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A Randomized Trial of an N-methyl-D-aspartate
Antagonist in Treatment-Resistant Major Depression
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Context: Existing therapies for major depression have
alag of onset of action of several weeks, resulting in con-
siderable morbidity. Exploring pharmacological strate-
gies that have rapid onset of antidepressant effects within
a few days and that are sustained would have an enor-
mous impact on patient care. Converging lines of evi-
dence suggest the role of the glutamatergic system in the
pathophysiology and treatment of mood disorders.

Objective: To determine whether a rapid antidepres-
sant effect can be achieved with an antagonist at the
N-methyl-D-aspartate receptor in subjects with major
depression.

Design: A randomized, placebo-controlled, double-
blind crossover study from November 2004 to Septem-
ber 2005.

Setting: Mood Disorders Research Unit at the National
Institute of Mental Health.

Patients: Eighteen subjects with DSM-IV major depres-
sion (treatment resistant).

Interventions: After a 2-week drug-free period, sub-
jects were given an intravenous infusion of either ket-
amine hydrochloride (0.5 mg/kg) or placebo on 2 test
days, a week apart. Subjects were rated at baseline and

at 40, 80, 110, and 230 minutes and 1, 2, 3, and 7 days
postinfusion.

Main Outcome Measure: Changes in scores on the
primary efficacy measure, the 21-item Hamilton Depres-
sion Rating Scale.

Results: Subjects receiving ketamine showed significant
improvement in depression compared with subjects re-
ceiving placebo within 110 minutes after injection, which
remained significant throughout the following week. The
effect size for the drug difference was very large (d=1.46
[95% confidence interval, 0.91-2.01]) after 24 hours and
moderate to large (d=0.68 [95% confidence interval, 0.13-
1.23]) after 1 week. Of the 17 subjects treated with ket-
amine, 71% met response and 29% met remission criteria
the day following ketamine infusion. Thirty-five percent
of subjects maintained response for at least 1 week.

Conclusions: Robust and rapid antidepressant effects re-
sulted from a single intravenous dose of an N-methyl-p-
aspartate antagonist; onset occurred within 2 hours postin-
fusion and continued to remain significant for 1 week.

Trial Registration: clinicaltrials.gov Identifier:
NCT00088699.
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HE TREATMENT OF DEPRES-
sion was revolutionized
about a half century ago by
the serendipitous discov-
ery of monoamine oxidase

achieve their full effects and in the mean-
time, patients continue to suffer from their
symptoms and risk self-harm as well as
harm to their personal and professional
lives. Indeed, the lag period in onset of ac-
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inhibitors and tricyclic antidepressants.
Since then, the availability of a host of
newer medications with better adverse-
effect profiles has greatly increased our
ability to safely treat a significant percent-
age of patients. However, the newer medi-
cations are largely “me too” drugs in as
much as they exert their primary bio-
chemical effects by increasing the intra-
synaptic levels of monoamines. Unfortu-
nately, these medications take weeks to

tion of several weeks of traditional anti-
depressants is recognized as a major limi-
tation, resulting in considerable morbidity
and high risk of suicidal behavior espe-
cially in the first 9 days after starting an-
tidepressant treatment.! Pharmacologi-
cal strategies that have rapid onset of
antidepressant effects within hours or even
a few days and that are sustained would

therefore have an enormous impact on
public health.
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A very useful “initiation and adaptation” paradigm for
understanding the delayed therapeutic actions of anti-
depressants has been an important line of research for
several years now?; more recent versions of this para-
digm have focused attention away from monoaminergic
systems to adaptive changes in other systems.’ This para-
digm posits that the effect of acute drug administration
is mediated via an initial direct target protein perturba-
tion (eg, binding to a monoamine transporter, thereby
inhibiting monoamine reuptake); with repeated admin-
istration, the same initial event, over time, leads to en-
during adaptive changes in critical neuronal networks,
thereby resulting in stable long-term antidepressant ef-
fects. Thus, this paradigm posits that the delay in the thera-
peutic actions of existing pharmacologic agents is due
to the fact that they initially act on substrates that are con-
siderably upstream of targets that are ultimately respon-
sible for the antidepressant effects. In this context, the
major systems that have been postulated to mediate the
delayed adaptive effects of antidepressants are neuro-
trophic signaling cascades and the glutamatergic sys-
tem.*> These systems should not necessarily be viewed
as separate, and the interested reader is referred to sev-
eral excellent reviews on the link between neurotro-
phins and glutamate systems®”; herein we discuss the role
of the glutamatergic system, most notably the N-methyl-
D-aspartate (NMDA) system, in the actions of anti-
depressants.®!!

N-methyl-D-aspartate receptor antagonists have anti-
depressant effects in many animal models of depres-
sion, including the application of inescapable stressors,
forced-swim, and tail suspension—induced immobility
tests; in learned helplessness models of depression; and
in animals exposed to a chronic mild stress proce-
dure.'*'" A single dose of the NMDA antagonist ket-
amine hydrochloride in male Wistar rats interferes with
the induction of behavioral despair for up to 10 days af-
ter its administration.'® Additionally, repeated adminis-
tration of different classes of antidepressants—in a time
frame consistent with the delayed therapeutic effects—
brings about alterations in the expression of NMDA sub-
unit messenger RNA'" and radioligand binding to these
receptors in regions of the brain implicated in the patho-
physiology of depression.®

Although clearly not unequivocal, several lines of evi-
dence from diverse studies also suggest that dysfunc-
tion of the glutamatergic system may play an important
role in the pathophysiology of depression.?**! Notably,
arecent study by Sanacora et al** showed glutamate lev-
els in the occipital cortex to be significantly elevated in
29 medication-free subjects with unipolar major depres-
sion as compared with 28 age- and sex-matched healthy
controls. Together, these data support the hypothesis of
regional alterations in glutamatergic signaling in mood
disorders.

Finally, in clinical trials, the glutamatergic modula-
tors lamotrigine and riluzole (both inhibitors of gluta-
mate release) were found to have antidepressant prop-
erties.”* Based on the preclinical and preliminary clinical
studies, we have postulated that the NMDA receptor com-
plex may mediate the delayed therapeutic effects of tra-
ditional monoaminergic-based antidepressants and, fur-

thermore, that directly targeting the NMDA receptor
would bring about rapid antidepressant effects. Indeed,
in a preliminary study of 8 subjects with major depres-
sion, it was reported that a single dose of the noncom-
petitive NMDA receptor antagonist ketamine resulted in
a rapid and short-lived antidepressant effect.?® There-
fore, the objective of the present double-blind trial was
to determine if ketamine exerts rapid antidepressant ef-
fects in a relatively refractory population and, further-
more, if the effects of a single dose of ketamine are sus-
tained.

o EEETTEES

PATIENT SELECTION

Subjects were recruited from referrals from local inpatient psy-
chiatric units or through advertisements placed in the local news-
papers of the Washington, DC, metropolitan area; the Inter-
net; and local and national referrals from physicians. Men and
women, aged 18 to 65 years, who were inpatients with a diag-
nosis of major depressive disorder recurrent without psy-
chotic features as diagnosed by means of the Structured Clini-
cal Interview for Axis | DSM-IV Disorders—Patient Version* were
eligible to participate. Patients with a DSM-IV diagnosis of bi-
polar disorder or who had a history of antidepressant- or sub-
stance-induced hypomania or mania were excluded. All sub-
jects were studied at the National Institute of Mental Health
Clinical Research Center in Bethesda, Md, between November
2004 and September 2005. Subjects were required to have a
score of 18 or higher on the 21-item Hamilton Depression Rat-
ing Scale (HDRS)* at screening and at the start of ketamine/
placebo infusions and to have previously failed at least 2 ad-
equate antidepressant trials (adequacy of antidepressant trials
was determined with the Antidepressant Treatment History
Form).”

All subjects were in good physical health as determined by
medical history, physical examination, blood laboratory re-
sults, electrocardiogram, chest radiography, and urinalysis and
toxicology findings. Subjects were free of comorbid substance
abuse or dependence for at least 3 months, had a negative urine
toxicology screen, and were judged clinically not to be a seri-
ous suicide risk. Comorbid Axis I anxiety disorder diagnoses
were permitted if they did not require current treatment. Final
selection was made by consensus of the investigator team.

The study was approved by the National Institute of Men-
tal Health institutional review board. All subjects provided writ-
ten informed consent before entry into the study. Informed con-
sents and ongoing study participation were monitored by the
Central Office for Recruitment and Evaluation at the National
Institute of Mental Health.

The study was initially planned to include 22 patients; how-
ever, interim analysis with the data collected indicated a very
large effect even if the remaining data indicated no response.

STUDY DESIGN

Following a 2-week drug-free period, 18 subjects with major
depressive disorder (DSM-IV criteria) received intravenous in-
fusions of saline solution and 0.5 mg/kg of ketamine hydro-
chloride (Abbott Laboratories, North Chicago, Il1), 1 week apart,
using a randomized, double-blind crossover design. Patients
were randomly assigned to the order in which they received
the 2 infusions via a random-numbers chart. Study solutions
were supplied in identical 50-mL syringes, containing either
0.9% saline or ketamine with the additional volume of saline
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42 Assessed for
Eligibility

l

Enrollment

24 Excluded
11 Did Not Meet
Inclusion Criteria
4 Had Low Severity
2 Failed Fewer Than
2 Antidepressant
Trials
5 Had Unstable
Medical lliness
13 Refused to
Participate

18 Randomized

1 Discontinued Study
on Day 2 Because of Phase 1
Medical lliness
Phase 2 4 Not Crossed Over
Because of Improved
Mood From Phase 1
Analyzed Analyzed
9 Intent to Treat Phase 3 9 Intent to Treat
8 Completers 5 Completers

Figure 1. Enroliment, randomization, withdrawals, and completion of the
2 treatment phases (n=18).

to total 50 mL. Ketamine forms a clear solution when dis-
solved in 0.9% saline. The infusions were administered over
40 minutes via an infusion pump (Baxter, Deerfield, I1l) by an
anesthesiologist in the perianesthesia care unit.

OUTCOME MEASURES

Subjects were rated 60 minutes prior to the infusion and at 40,
80, 110, and 230 minutes, as well as 1, 2, 3, and 7 days, after
the infusion. Rating scales included the 21-item HDRS, which
was the primary outcome measure, and the secondary out-
come measures: the Beck Depression Inventory (BDI),*® Brief
Psychiatric Rating Scale (BPRS) positive symptoms subscale,*!
Young Mania Rating Scale (YMRS),* and the visual analog
scale.?® Raters (research nurses, a physician, and a psycholo-
gist), who trained together to establish reliability, performed
patient ratings. High interrater reliability for the HDRS (intra-
class correlation coefficient=0.81) and the YMRS (intraclass cor-
relation coefficient=0.91) were obtained. Clinical response was
defined as a 50% or greater decrease in the HDRS score from
baseline and remission was defined as an HDRS score of 7 or
lower.**

STATISTICAL ANALYSES

A fixed-effects linear mixed model was used to examine the dif-
ferences between ketamine and placebo treatment over 9 points
from baseline to 7 days. A compound symmetry covariance struc-
ture appeared to be the best fit to the data. Restricted maxi-
mum likelihood estimation was used to analyze incomplete data.
Significant effects were examined with simple effects tests. The
Cohen d shows the size of effect for the ketamine-placebo dif-
ference at the indicated points. Secondary analysis included ex-
amination of the individual items of the HDRS. Significance was
evaluated at P<.05, 2-tailed. Following the Shapiro-Wilk test
and visual examination of the data, no cells deviated substan-
tially from normality.

Three sets of linear mixed models were run to fully under-
stand the influence of the active treatment. One set of analysis
included only those who completed both phases of the study
(completers analysis). Subjects who did not receive both treat-
ment conditions were not included in this analysis. A second
setincluded all available data (intent-to-treat analysis). A third
set of statistics was performed on the first test condition only.
In this case, the drug effect was a between-subjects factor in-
stead of a within-subjects factor. Secondary analysis of indi-
vidual items was performed only with completers.

To evaluate the proportion of responders and remitters at
each point, a McNemar test was used at each point for the com-
pleters and the results were Bonferroni corrected for the num-
ber of points examined.

Carryover was examined using a linear mixed model with
the same structures as the primary analysis where drug was a
within-subjects factor, treatment order was a between-
subjects factor, and only the baseline measure for each phase
was used. The intent-to-treat sample was used for this analysis
since baseline data for both phases were available.

B xesuits [

PATIENTS

Forty-two subjects were screened, of which 18 subjects
who met DSM-IV-TR criteria for major depressive disor-
der with a major depressive episode were randomized.
Twenty-four subjects were excluded as they did not meet
inclusion/exclusion criteria (n=11) or refused to partici-
pate (n=13) (Figure 1). Seventeen subjects received keta-
mine and 14 received placebo. Four subjects did not re-
ceive placebo after ketamine infusion because they
maintained a response for 7 days and 1 subject discon-
tinued the study for medical reasons after a placebo in-
fusion (Figure 1).

Subjects’ demographic and clinical characteristics are
summarized in the Table. There were 12 women and
6 men, and the mean +SD age was 46.7 £ 11.2 years. Sixty-
one percent had a lifetime comorbid anxiety diagnosis;
39%, a lifetime diagnosis of any substance abuse or de-
pendence; and 28%, a lifetime diagnosis of alcohol abuse
or dependence. The mean+SD length of illness was
23.7+12.5 years, the mean+SD duration of the current
depressive episode was 33.6+37.4 months, and the
mean+SD number of lifetime episodes of depression was
6.6+4.7. The mean+SD number of lifetime antidepres-
sant trials (not including augmentation trials) was
5.7+3.4, and 4 subjects had previously received electro-
convulsive therapy. All subjects except for 1 had failed
an adequate antidepressant trial for the current major de-
pressive episode.

EFFICACY

Using only those who completed both phases of the study,
the linear mixed model with the HDRS showed signifi-
cant main effects for drug (F, 553=58.24; P<<.001) and time
(Fg203=9.48; P<<.001) and an interaction between drug and
time (Fga03=4.15; P<<.001). Simple effects tests indicated
significant improvement for ketamine over placebo at 110
minutes through 7 days. The effect size for the drug dif-
ference was very large (d=1.46 [95% confidence interval,
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0.91-2.01]) after 24 hours and moderate to large (d=0.68
[95% confidence interval, 0.13-1.23]) after 1 week. The per-
centage change in HDRS scores from baseline to day 1 for
each subject is listed in the Table. Figure 2 shows the gen-
eralized least squares means and standard errors for the com-
pleter analysis. The intent-to-treat analysis had similar ef-
fects (drug, F; »60=34.08; P<<.001; time, Fg,5;=8.92; P<.001;
drug X time, Fg5;,=5.29; P<<.001). Notably, participants re-
ceiving ketamine were better than those receiving placebo
within 2 hours (110 minutes) and remained better through
7 days (Figure 2).

Looking at possible carryover effects with the intent-
to-treat sample, a linear mixed model looking at the base-
line measures showed a significant main effect for drug
(F116=6.25; P=.02) and a significant interaction

Table. Demographic and Clinical Characteristics
Lifetime Lifetime Peak Change in
Diagnosis of Diagnosis BPRS® Positive % Change in HDRS
Current No. of Failed Medication  Any Substance  of Alcohol Symptoms Subscale Score (Day 1)
Participant/ Length of Episode, Previous and Somatic Abuse or Abuse or Score While Taking
Sex/Age,y lliness,y mo Episodes Treatments* Dependencet Dependence Ketamine Hydrochloride Ketamine Placebo
1/F/43 24 4 10 SSRI (2); MAQI; No No +9 -90 NA
AAP (2); BZD (3)
2/M/46 29 144 2 SSRI (3); SNRI; No No +2 -85 -15
BUP; OAD (4);
AAP; LAM;
stimulant; BZD
3/F/35 20 1 20 SSRI; BUP; TCA; Yes No +5 -78 NA
0AD (2); AAP;
LAM; BZD (3)
4/F/43 24 24 4 SSRI (3); SNRI; No No +7 -78 +11
BUP; OAD (2);
lithium; LAM;
stimulant (2)
5/F/45 27 9 1 SSRI (3); BZD Yes Yes -1 -74 +14
6/F/56 38 24 10 SSRI (3); BUP; TCA Yes Yes +7 -64 -18
(2); VPA; BZD
@)
7/F/57 44 60 9 SSRI (3); BUP; Yes Yes +3 -61 0
MAOI; OAD (2);
AAP (3); lithium;
LAM; stimulant;
BZD (3); ECT
8/F19 8 8 4 SSRI (3); BUP; No No 0 -57 =27
stimulant
9/F/48 33 60 9 SSRI (4); BUP; Yes No +8 -55 NA
OAD; VPA;
stimulant; BZD
10/M/45 14 1 6 SSRI (4); TCA; OAD Yes Yes +2 -54 +25
(3); stimulant;
BZD (3); ECT
11/M/28 16 17 4 SSRI (2); SNRI; No No -1 -50 -4
TCA; OAD; AAP
(2); lithium;
LAM; BZD (3)
12/F/46 13 4 9 SSRI (2); BUP; TCA No No +6 -50 0
(2)
13/M/55 22 4 9 SSRI (2); BUP; No No -2 -39 NA
AAP; lithium;
BZD (2)
14/F/62 6 12 4 SSRI (3); OAD (2); No No +3 -39 -10
BZD
15/F/60 47 55 3 SSRI (2); TCA; BZD No No +1 -36 -26
@)
(continued)

(F116=5.05; P=.04) but no main effect for order
(F116=1.54; P=.23). Participants who received placebo
first had similar baseline measures for the first and sec-
ond phases (mean+SD HDRS score, 24.4+6.9 vs
24.9+6.8) (F,,6=0.03; P=.86), but those who received
ketamine first had much lower baseline measures in the
second phase (mean=SD HDRS score, 24.9+6.9 vs
17.2+6.9) (F;5=11.80; P=.004).

To examine data relatively independent of carryover
effects, only the first-phase data were used in an addi-
tional analysis. Results were similar to those of the com-
pleters and intent-to-treat analysis. There were signifi-
cant main effects for drug (F; 14=10.44; P=.005) and time
(Fg126=8.25; P<.001) and a significant interaction be-
tween drug and time (F, 1,,=4.66; P<<.001). Scores were
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Table. Demographic and Clinical Characteristics (cont)
Peak Change in
Lifetime Lifetime BPRS?' Positive
Failed Diagnosis of  Diagnosis  Symptoms Subscale % Change in HDRS
Current No. of Medication  Any Substance  of Alcohol Score While Score (Day 1)t
Participant/ Length of  Episode, Previous and Somatic Abuse or Abuse or Taking Ketamine ——————
Sex/Age, y lliness, y mo Episodes Treatmentst Dependence* Dependence Hydrochloride Ketamine  Placebo
16/M/59 7 84 3 SSRI (2) No No +3 -29 -38
17/M/50 31 60 3 SSRI (4); BUP; No No +1 -17 -20
TCA (3);
MAOI; OAD
(7); VPA;
stimulant
(3); BZD;
AAP;
lithium; ECT
18/F/44 29 24 10 SSRI; SNRI; Yes Yes NA NA +8
TCA; OAD;
AAP;
stimulant;
ECT
All (12 women, 23.7+125 336+374 6647 5734 7Yes/11No 5 Yes/13 No +31+34 -56.2+20.4 -9.8+20.1
6 men; mean + SD
age, 46.7 +11.2
years), mean + SD§

Abbreviations: AAP, atypical antipsychotic; BPRS, Brief Psychiatric Rating Scale; BUP, bupropion; BZD, benzodiazepine; ECT, electroconvulsive therapy;
HDRS, Hamilton Depression Rating Scale; LAM, lamotrigine; MAOI, monoamine oxidase inhibitor; NA, not applicable; OAD, other antidepressants (eg, nefazodone
hydrochloride, trazodone hydrochloride, pramipexole dihydrochloride); SNRI, selective norepinephrine reuptake inhibitor; SSRI, selective serotonin reuptake inhibitor;
TCA, tricyclic antidepressants; VPA, valproic acid.

*The numbers in parentheses indicate the number of separate trials for that class of medication.

TLifetime substance abuse column also includes subjects with lifetime alcohol abuse/dependence.

1“-"indicates a decrease in HDRS scores (improvement of depression) and “+” indicates an increase in HDRS scores (worsening of depression).

§Unless otherwise indicated.

[INumber of antidepressant trials not including augmentation strategies.

Al subjects except for 1 had failed an adequate antidepressant trial for the current depressive episode.

lower for participants receiving ketamine by 80 min- toms, genital symptoms, and hypochondriasis. At base-
utes, and the difference remained significant through the line, no symptoms were different between the ketamine
seventh day. and placebo phases.

Using the completers with the BDI, there were sig- Figure 3 shows the proportion of responders
nificant main effects for drug (F, 200=50.57; P<<.001) and (Figure 3A) and remitters (Figure 3B) at each point for the
time (Fg,00=5.82; P<<.001) and a trend-level interaction intent-to-treat sample. One day after infusion, 12 (71%)
between drug and time (Fg100=1.90; P=.06). The pa- of the 17 subjects treated with ketamine met response cri-
tient ratings showed that ketamine seemed to improve teria as compared with 0 (0%) of 14 subjects treated with
depression at 40 minutes through 7 days. Additionally, placebo. Five (29%) of 17 participants receiving ketamine
there were significant changes in the visual analog scale met remission criteria 1 day after infusion, while none (0%)
depression scores (drug, F; 105=59.88; P<<.001; time, receiving placebo reached remission at the same point. Six
Fg108=4.70; P<.001; drug X time, Fg,05=1.92; P=.058). subjects (35%) maintained response to ketamine for at least
Similar to the BDI, ketamine improved mood at 40 min- 1 week; 2 of these maintained response at least 2 weeks.
utes through 7 days. By contrast, no subject receiving placebo responded at 1

On the individual HDRS symptoms, 7 of 20 symp- or 7 days. For completers, McNemar tests showed signifi-
toms had significant time X drug interactions; loss of in- cantly more responders to ketamine on days 1 and 2, but
sight was not tested since none of the participants had after Bonferroni correction, only day 1 was significant. The
this symptom. Depressed mood, guilt, work and inter- number of remitters was not significant at any point.
ests, and psychic anxiety improved significantly. The ear- The BPRS positive symptoms subscale scores® were
liest improvements were at 40 minutes for depressed mood worse for participants receiving ketamine than those re-
and guilt. Depersonalization or derealization was worse ceiving placebo only at 40 minutes (drug, F;00=4.23;
from 40 to 110 minutes. Motor retardation and gastro- P=.04; time, Fg,00=9.31; P<<.001; drug X time, Fg4,=0.89;
intestinal symptoms were worse at 40 minutes, but at day P<<.001) (Figure 2). Similarly, YMRS scores were worse
1, motor retardation was better for participants receiv- (higher score) for participants receiving ketamine than
ing ketamine than those receiving placebo. An addi- those receiving placebo at 40 minutes only, but they were
tional 7 symptoms showed only a significant main effect significantly better from days 1 to 2 (drug, F;,0=3.08;
for drug; symptoms improved for participants receiving P=.08; time, Fg50,=3.54; P<.001; drug X time, Fg,0,=4.68;
ketamine for suicide, insomnia, general somatic symp- P<<.001) (Figure 2).
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Figure 2. Change in the 21-item Hamilton Depression Rating Scale®®
(HDRS), Brief Psychiatric Rating Scale®' (BPRS) positive symptoms
subscale, and Young Mania Rating Scale®? (YMRS) scores over 1 week
(n=18). Values are expressed as generalized least squares means and
standard errors for the completer analysis. * indicates P<.05; 1, P<.01;
t, P<.001.

There was a trend for an inverse relationship between
the percentage change in HDRS score at day 1 and the peak
percentage change in BPRS positive symptoms subscale
score (r=-0.46; P=.06). None of the other factors listed
in the Table predicted a response to ketamine.

ADVERSE EVENTS

Adverse effects occurring more commonly in partici-
pants taking ketamine than those taking placebo were
perceptual disturbances, confusion, elevations in blood
pressure, euphoria, dizziness, and increased libido. Ad-
verse effects occurring more frequently with placebo than
ketamine were gastrointestinal distress, increased thirst,
headache, metallic taste, and constipation. The major-
ity of these adverse effects ceased within 80 minutes af-
ter the infusion. In no case did euphoria or derealization/
depersonalization persist beyond 110 minutes (Figure 2).
No serious adverse events occurred during the study.

Figure 3. A, Proportion of responders (50% improvement on 21-item
Hamilton Depression Rating Scale?® [HDRS]) to ketamine and placebo
treatment from minute 40 to day 7 postinfusion (n=18). B, Proportion of
remitters (HDRS score <7) to ketamine and placebo treatment from minute
40 to day 7 postinfusion (n=18).

B COMMENT

We found a robust, rapid (hours), and relatively sus-
tained (1 week) response to a single dose of the NMDA an-
tagonist ketamine. Improvement in mood ratings for the
course of the week was greater with ketamine than pla-
cebo; this difference was statistically significant for the 21-
item HDRS (from 110 minutes through 7 days) and the self-
rated BDI (from 40 minutes through 7 days). To our
knowledge, there has never been a report of any other drug
or somatic treatment (ie, sleep deprivation, thyrotropin-
releasing hormone, antidepressant, dexamethasone, or elec-
troconvulsive therapy)**>? that results in such a dramatic
rapid and prolonged response with a single administra-
tion. In reviews of antidepressant trials in major depres-
sion, response rates at week 8 were 62% for bupropion hy-
drochloride, 63% for selective serotonin reuptake inhibitors,
and 65% for venlafaxine.** In the present study involv-
ing treatment-resistant subjects, these response rates were
obtained the day after the ketamine infusion.
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In contrast to the dramatic effects observed in this
study, a previous controlled study did not show the low-
to moderate-affinity, noncompetitive NMDA antagonist
memantine, administered orally, to have antidepres-
sants effects.” While it is likely that higher-affinity NMDA
antagonists are necessary for antidepressant effects to oc-
cur, intravenous administration may also be an impor-
tant factor.

Ketamine in contrast to memantine has (1) higher af-
finity for the NMDA receptor, (2) much slower open-
channel blocking/unblocking kinetics, (3) a different type
of channel closure (ie, “trapping block” as opposed to
“partial trapping” properties),* and (4) different NMDA
subunit selectivity."* Such differences might explain the
antidepressant properties observed with ketamine in the
present trial.

When comparing our results with the preliminary study
by Berman et al,® we confirmed the finding of rapid anti-
depressant response with ketamine. The larger sample size
of our study permitted us to obtain additional informa-
tion regarding the time of onset, course of response, and
degree of improvement with ketamine. Compared with the
previous study, we were able to (1) detect an earlier onset
of antidepressant effect after infusion (110 minutes by ob-
jective ratings and 40 minutes by self-report, postinfu-
sion, vs 230 minutes); (2) find a more prolonged antide-
pressant effect of ketamine, which remained significant up
to 7 days postinfusion (the previous study collected rat-
ings only until day 3); and (3) better characterize the mag-
nitude of response and remission obtained over the course
of 7 days. The Berman et al study group® reported that 4
of 8 patients obtained 50% or greater decreases in HDRS
score during the 3-day follow-up period. In our study, we
found 71% response and 29% remission rates on day 1
(Figure 2 and Figure 3), and 35% of subjects were able to
maintain response for at least 1 week. The relatively pro-
longed antidepressant effect that occurred with ketamine
(about 1 week) is remarkable considering its short half-
life, which is approximately 2 hours for ketamine*” and 5
hours for norketamine; the latter metabolite is 7 to 10 times
less potent than ketamine.*® Blood levels of ketamine or its
metabolites were not collected in this study. As a result,
this study cannot rule out the possibility that differences
in drug metabolism may have contributed in part to the
current findings.

Although these results are provocative, they may not
be generalizable to all populations with depression. The
subjects in this study were a refractory subgroup who were
relatively late in their course of illness (Table), and as
such, their neurobiology and pharmacological re-
sponses may be different from those with a less severe
or shorter course of illness.

Several factors need to be considered in interpreting
these data. Although the sample size was relatively small,
3 different types of analysis showed the significance of
ketamine over placebo, and the effect sizes of this study
were very large at day 1 and moderate to large at day 7.
Consistent with all of the published randomized, placebo-
controlled studies with ketamine, we also found short-
lived perceptual disturbances?*#*°; such symptoms could
have affected study blind. Hence, limitations in preserv-
ing study blind may have biased patient reporting by di-

minishing placebo effects, thereby potentially confound-
ing results. One potential study design in future studies
with ketamine might be to include an active comparator
such as intravenous amphetamine (a dopamine ago-
nist), which also produces psychotogenic effects.”!

However, the time of onset and course of antidepres-
sant response (relatively prolonged) after receiving only
1 dose of ketamine was nearly identical for each subject;
this pattern suggests that there was indeed a true drug
effect. The improvement associated with ketamine infu-
sion reflects a lessening of core symptoms of depression
and is disconnected from ketamine-induced euphoria and
psychotomimetic symptoms. In support, the antidepres-
sant effect of ketamine became significant on the HDRS
at 110 minutes after a return of BPRS positive symp-
toms subscale scores and YMRS scores to baseline
(Figure 2). However, although BPRS positive symptoms
subscale scores returned to baseline within 110 min-
utes, the change in BPRS positive symptoms subscale
scores from baseline to the 110-minute point trended to
predict a greater percentage change (decrease) in HDRS
scores at day 1. As a result, future research should ex-
plore a wider range of ketamine doses and rates of ad-
ministration and determine if the presence or intensity
of euphoric or psychomimetic effects are necessary for
rapid antidepressant effects to occur. The dose of 0.5
mg/kg chosen for the present study is reported to be suf-
ficient to test the validity of the concept of the NMDA
receptor antagonism with ketamine. The dose of ket-
amine used in our study was based on (1) in vitro data
of NMDA blockade, (2) its mood-enhancing effects in
healthy volunteers, and (3) its antidepressant effects in
a pilot study of patients with major depression.?**°

While ketamine is believed to be relatively selective
for NMDA receptors, the possibility that these intrigu-
ing results are mediated by interactions with other re-
ceptors cannot entirely be ruled out.”> However, ket-
amine binds to the NMDA receptor with an affinity that
is several-fold higher than that for other sites,”>® and
behaviors induced by NMDA receptor antagonists are
not blocked by opiate, cholinergic, or monoamine re-
ceptor antagonists,”” providing indirect evidence that
ketamine’s behavioral effects are mediated by its inter-
action with the phenylcyclidine site. In vitro studies
have found that ketamine only reduces non-NMDA
voltage-gated potassium currents at much higher than
reported in patients anesthetized with ketamine.’® This
suggests that low doses of ketamine enhance selectivity
for the phenylcyclidine site. Nevertheless, more selec-
tive NMDA antagonists will need to be tested in patients
with major depression. Several NR2B subunit—selective
antagonists are currently being developed for ischemic
brain injury.”

In conclusion, the results of the present study sup-
port the hypothesis that directly targeting the NMDA re-
ceptor complex may bring about rapid and relatively sus-
tained antidepressant effects. This line of research holds
considerable promise for developing new treatments for
depression with the potential to alleviate much of the mor-
bidity and mortality associated with the delayed onset of
action of traditional antidepressants. Future studies need
to be carried out in an attempt to develop strategies for

(REPRINTED) ARCH GEN PSYCHIATRY/VOL 63, AUG 2006

862

WWW.ARCHGENPSYCHIATRY.COM

©2006 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by Cherie Rufiange on 09/30/2019



maintaining the rapid antidepressant response obtained
with ketamine long-term.

Submitted for Publication: October 31, 2005; final re-
vision received December 6, 2005; accepted December

6,

2005.

Correspondence: Carlos A. Zarate, Jr, MD, 10 Center Dr,
CRC, Unit 7 Southeast, Room 7-3445, Bethesda, MD
20892 (zaratec@mail.nih.gov).

Author Contributions: Statistical analysis was per-

fo

rmed by Mr Luckenbaugh.

Funding/Support: This study was supported by the In-
tramural Research Program at the National Institute of
Mental Health, National Institutes of Health, and De-
partment of Health and Human Services.
Acknowledgment: We acknowledge Dennis S. Char-
ney, MD, currently at Mount Sinai Medical School.

DR REFERENCES S

Downloaded From

. Jick H, Kaye JA, Jick SS. Antidepressants and the risk of suicidal behaviors. JAMA.

2004;292:338-343.

. Hyman SE, Nestler EJ. Initiation and adaptation: a paradigm for understanding

psychotropic drug action. Am J Psychiatry. 1996;153:151-162.

. Vetulani J, Sulser F. Action of various antidepressant treatments reduces reac-

tivity of noradrenergic cyclic AMP-generating system in limbic forebrain. Nature.
1975;257:495-496.

. Manji HK, Quiroz JA, Sporn J, Payne JL, Denicoff K, Gray NA, Zarate CA Jr, Char-

ney DS. Enhancing neuronal plasticity and cellular resilience to develop novel,
improved therapeutics for difficult-to-treat depression. Biol Psychiatry. 2003;
53:707-742.

. Skolnick P, Legutko B, Li X, Bymaster FP. Current perspectives on the develop-

ment of non-biogenic amine-based antidepressants. Pharmacol Res. 2001;
43:411-423.

. Coyle JT, Duman RS. Finding the intracellular signaling pathways affected by mood

disorder treatments. Neuron. 2003;38:157-160.

. Nestler EJ, Barrot M, DiLeone RJ, Eisch AJ, Gold SJ, Monteggia LM. Neurobi-

ology of depression. Neuron. 2002;34:13-25.

. Skolnick P. Antidepressants for the new millennium. Eur J Pharmacol. 1999;375:

31-40.

. Skolnick P, Layer RT, Popik P, Nowak G, Paul IA, Trullas R. Adaptation of

N-methyl-p-aspartate (NMDA) receptors following antidepressant treatment:
implications for the pharmacotherapy of depression. Pharmacopsychiatry.
1996;29:23-26.

. Skolnick P. Modulation of glutamate receptors: strategies for the development

of novel antidepressants. Amino Acids. 2002;23:153-159.

. Zarate CA Jr, Du J, Quiroz J, Gray NA, Denicoff KD, Singh J, Charney DS, Manji

HK. Regulation of cellular plasticity cascades in the pathophysiology and treat-
ment of mood disorders: role of the glutamatergic system. Ann N'Y Acad Sci.
2003;1003:273-291.

. Layer RT, Popik P, Olds T, Skolnick P. Antidepressant-like actions of the poly-

amine site NMDA antagonist, eliprodil (SL-82.0715). Pharmacol Biochem Behav.
1995;52:621-627.

. Meloni D, Gambarana C, De Montis MG, Dal Pra P, Taddei |, Tagliamonte A.

Dizocilpine antagonizes the effect of chronic imipramine on learned helpless-
ness in rats. Pharmacol Biochem Behav. 1993;46:423-426.

. Moryl E, Danysz W, Quack G. Potential antidepressive properties of amantadine,

memantine and bifemelane. Pharmacol Toxicol. 1993;72:394-397.

. Papp M, Moryl E. Antidepressant activity of non-competitive and competitive NMDA

receptor antagonists in a chronic mild stress model of depression. EurJ Pharmacol.
1994;263:1-7.

. Przegalinski E, Tatarczynska E, Deren-Wesolek A, Chojnacka-Wojcik E. Antide-

pressant-like effects of a partial agonist at strychnine-insensitive glycine recep-
tors and a competitive NMDA receptor antagonist. Neuropharmacology. 1997,
36:31-37.

. Trullas R, Skolnick P. Functional antagonists at the NMDA receptor complex ex-

hibit antidepressant actions. Eur J Pharmacol. 1990;185:1-10.

. Yilmaz A, Schulz D, Aksoy A, Ganbeyli R. Prolonged effect of an anesthetic dose of

ketamine on behavioral despair. Pharmacol Biochem Behav. 2002;71:341-344.

. Boyer PA, Skolnick P, Fossom LH. Chronic administration of imipramine and cita-

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

o~

3

lopram alters the expression of NMDA receptor subunit mRNAs in mouse brain:
a quantitative in situ hybridization study. J Mol Neurosci. 1998;10:219-233.
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(suppl
1):S71-S80.

Zarate CA, Quiroz J, Payne J, Manji HK. Modulators of the glutamatergic sys-
tem: implications for the development of improved therapeutics in mood disorders.
Psychopharmacol Bull. 2002;36:35-83.

Sanacora G, Gueorguieva R, Epperson CN, Wu YT, Appel M, Rothman DL, Krys-
tal JH, Mason GF. Subtype-specific alterations of gamma-aminobutyric acid and
glutamate in patients with major depression. Arch Gen Psychiatry. 2004;61:
705-713.

Calabrese JR, Bowden CL, Sachs GS, Ascher JA, Monaghan E, Rudd GD. A double-
blind placebo-controlled study of lamotrigine monotherapy in outpatients with
bipolar | depression: Lamictal 602 Study Group. J Clin Psychiatry. 1999;60:
79-88.

Zarate CAJ, Payne JL, Quiroz J, Sporn J, Denicoff KK, Luckenbaugh D, Charney
DS, Maniji HK. An open-label trial of riluzole in treatment-resistant major depression.
Am J Psychiatry. 2004;161:171-174.

Zarate CAJ, Quiroz JA, Singh JB, Denicoff KD, De Jesus G, Luckenbaugh DA,
Charney DS, Manji HK. An open-label trial of the glutamate-modulating agent
riluzole in combination with lithium for the treatment of bipolar depression. Bio/
Psychiatry. 2005;57:430-432.

Berman RM, Cappiello A, Anand A, Oren DA, Heninger GR, Charney DS, Krystal
JH. Antidepressant effects of ketamine in depressed patients. Biol Psychiatry.
2000;47:351-354.

First MB, Spitzer RL, Gibbon M, Williams AR. Structured Clinical Interview for
DSM-IV TR Axis | Disorders, Research Version, Patient Edition (SCID-I/P). New
York: New York State Psychiatric Institute, Biometrics Research; 2001.
Hamilton M. A rating scale for depression. J Neurol Neurosurg Psychiatry. 1960;
23:56-62.

Sackeim HA. The definition and meaning of treatment-resistant depression. J Clin
Psychiatry. 2001;62(suppl 16):10-17.

Beck AT, Beamesderfer A. Assessment of depression: the depression inventory.
Mod Probl Pharmacopsychiatry. 1974;7:151-169.

Overall JE, Gorham DR. The Brief Psychiatric Rating Scale. Psychol Rep. 1962;
10:799-812.

Young RC, Biggs JT, Ziegler VE, Meyer DA. A rating scale for mania: reliability,
validity and sensitivity. Br J Psychiatry. 1978;133:429-435.

Aitken RC. Measurement of feelings using visual analogue scales. Proc R Soc
Med. 1969;62:989-993.

Frank E, Prien RF, Jarrett RB, Keller MB, Kupfer DJ, Lavori PW, Rush AJ, Weiss-
man MM. Conceptualization and rationale for consensus definitions of terms in
major depressive disorder: remission, recovery, relapse, and recurrence. Arch
Gen Psychiatry. 1991;48:851-855.

Kane JM, Marder SR, Schooler NR, Wirshing WC, Umbricht D, Baker RW, Wir-
shing DA, Safferman A, Ganguli R, McMeniman M, Borenstein M. Clozapine and
haloperidol in moderately refractory schizophrenia: a 6-month randomized and
double-blind comparison. Arch Gen Psychiatry. 2001;58:965-972.
Wirz-Justice A, Van den Hoofdakker RH. Sleep deprivation in depression: what
do we know, where do we go? Biol Psychiatry. 1999;46:445-453.

Husain MM, Rush AJ, Fink M, Knapp R, Petrides G, Rummans T, Biggs MM,
0’Connor K, Rasmussen K, Litle M, Zhao W, Bernstein HJ, Smith G, Mueller
M, McClintock SM, Bailine SH, Kellner CH. Speed of response and remission
in major depressive disorder with acute electroconvulsive therapy (ECT): a
Consortium for Research in ECT (CORE) report. J Clin Psychiatry. 2004;65:
485-491.

Marangell LB, George MS, Callahan AM, Ketter TA, Pazzaglia PJ, L'Herrou TA, Le-
verich GS, Post RM. Effects of intrathecal thyrotropin-releasing hormone (protire-
lin) in refractory depressed patients. Arch Gen Psychiatry. 1997;54:214-222.
DeBattista C, Posener JA, Kalehzan BM, Schatzberg AF. Acute antidepressant ef-
fects of intravenous hydrocortisone and CRH in depressed patients: a double-
blind, placebo-controlled study. Am J Psychiatry. 2000;157:1334-1337.
Entsuah AR, Huang H, Thase ME. Response and remission rates in different sub-
populations with major depressive disorder administered venlafaxine, selective
serotonin reuptake inhibitors, or placebo. J Clin Psychiatry. 2001;62:869-877.
Thase ME, Haight BR, Richard N, Rockett CB, Mitton M, Modell JG, VanMeter S,
Harriett AE, Wang Y. Remission rates following antidepressant therapy with bu-
propion or selective serotonin reuptake inhibitors: a meta-analysis of original data
from 7 randomized controlled trials. J Clin Psychiatry. 2005;66:974-981.
Zarate CAJ, Singh J, Quiroz J, De Jesus G, Denicoff KK, Luckenbaugh DA, Maniji
HK, Charney DS. A double-blind placebo-controlled study of memantine in ma-
jor depression. Am J Psychiatry. 2006;163:153-155.

. Bolshakov KV, Gmiro VE, Tikhonov DB, Magazanik LG. Determinants of trap-

(REPRINTED) ARCH GEN PSYCHIATRY/VOL 63, AUG 2006

863

WWW.ARCHGENPSYCHIATRY.COM

©2006 American Medical Association. All rights reserved.

: https://jamanetwork.com/ by Cherie Rufiange on 09/30/2019



44.

45.

46.

47.

48.

49.

50.

51.

ping block of N-methyl-D-aspartate receptor channels. J Neurochem. 2003;
87:56-65.

Narita M, Yoshizawa K, Nomura M, Aoki K, Suzuki T. Role of the NMDA receptor
subunit in the expression of the discriminative stimulus effect induced by ketamine.
Eur J Pharmacol. 2001;423:41-46.

De Vry J, Jentzsch KR. Role of the NMDA receptor NR2B subunit in the discrimi-
native stimulus effects of ketamine. Behav Pharmacol. 2003;14:229-235.
Maler JM, Esselmann H, Wiltfang J, Kunz N, Lewczuk P, Reulbach U, Bleich S,
Ruther E, Kornhuber J. Memantine inhibits ethanol-induced NMDA receptor up-
regulation in rat hippocampal neurons. Brain Res. 2005;1052:156-162.

White PF, Schuttler J, Shafer A, Stanski DR, Horai Y, Trevor AJ. Comparative
pharmacology of the ketamine isomers: studies in volunteers. BrJ Anaesth. 1985;
57:197-203.

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

Anand A, Charney DS, Oren DA, Berman RM, Hu XS, Cappiello A, Krystal JH.
Attenuation of the neuropsychiatric effects of ketamine with lamotrigine: sup-
port for hyperglutamatergic effects of N-methyl-D-aspartate receptor antagonists.
Arch Gen Psychiatry. 2000;57:270-276.

Krystal JH, Karper LP, Seibyl JP, Freeman GK, Delaney R, Bremner JD, Heninger
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.

Krystal JH, Perry EB Jr, Gueorguieva R, Belger A, Madonick SH, Abi-Dargham A,

52.

53.

54.

55.

56.

57.

59.

Cooper TB, Macdougall L, Abi-Saab W, D’Souza DC. Comparative and interactive
human psychopharmacologic effects of ketamine and amphetamine: implications
for glutamatergic and dopaminergic model psychoses and cognitive function. Arch
Gen Psychiatry. 2005;62:985-994.

Kapur S, Seeman P. Ketamine has equal affinity for NMDA receptors and the high-
affinity state of the dopamine D2 receptor. Biol Psychiatry. 2001;49:954-957.
Hustveit O, Maurset A, Oye |. Interaction of the chiral forms of ketamine with
opioid, phencyclidine, sigma and muscarinic receptors. Pharmacol Toxicol. 1995;
77:355-359.

Smith DJ, Azzaro AJ, Zaldivar SB, Palmer S, Lee HS. Properties of the optical
isomers and metabolites of ketamine on the high affinity transport and catabo-
lism of monoamines. Neuropharmacology. 1981;20:391-396.

Lindefors N, Barati S, 0’Connor WT. Differential effects of single and repeated
ketamine administration on dopamine, serotonin and GABA transmission in rat
medial prefrontal cortex. Brain Res. 1997;759:205-212.

Elliott K, Kest B, Man A, Kao B, Inturrisi CE. N-methyl-D-aspartate (NMDA) re-
ceptors, mu and kappa opioid tolerance, and perspectives on new analgesic drug
development. Neuropsychopharmacology. 1995;13:347-356.

Byrd LD, Standish LJ, Howell LL. Behavioral effects of phencyclidine and keta-
mine alone and in combination with other drugs. Eur J Pharmacol. 1987;144:
331-341.

. Rothman S. Noncompetitive N-methyl-D-aspartate antagonists affect multiple ionic

currents. J Pharmacol Exp Ther. 1988;246:137-142.
Wang CX, Shuaib A. NMDA/NR2B selective antagonists in the treatment of is-
chemic brain injury. Curr Drug Targets CNS Neurol Disord. 2005;4:143-151.

(REPRINTED) ARCH GEN PSYCHIATRY/VOL 63, AUG 2006

864

WWW.ARCHGENPSYCHIATRY.COM

©2006 American Medical Association. All rights reserved.
Downloaded From: https://jamanetwork.com/ by Cherie Rufiange on 09/30/2019



