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Abstract

Rationale—Several studies have documented impairments in memory processes as a result of
ketamine administration; however, few studies have compared the profile of cognitive effects of
ketamine to other drugs.

Objectives—The aim of this study was to compare the cognitive effects of ketamine with those
of triazolam in healthy volunteers.

Methods—Doses of ketamine (0.2, 0.4 mg/kg intramuscular (i.m.)), triazolam (0.2, 0.4 mg/70 kg
p.0.), and double-dummy placebos were administered to 20 volunteers under repeated measures,
counterbalanced, double-blind conditions. Peak physiological, psychomotor, subjective, and
cognitive effects were examined.

Results—Ketamine impaired balance when balance was assessed early in the task order, whereas
triazolam impaired psychomotor coordination and divided attention irrespective of task order.
Triazolam also tended to produce greater effects on working memory and episodic memory tasks
than ketamine at doses that produced lower subjective effects and higher estimates of
performance.
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Conclusions—Ketamine produces less cognitive impairment than triazolam at doses that
produced greater subjective effects. Thus ketamine does not produce the underestimation of
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cognitive impairment typically seen with triazolam.
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Introduction

Ketamine is an A-methyl-D-aspartate receptor antagonist that is used therapeutically to
induce anesthesia prior to the administration of a general anesthetic or for brief surgical
procedures that do not require skeletal muscle relaxation (Ketamine Package Insert).
Ketamine is also used recreationally for its mood-altering properties. Frequent or chronic
ketamine use reportedly impairs working memory, source memory, and recognition memory
(Morgan et al. 2004b, 2010), and users report impaired cognitive function and mental health
problems (Muetzelfeldt et al. 2008).

Studies that have examined the acute effects of ketamine provide evidence for dose-related
impairment of the encoding, but not retrieval, of episodic memory (Morgan et al. 2004a;
Honey et al. 2005; Parwani et al. 2005; Rowland et al. 2005; Lofwall et al. 2006). Although
many studies have documented the effect of ketamine on memory, relatively few have
compared its effects to other drugs with different mechanisms of action. Given that different
types of drug effects (e.g., amnesia, sedation, and dissociative effects) may lead to similar
overt impairments in cognitive performance, it is important to understand how drugs with
different mechanisms might lead to such impairments. The few studies that compare
ketamine to other drugs have methodological limitations. For example, in one study,
ketamine (0.26 mg/kg iv followed by 0.65 mg/kg/h) produced effects similar to lorazepam
(2 mg) on an episodic word recall task, but the study was limited by the inclusion of only
one dose of each drug (Krystal et al. 1998). In another study, ketamine (0.23 mg/kg iv
followed by 0.5 mg/kg/h) impaired delayed recall whereas amphetamine (0.25 mg/kg) did
not; however, that study was also limited by the inclusion of only a single dose of each drug
(Krystal et al. 2005).

The primary purpose of the present study was to compare the cognitive and subjective
effects of ketamine and triazolam, using two doses of both drugs in the same individuals.
This study was designed to extend previous findings from our laboratory in which similar
doses of ketamine (Lofwall et al. 2006) and triazolam (Carter et al. 2006, 2009) were
examined separately in different studies. Data from those studies suggest that the pattern of
effects observed with ketamine is distinct from what has been observed with the
benzodiazepines; however, the effects of ketamine have not been rigorously compared to
those of a benzodiazepine in the same study (Mintzer et al. 1997; Lofwall et al. 2006). Thus,
the purpose of this study was to further examine these potentially distinct profiles of effects
using a complete crossover design to control for individual differences. Doses of each drug
were selected on the basis of results from previous studies in an attempt to produce similar
magnitudes of psychomotor performance impairment at each dose level. Our hypothesis was
that doses of ketamine that impair psychomotor performance to a similar extent as doses of
triazolam would result in higher ratings of subjective effects and estimates of performance
impairment with less actual cognitive impairment relative to triazolam.
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Materials and methods

Participants

Twenty adult volunteers (ten males; eight Caucasian) completed this study. Participants
ranged in age from 19 to 42 years (median 24 years), in weight from 52 to 91 kg (median 67
kg), and in education from 13 to 22 years (median 16 years). Participants reported
consuming 0 to 12 alcoholic beverages per week (median one alcoholic beverage/week) and
0 to 467 mg caffeine/day (median 87 mg caffeine/day). One participant reported smoking
cigarettes regularly (<20 cigarettes per day), but was comfortable with abstaining from
tobacco use for the duration of the sessions.

Key exclusion criteria included a personal or family history of a severe psychiatric
condition, a positive urine drug test, pregnancy, and nursing (more detailed criteria are
provided in the “Electronic supplemental materials” section). The Johns Hopkins University
School of Medicine Institutional Review Board approved this study. Participants gave their
written informed consent before beginning the study and were paid for their participation.

General procedures

Five conditions (placebo, 0.2 and 0.4 mg/kg ketamine i.m., and 0.2 and 0.4 mg/70 kg
triazolam p.o.) were studied during five separate outpatient sessions at the Behavioral
Pharmacology Research Unit using a double-blind, double-dummy, crossover design. Prior
to the first session, participants practiced the experimental tasks to achieve a stable level of
performance. Before drug administration, participants’ urine was tested for the presence of
cocaine, benzodiazepines, and opioids using an EMIT system (Syva Co., Palo Alto, CA,
USA) and expired air was tested for the presence of alcohol using a breathalyzer test. Twice
during each session, an i.m. injection (containing ketamine or placebo) and a capsule
(containing triazolam or placebo) was administered. When triazolam was administered, it
always occurred during the first administration event, whereas when ketamine was
administered it always occurred during the second administration event. The two
administration events were separated by 75 min so that the first post-drug assessment battery
would capture the peak effects of each drug (additional methodological details are provided
in the “Electronic supplemental materials” section).

The assessment battery (see below and “Electronic supplemental materials” section) was
administered three times per session: prior to drug administration, following drug
administration (approximately 80-85 min after triazolam and 5-10 min after ketamine), and
then again approximately 120-130 min after the first post-drug battery (approximately 200
min after triazolam and 125 min after ketamine). To control for the dissipation of ketamine’s
effects over the course of the 45-min battery, the task order was counterbalanced between
participants. One task order (Form A) consisted of: blood pressure, heart rate, mean arterial
pressure, respiration, balance, circular lights, digit-symbol substitution task, Sternberg
Maintenance task, Sternberg Manipulation task, subjective effects questionnaire, and
divided attention task. A second task order (Form B) consisted of the same tasks in the
reverse order as described above. The working memory tasks (primary outcome measures)
were placed in the middle of the battery to reduce the likelihood of an interaction between
task order and drug effects on these measures. Episodic memory measures (recall and
recognition) were assessed as described below. The Hallucinogen Rating Scale and Hood
Mysticism Scale were administered at the end of the session (Strassman et al. 1994; Hood et
al. 2001).

Psychopharmacology (Berl). Author manuscript; available in PMC 2014 March 01.
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Triazolam (Pharmacia Corp./Pfizer Inc., Kalamazoo, MI) and lactose monohydrate (placebo;
Amend Drug and Chemical Company, Irvington, NJ) were orally administered (p.o.) in
opaque capsules. Racemic ketamine HCI (50 mg/ml; Bedford Laboratories, Bedford, OH)
and 0.9 % saline solution (placebo; Abbott Laboratories, Abbott Park, IL) were administered
as a1l mli.m. injection in the participant’s non-dominant arm.

Physiological and psychomotor effects

Systolic and diastolic blood pressure, heart rate, and mean arterial pressure were taken using
a Criticare monitor (Criticare Systems Inc., Waukesha, WI). Respiration was measured as
the number of breaths per minute.

Balance—The time that a participant remained on one foot without opening his or her eyes
or touching the floor or another part of his or her body with the raised foot was measured for
up to 30 s with each foot (60 s total).

Circular lights—This task is a measure of psychomotor speed and coordination (Mumford
et al. 1995). The dependent measure was the number of correct presses (i.e., lights
extinguished) in 60 s.

Digit-symbol-substitution task (DSST)—This task was a computer version of the
digit-symbol-substitution task (McLeod et al. 1982). Dependent measures were the number
of correct patterns reproduced within 90 s. Before completion of the DSST, participants
estimated how quickly and how accurately they expected to perform on the DSST task using
a 100-mm visual analog scale (VAS). Participant estimates of performance were then
compared to the actual task scores (see “Electronic supplemental materials” section).

Subjective effects measures

This questionnaire was based upon a previously described questionnaire in which
participants were instructed to rate how they felt at present in response to 36 questions (e.g.,
“Do you feel sleepy?”) on 100-mm VASs (Rush et al. 1999; Carter et al. 2009).

Working memory measure

The two working memory tasks (modified Sternberg maintenance task and modified
Sternberg manipulation task) are variants of the classic Sternberg task (Sternberg 1969) and
were administered using procedures similar to those described by Mintzer and Griffiths
(2007b) and described in greater detail in the “Electronic supplemental materials™ section.
Accuracy and reaction time were the primary dependent variables.

Before and after completion of each of the Sternberg working memory tasks, participants
estimated how well they expected to perform or how well they thought they had just
performed, respectively, using a 100-mm VAS scale. Participant estimates of performance
were calculated as described above.

Divided attention task

Details associated with the divided attention task are described in greater detail in the
“Electronic supplemental materials” section. The primary dependent measure associated
with the digit monitoring component was proportion correct (number of times a mouse press
was made when the target digit was presented in the corner of the screen out of a total
possible of 24).

Psychopharmacology (Berl). Author manuscript; available in PMC 2014 March 01.
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Episodic memory measures

During each session, participants studied a list of 36 words at the expected time of peak drug
effects. To maintain their attention on the task, they were asked to categorize each word as
“artificial” (i.e., man-made) or “natural” (Carter et al. 2009).

Free recall—120 min after they had studied the list of words, participants were given 5
min to write down all the words they could remember. The dependent measure was the
number of correct words recalled within 5 min.

Recognition memory—Details associated with recognition memory are described in the
“Electronic supplemental materials” section. Dependent measures were the proportion of old
words correctly identified as old (collapsed across definitely old, probably old, and maybe
old; this is the hit rate), the proportion of new words incorrectly identified as old (collapsed
across definitely old, probably old, and maybe old; this is the false alarm rate), and signal
detection measures of sensitivity in distinguishing between old and new words (¢) and
response bias (C) (Snodgrass and Corwin 1988). Metamemory (participants’ awareness of
the state of their memory) was assessed by the Goodman—Kruskal gamma correlation (a
correlation between confidence and correctness in recognition; Goodman and Kruskal 1954)
for the recognition memory task; this approach has been shown to be sensitive to detecting
impairments in metamemory (Nelson 1984; Koriat and Goldsmith 1996; Mintzer et al.
2010).

Statistical analyses

Results

Data were analyzed using repeated measures regression models with an AR(1) or CS
covariance structure (as appropriate for the data set) in PROC MIXED in SAS version 9
(SAS Institute Inc., Cary, NC). The meanzstandard error of the mean (SEM) is presented
throughout. Data for measures that were assessed repeatedly are presented as a percentage of
pre-drug (baseline) scores or difference scores (subjective effects measures). Data are
presented for the first post-administration assessment only because drug effects had largely
dissipated at the second post-administration assessment and data from the first post-
administration assessment represent the peak drug effects observed in this study. Additional
statistical details are provided in the “Electronic supplemental materials” section. When the
Fstatistic for an effect was significant (p<0.05), comparisons among means were conducted
using simple effects tests. The false-positive rate for these comparisons was protected by a
significant F statistic as specified by Fisher’s LSD (Keppel 1991).

Effects as a function of task order

There was a significant task order by dose interaction for balance, DSST, and several
subjective effects (alert, arousing or stimulant effect, sleepy, tired or lazy, and queasy). As
can be seen in Fig. 1 (left panels), 0.4 mg/kg ketamine (i.m.) had significantly greater
impairing effects on balance and DSST performance relative to placebo when those tasks
were administered near the beginning of the battery (form A) as compared to the end of the
battery (form B). The subjective effects questionnaire was administered near the end of the
form A battery and near the beginning of the form B battery. Similarly, ratings of feeling an
arousing or stimulant drug effect in the 0.4 mg/kg ketamine (i.m.) condition were
significantly greater than placebo and a corresponding dose of triazolam when ratings were
collected soon after ketamine administration (form B) relative to later in the session (Fig. 1,
upper right panel). In contrast, ratings of subjective queasiness were higher later in session
(i.e., form A as compared to form B; Fig. 1, lower right panel). Subjective ratings of sleepy,
tired or lazy, and alert were somewhat mixed with numerically greater effects (higher ratings
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of sleepy and tired or lazy and lower ratings of alertness) of the low dose of ketamine
occurring earlier (i.e., form B vs. form A) and greater effects of the high dose of ketamine
occurring later (i.e., form A vs. form B; data not shown).

There were no significant differences in the effects of triazolam as a function of task order
and no significant task order by dose interactions for the remaining physiological,
psychomotor performance, subjective effects, and working memory measures. Thus, data
from the remaining assessments presented below collapsed across task order to allow for
optimum statistical power.

Effects collapsed across task order

Working memory

Moaodified Sternberg maintenance task: Significant main effects of dose, but not delay,
were observed on the percent of trials correct [ A4 72)<2.70, p<0.05] and on the median
response time [ A4 72)<3.93, p<0.01] for the maintenance task with the control condition
(prompt remained on screen) entered as a covariate. As shown in Fig. 2 (top, left panels), the
larger doses of ketamine and triazolam significantly decreased working memory accuracy
compared to placebo under the 0- and 12-s delay conditions. In contrast, only triazolam
significantly increased median response times on the task. The increase in response time
following 0.2 mg/70 kg triazolam (p.o.) was significantly greater than that of 0.2 mg/kg
ketamine (i.m.; Fig. 2, lower left panels).

M odified Sternberg manipulation task: Significant main effects of dose, but not
manipulation condition, were observed on the percent of trials correct [ /(4 72)<3.50, p<0.05]
on the manipulation task with the control condition (no manipulation required) entered as a
covariate. In contrast, there were significant main effects of dose [F4,72)<4.71, p< 0.005],
manipulation condition [~118)<5.90, p<0.05], and a significant dose by manipulation
interaction [F4,72)<2.94, p<0.05], on the median response time. As shown in Fig. 2 (top,
center panels), the larger doses of ketamine and triazolam significantly decreased working
memory accuracy compared to placebo under the alphabetize and rotate condition, but not
under the alphabetize condition. Neither of the smaller doses was significantly different
from placebo; however, accuracy after 0.2 mg/70 kg triazolam was significantly lower than
that after 0.2 mg/kg ketamine (Fig. 2). In contrast to the effects on accuracy, the effects of
ketamine and triazolam on response times appeared to be greater under the alphabetize
condition as compared to the alphabetize and rotate condition. The larger dose of ketamine
(0.4 mg/kg, i.m.) significantly increased response times under the alphabetize condition and
not under the alphabetize and rotated condition. Similarly, both doses of triazolam
significantly increased response times under the alphabetize condition, whereas only the
larger dose of triazolam significantly increased response times under the alphabetized and
rotated condition (Fig. 2, bottom, center panels). There were significant differences between
the smaller doses of each drug in the alphabetize condition and between the larger doses of
each drug in the alphabetize and rotate condition with triazolam producing greater increases
in response time in each case (Fig. 2, bottom, center panels).

Episodic memory

Significant main effects of dose were observed on the number of words correctly recalled in
the free recall task [F4,76)< 10.94, p<0.0001] and on the discriminative index (d') for word
recognition [F4,76)<17.49, p<0.0001] (Fig. 2, right panels; Table 1). The number of words
correctly recalled was significantly decreased by both doses of ketamine and triazolam;
however, the larger dose of triazolam (0.4 mg/70 kg, p.0.) had a significantly greater
amnesic effect than the larger dose of ketamine (0.4 mg/kg, i.m.; Fig. 2, upper right panel).
The mean (£1 SEM) number of words recalled under the placebo condition was decreased

Psychopharmacology (Berl). Author manuscript; available in PMC 2014 March 01.
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from 10.7+1.4 to 6.2+0.9 words after the dose of 0.4 mg/kg ketamine, whereas only 2.8+0.7
words were recalled after the dose of 0.4 mg/70 kg triazolam.

Participants’ ability to discriminate between “old” and “new” words in the recognition task
was significantly decreased after the larger dose of 0.4 mg/kg ketamine and after both doses
of triazolam (Fig. 2, lower right panel). Like the effects of triazolam on free recall, the
impairment of recognition by the larger dose of triazolam was significantly greater than that
after the larger dose of ketamine. The effects of both drugs on the word recognition task
appear to be a primary result of participants failing to identify “old” words as such because
hit rates (old words correctly identified as old) were also significantly lower in cases in
which the discriminative index was significantly decreased, whereas the false alarm rate
(new or unstudied words incorrectly identified as old) was only significantly increased after
the 0.4 mg/70 kg dose of triazolam (Table 1). There was no significant main effect of dose
on response bias (C) (Table 1).

A significant main effect of dose was observed for gamma correlations (metamemory)
[F4,68)<3.50, p<0.05] and individual dose comparisons revealed that 0.4 mg/70 kg of
triazolam was significantly different from placebo and the larger dose of 0.4 mg/kg
ketamine (Table 1).

Divided attention

Significant main effects of dose were observed on both components of the divided attention
task as measured by tracking deviation (distance in pixels between the diamond stimulus and
cross hair) [F4,72)<28.23, p<0.0001] and the proportion of targets correctly identified
[F4,72)<8.47, p< 0.0001] (Table 1). Triazolam (both doses), but not ketamine, significantly
increased tracking deviation relative to placebo, although the larger dose of ketamine
approached significance (p<0.055). The effects of the smaller and larger doses of triazolam
on tracking deviation were significantly greater than those of the smaller and larger doses of
ketamine, respectively (Table 1). The proportion of targets correctly identified was
significantly decreased by both doses of triazolam and the larger dose of ketamine (Table 1).
The effects of ketamine and triazolam on this measure were not significantly different from
each other; however, there was a main effect of response time to identify correct targets
[F4,72)<3.17, p<0.05] and there was a significant difference between the two smaller doses
of the drugs with significantly longer response times observed after 0.2 mg/70 kg triazolam
as compared to 0.2 mg/kg ketamine (data not shown).

Subjective ratings of somatic effects, cognitive effects, and performance estimates

Participant ratings of “drug effect” were significantly increased by both doses of each drug
relative to placebo; however, comparison of the two lower doses or the two higher doses of
ketamine and triazolam showed that the magnitude of drug effect was rated significantly
lower after doses of triazolam as compared to ketamine (Fig. 3, top left panel).

The profile of somatic subjective effects of the two drugs was somewhat similar with both
drugs increasing feelings of subjective effects such as: light headed or dizzy, unsteady, limbs
heavy or rigid, queasy, sleepy, and ratings of bad effects and disliking of the drug effect
(Table 2). However, ketamine produced greater ratings on each of these measures as
compared to triazolam (Fig. 3, left panels) with the exception of “sleepy” on which the
effects of the larger dose of triazolam were significantly greater than those of the larger dose
of ketamine (Table 2). There were also a number of somatic subjective effects that were not
shared by the two drugs and were only increased after ketamine. These measures included
feeling nervous or anxious, numbness or tingling, headache, dry mouth, hot or flushed,
shaky or jittery, speech slurred, or arousing or stimulant drug effect (Table 2). Subjective
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ratings of feeling less comfortable and less relaxed were also significantly increased after
ketamine (and not triazolam) as compared to placebo (Table 2).

The profile of subjective ratings related to participant’s own cognitive functioning were also
generally similar for the two drugs, but tended to be greater in magnitude after ketamine
relative to triazolam (Fig. 3, center panels). Participants reported feeling significantly more
confused or disoriented, forgetful, and mentally slowed down after the larger dose of
ketamine as compared to the larger dose of triazolam (Table 2; Fig. 3, center panels).
Consistent with participants’ subjective ratings of their cognitive functioning, participants’
estimates of their performance on the DSST and both working memory tasks were
significantly lower (indicating an estimate of worse performance) after administration of the
larger dose of ketamine as compared to the larger dose of triazolam (Fig. 3, right panels).
The negative performance estimate scores for the larger dose of ketamine indicate an over-
estimation of performance impairment (i.e., under-confidence). Performance estimates
assessed before and after completion of the modified Sternberg delay task or prior to each of
the modified Sternberg manipulation conditions were not significantly different from each
other, respectively. However, there was some evidence that completing the modified
Sternberg manipulation task affected performance estimates for triazolam as the
performance estimates after both doses of triazolam were not significantly different from
placebo prior to task completion (Fig. 3, bottom, right panel), but were significantly less
than those after administration of placebo (p<0.039 and p<0.013 for the smaller and larger
doses, respectively) after task performance.

Psychedelic-like effects

There were significant main effects of dose on each of the six subscales of the Hallucinogen
Rating Scale (Fig. 4). Both doses of ketamine resulted in ratings significantly greater than
placebo on each scale, whereas triazolam only significantly increased ratings on the
intensity, perception, and volition subscales and did so to a lesser extent than ketamine (Fig.
4). There were no significant main effects of dose on either of the three subscales or the total
composite score of the Hood Mysticism Scale (data not shown).

Discussion

This study was designed to compare the cognitive effects of ketamine and triazolam to each
other and to a placebo condition using several different measures of working memory and
episodic memory in healthy individuals without a history of drug abuse to test the
hypothesis that doses of ketamine would result in greater subjective ratings of drug effects
and estimates of cognitive performance impairment with less actual cognitive impairment
relative to triazolam. There are several important findings from this study. First, at these
doses, triazolam was more likely to decrease accuracy and increase response time across a
variety of outcomes (i.e., psychomotor performance, divided attention, working memory,
and episodic memory). Second, subjective ratings of the drug effects, including ratings of
cognitive effects and performance estimates, did not correspond to objective performance
impairment in the triazolam condition as ratings of impairment tended to be lower for
triazolam relative to ketamine. Third, the finding that impairments in psychomotor
performance (balance, DSST) produced by ketamine corresponded with the stimulant-like
effects that were reported early in its duration of action, but not with the sedative-like effects
that were reported later, suggest that the psychomotor impairing effects of ketamine are
more closely related to its dissociative effects as opposed to its sedative effects. That is,
when balance was assessed early in the task order (Form A condition), the effects of 0.2 mg/
kg ketamine were significantly greater than those of 0.2 mg/70 kg triazolam (Fig. 1, top left
panel, circles), which is consistent with a previous study of ketamine i.m. in which marked
effects on balance were observed 5 min after administration (Lofwall et al. 2006). Fourth,
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neither drug (of abuse) significantly increased ratings of liking, good effects, or mysticism
scores, but both drugs increased ratings of disliking and bad effects in these participants,
thereby supporting previous findings that the population of participants (e.g., drug users vs.
non-users) and the environment in which drug administration takes place (i.e., the set and
setting) can dramatically impact the type and magnitude of the drug effects that are observed
and reported (cf., Carter et al. 2006, 2009; Johnson et al. 2008; Carter and Griffiths 2009).

The findings reported here are largely consistent with previous studies of the cognitive
effects of ketamine and triazolam. Ketamine (0.4 mg/kg i.m.) significantly decreased
episodic word recall, word recognition, and working memory accuracy in two modified
Sternberg tasks (Fig. 2), which is consistent with the effects we have previously reported
(Lofwall et al. 2006) and with impairments in episodic memory and working memory using
other tasks and a different route of administration (i.v.; Morgan et al. 2004a; Honey et al.
2005, 2006; LaPorte et al. 2005; Rowland et al. 2005). The profile of triazolam effects is
also consistent with previous studies (Mintzer and Griffiths 2002; Carter et al. 2009;
Kleykamp et al. 2010) in that triazolam produced significant impairments in psychomotor
and cognitive performance, which were slightly overestimated, but to a much lesser extent
as compared to other drugs such as ketamine (cf., Figs. 2 and 3).

Although there were a few significant interactions between task order and dose, such
interactions were generally observed for tasks that occurred at the beginning or end of the
task order (Fig. 1). The apparent interaction between task order and dose could be a result of
the task order, the tasks occurring at different times during the day, or a potential interaction
between the different tasks. Data from the word recall and recognition tasks (which were
administered at fixed times following drug administration) show that the effects of ketamine
were significantly less than those of triazolam on episodic memory (Fig. 2). In contrast,
ratings of subjective effects and performance estimates were significantly greater after
ketamine as compared to triazolam (Fig. 3). The profile of effects that was observed in this
study for ketamine (greater subjective effects ratings relative to actual impairment) appears
to be distinct from the profile of effects that has been observed with triazolam (greater
cognitive impairment with less awareness of the magnitude of one’s impairment) in this and
in previous studies (Mintzer and Griffiths 2002; Carter et al. 2009; Kleykamp et al. 2010).
This is consistent with previous studies that have reported greater effects of benzodiazepines
such as triazolam or lorazepam on metacognition (i.e., participants are less aware of their
cognitive impairment) relative to other classes of drugs (Mintzer and Griffiths 2002, 2003a).

The finding that impairments in psychomotor performance produced by ketamine
corresponded with the stimulant-like effects that were reported early in its duration of
action, but not with the sedative-like effects that were reported later, suggest that the
psychomotor- and perhaps cognitive-impairing effects of ketamine might be more closely
related to its dissociative effects as opposed to its sedative effects. Subjective ratings of
feeling “confused or disoriented” (ratings potentially indicative of dissociative effects) were
significantly greater after each dose of ketamine as compared to the respective doses of
triazolam (Fig. 3, bottom center panel). In contrast, the only subjective effects measures in
which ratings of triazolam were significantly greater than those of ketamine were for
“sleepy,” “comfortable,” and “relaxed” (ratings associated with sedative effects; Table 2).
Likewise, impairments in the accuracy of participants’ working memory performance was
only apparent after doses of triazolam that also significantly increased response time
(potentially indicative of sedation), whereas this was not the case for ketamine (impairments
in accuracy were observed in the absence of increased response times; Fig. 2). Taken
together, these results suggest that dissociative effects might play a greater role in the
cognitive-impairing effects of ketamine, whereas sedative effects might play a greater role in
the cognitive-impairing effects of triazolam. However, previous studies have shown that
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triazolam can produce memory deficits independent of overt sedative effects (Mintzer and
Griffiths 2003b, 2007a).

In this study, the drugs of abuse ketamine and triazolam did not significantly increase ratings
of liking, good effects, or mysticism scores, and did significantly increase ratings of
disliking and bad effects. This finding appears to be consistent with the notion that the “set
and setting” can dramatically impact the type and magnitude of the drug effects that are
observed and reported. For example, the history of the individual appears to be important as
triazolam has been shown to significantly increase ratings of “liking” and “good effects” in
individuals with a history of drug abuse (Carter et al. 2006), but not in individuals without a
history of drug abuse (Carter et al. 2009). Likewise, moderate drinkers (of alcohol) have
been shown to self-administer larger doses of diazepam in the laboratory as compared to
(lighter) social drinkers (deWit et al. 1989). The setting, or the environment and its
associated contingencies also appear to be important moderators of drug effects. For
example, data from our laboratory have shown that the reinforcing effects of oral cocaine are
greater in an environmental context that demands vigilance as compared to an

environmental context that demands relaxation (Jones et al. 2001). Thus, it is possible that
the environmental context of the cognitive laboratory and the repeated cognitive testing
employed in this study might have mitigated some of the psychedelic effects that have been
reported previously from studies in which ketamine was administered to individuals without
histories of drug abuse (Bowdle et al. 1998).

Future studies are likely to better elucidate the precise pharmacological and cognitive
mechanism(s) responsible for the memory-impairing effects of ketamine observed in this
study. Here, we show that cognitive effects of ketamine are evident within 5 min, but
dissipate rapidly within 1-2 h after i.m. administration, thereby providing a less than ideal
model for an extended study of ketamine effects. Taken together, the results of this study
and of previous research demonstrate that there are reliable differences between drugs that
impair cognitive function through glutamatergic or GABAergic mechanisms. The extent to
which actual impairments in cognitive performance are dissociable from subjective or
perceived impairments in cognitive performance (i.e., the extent to which one might
underestimate his/her impairment) after the administration of different drugs of abuse, is an
important public health issue. Drugs that impair an individual’s performance to a greater
extent than his/her awareness of the impairment might increase the likelihood of risky
behaviors such as choosing to drive while impaired.
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Fig. 1.

Representative measures on which there was an effect of task order. Task order was
designated by form A or form B (see “Materials and methods” section for additional detail);
balance and DSST occurred early in the task order on form A, whereas subjective effects
measures occurred early in the task order on form B. Y-axes: score expressed as percent pre-
drug (/eft panels) or rating expressed as a difference score from baseline (right panels). X-
axes. dose in milligrams per kilogram (ketamine) or milligrams per 70 kg (triazolam) (log
scale). PL designates placebo. Data points show means, brackets show 1 SEM, and the
absence of brackets indicates that 1 SEM fell within the area of the data symbol. Circles
show data from form A, squares show data from form B, and filled symbols indicate values
that are significantly different from their respective placebo value. Asterisks indicate a
significant effect of task order within a dose. Letters (aor ) indicate a significant difference
between ketamine and triazolam for the respective form (A or B) at that dose
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Peak effects of ketamine and triazolam on working memory and episodic memory tasks.
Working Memory tasks: Y-axes represent the number of trials correct or the median reaction
time expressed as a percent of pre-drug responding. Episodic Memorytask: Y represent the
number of correct words recalled or the ability to discriminate (discriminative index, @)
between old and new words. X-axes represent dose in milligrams per kilogram (ketamine) or
milligrams per 70 kg (triazolam) (log scale). PL designates placebo. Data points show
means, brackets show +1 SEM. Filled symbols indicate a significant difference from
placebo. An asterisk indicates a statistically significant difference between a dose of
triazolam and the corresponding (i.e., low or high) dose of ketamine
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Fig. 3.

Peak effects of ketamine and triazolam on subjective effects measures or subjective
performance estimates. Y-axes represent subjective ratings on a 100-mm visual analog scale
expressed as a difference score from baseline (somatic and cognitive effects) or as a percent
pre-drug estimate minus task performance (performance estimates). X-axes represent dose in
milligrams per kilogram (ketamine) or milligrams per 70 kg (triazolam) (log scale). AL
designates placebo. Data points show means, brackets show =1 SEM, and the absence of
brackets indicates that 1 SEM fell within the area of the data symbol. Filled symbols
indicate a significant difference from placebo. An asterisk indicates a statistically significant
difference between a dose of triazolam and the corresponding (i.e., low or high) dose of
ketamine. Performance estimates from the Sternberg Manipulation task are collapsed across
manipulation task condition
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Hallucinogen Rating Scale (HRS)
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Fig. 4.

End-of-day ratings on the six subscales of the Hallucinogen Rating Scale. Y-axes represent
subjective ratings. X-axes represent dose in milligrams per kilogram (ketamine) or
milligrams per 70 kg (triazolam) (log scale). AL designates placebo. Data points show
means, brackets show +1 SEM, and the absence of brackets indicates that 1 SEM fell within
the area of the data symbol. Filled symbolsindicate a significant difference from placebo.
An asterisk indicates a statistically significant difference between a dose of triazolam and
the corresponding (i.e., low or high) dose of ketamine
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Table 2

Subjective measures on which there was a significant difference between the two drugs

Subjective effect KET TRZ Lowdose Highdose
Drug effect >PL  >PL  KET>TRZ KET>TRZ
Confused/disoriented >PL >PL KET>TRZ KET>TRZ
Forgetful >PL  >PL NS KET>TRZ
Mentally slowed down >PL  >PL NS KET>TRZ
Bad effects >PL >PL KET>TRZ KET>TRZ
Dislike drug >PL  >PL  KET>TRZ KET>TRZ
Light headed/dizzy >PL >PL KET>TRZ KET>TRZ
Unsteady >PL >PL KET>TRZ KET>TRZ
Limbs heavy/rigid >PL  >PL NS KET>TRZ
Queasy? >PL >PL NS KET>TRZ
Nervous/anxious >PL KET>TRZ KET>TRZ
Numbness/tingling >PL KET>TRZ KET>TRZ
Headache >PL NS KET>TRZ
Dry mouth >PL NS KET>TRZ
Hot/flushed >PL NS KET>TRZ
Shaky or jittery >PL NS KET>TRZ
Speech slurred >PL NS KET>TRZ
Arousing/stimulant? ~ >PL NS KET>TRZ
Sleepy >PL  >PL NS TRZ>KET
Comfortable <PL NS TRZ>KET
Relaxed <PL NS TRZ>KET

TRZriazolam, KET ketamine, AL placebo, NS not significant
an. .. . - . . . .
Significant effect of task order on this measure. Significant difference when questionnaire occurs late in the assessment battery

Significant effect of task order on this measure. Significant difference when questionnaire occurs early in the assessment battery

Psychopharmacology (Berl). Author manuscript; available in PMC 2014 March 01.



