22:2843-2854.

Abi-Dargham A, Mawlawi O, Lombardo I, Gil R, Martinez D, Huang Y, Hwang
DR, Keilp J, Kochan L, Van Heertum R, Gorman JM, Laruelle M. Prefrontal do-
pamine D1 receptors and working memory in schizophrenia. J Neurosci. 2002;
22:3708-3719.

. Kegeles LS, Abi-Dargham A, Zea-Ponce Y, Rodenhiser-Hill J, Mann JJ, Van Heertum

RL, Cooper TB, Carlsson A, Laruelle M. Modulation of amphetamine-induced stria-
tal dopamine release by ketamine in humans: implications for schizophrenia. Biol
Psychiatry. 2000;48:627-640.

Moghaddam B, Adams B, Verma A, Daly D. Activation of glutamatergic neuro-
transmission by ketamine: a novel step in the pathway from NIMDA receptor block-
ade to dopaminergic and cognitive disruptions associated with the prefrontal cortex.
J Neurosci. 1997;17:2921-2927.

Kapur S, Seeman P. NMDA receptor antagonists ketamine and PCP have direct
effects on the dopamine D(2) and serotonin 5-HT(2)receptors: implications for
models of schizophrenia. Mol Psychiatry. 2002;7:837-844.

Svenningsson P, Tzavara ET, Carruthers R, Rachleff |, Wattler S, Nehls M, McKinzie
DL, Fienberg AA, Nomikos GG, Greengard P. Diverse psychotomimetics act through
a common signaling pathway. Science. 2003;302:1412-1415.

Krystal JH, Karper LP, Bennett A, D’Souza DC, Abi-Dargham A, Morrissey K, Abi-
Saab D, Bremner JD, Bowers MB Jr, Suckow RF, Stetson P, Heninger GR, Char-
ney DS. Interactive effects of subanesthetic ketamine and subhypnotic loraze-
pam in humans. Psychopharmacology (Berl). 1998;135:213-229.

Krystal JH, D’Souza DC, Karper LP, Bennett A, Abi-Dargham A, Abi-Saab D, Cas-
sello K, Bowers MB Jr, Vegso S, Heninger GR, Charney DS. Interactive effects of
subanesthetic ketamine and haloperidol. Psychopharmacology (Berl). 1999;
145:193-204.

Anand A, Charney DS, Cappiello A, Berman RM, Oren DA, Krystal JH. La-
motrigine attenuates ketamine effects in humans: support for hyperglutamater-
gic effects of NMDA antagonists. Arch Gen Psychiatry. 2000;57:270-276.
Malhotra AK, Adler CM, Kennison SD, Elman |, Pickar D, Breier A. Clozapine blunts
N-methyl-D-aspartate antagonist-induced psychosis: a study with ketamine. Bio/
Psychiatry. 1997;42:664-668.

Greenberg BD, Segal DS. Acute and chronic behavioral interactions between phen-
cyclidine (PCP) and amphetamine: evidence for a dopaminergic role in some PCP-
induced behaviors. Pharmacol Biochem Behav. 1985;23:99-105.

Moghaddam B, Bolinao ML. Glutamatergic antagonists attenuate ability of do-
pamine uptake blockers to increase extracellular levels of dopamine: implica-
tions for tonic influence of glutamate on dopamine release. Synapse. 1994;
18:337-342.

Kegeles LS, Martinez D, Kochan LD, Hwang DR, Huang Y, Mawlawi O, Suckow
RF, Van Heertum RL, Laruelle M. NMDA antagonist effects on striatal dopamine
release: positron emission tomography studies in humans. Synapse. 2002;
43:19-29.

Carlezon WA Jr, Wise RA. Rewarding actions of phencyclidine and related
drugs in nucleus accumbens shell and frontal cortex. J Neurosci. 1996;16:
3112-3122.

(REPRINTED) ARCH GEN PSYCHIATRY/VOL 62, SEP 2005

995

WWW.ARCHGENPSYCHIATRY.COM

Downloaded from www.archgenpsychiatry.com on November 22, 2009
©2005 American Medical Association. All rights reserved.


http://www.archgenpsychiatry.com

