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Abstract
Converging lines of evidence suggest that the glutamatergic system may play an increasingly
important role in the development of novel therapeutics for major depressive disorder (MDD),
particularly agents associated with rapid antidepressant effects. Diverse glutamatergic modulators
targeting N-methyl-D-aspartate receptors have shown efficacy in MDD, but their associated
psychotomimetic effects presently preclude their use in larger samples. This small, randomized,
double-blind, placebo-controlled, crossover pilot study evaluated the potential antidepressant
efficacy and tolerability of an oral formulation of the selective N-methyl-D-aspartate NR2B
antagonist MK-0657 in patients with treatment-resistant MDD (TRD). The TRD subjects
underwent a 1-week drug-free period and were subsequently randomized to receive either
MK-0657 monotherapy (4–8 mg/d) or placebo for 12 days. Because of recruitment challenges and
the discontinuation of the compound’s development by the manufacturer, only 5 of the planned 21
patients completed both periods of the crossover administration of MK-0657 and placebo.
Significant antidepressant effects were observed as early as day 5 in patients receiving MK-0657
compared with those receiving placebo, as assessed by the Hamilton Depression Rating Scale and
Beck Depression Inventory; however, no improvement was noted when symptoms were assessed
with the Montgomery-Asberg Depression Rating Scale, the primary efficacy measure. No serious
or dissociative adverse effects were observed in patients receiving this oral formulation of
MK-0657. Despite the small sample size, this pilot study suggests that an oral formulation of the
NR2B antagonist MK-0657 may have antidepressant properties in TRD patients. Further studies
with larger sample sizes are necessary to confirm these preliminary findings.
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Foremost among the limitations of current treatments for major depressive disorder (MDD)
is the considerable lag of onset of action of standard antidepressants.1 This period of latency
is associated with impairments in personal and family life and suicidal behavior.2,3 Thus, a
critical need exists to develop therapies for MDD that act more rapidly than currently
available ones. Considerable clinical and preclinical evidence suggests that drugs that
modulate the glutamatergic system, especially at the N-methyl-D-aspartate (NMDA)
receptor (NMDAR) complex, result in a more rapid onset of antidepressant response than
existing anti-depressants.4–9 The NMDARs are widely distributed in the brain and are
directly involved in the pathophysiology of MDD, as well as the mechanism of action of
some novel therapeutics.10,11 For instance, controlled trials have shown that NMDA
antagonists such as ketamine exert rapid antidepressant effects4,7; nevertheless, the
dissociative side effects of these agents limit their clinical utility. The NMDARs are
tetrameric proteins comprising NR1 and NR2 subunits; four different NR2 subunits (NR2A-
D) exist in the brain. Notably, the NR2B subunit—localized primarily in the forebrain—is a
prime target for the development of novel anti-depressants. For instance, a significant
reduction in NR2B subunit expression was found in the prefrontal cortex of patients with
MDD relative to controls.12 In addition, the selective NR2B antagonist Ro25-6981 was
found to activate the mammalian target of rapamycin, a protein that has been linked to the
antidepressant effects of ketamine13 and, in preclinical rodent studies, was found to have
significant antidepressant-like properties.13,14

Recently, the NR2B subunit selective NMDAR antagonist CP-101,606 was tested in MDD.
In this seminal double-blind, randomized, placebo-controlled, add-on trial, a single infusion
of CP-101,606 showed early antidepressant effects (at day 5) in patients with treatment-
resistant MDD (TRD) who had not responded to a serotonin selective reuptake inhibitor
(SSRI). Dissociative effects were modest and resolved within 8 hours but, nevertheless,
resulted in a reduction of the dosage and duration of the infusion.6

To our knowledge, no published data explore the use of an oral formulation of an NR2B
antagonist administered chronically to patients with TRD. The present pilot study was
conducted to evaluate the antidepressant efficacy, safety, and pharmacokinetics of a
selective NR2B antagonist (MK-0657, 4–8 mg/d given orally) compared with placebo for 12
days in subjects with TRD. The preliminary pharmacokinetic data for a single oral MK-0657
dose indicated that MK-0657 was rapidly absorbed (within 1 hour after dose). A harmonic
mean of approximately 14 to 17 and 21 to 26 hours characterized the apparent half-life of
MK-0657 and its active metabolite, respectively. Area under the curve and Cmax values
increased approximately linearly with dose and did not display any pronounced departures
from dose proportionality. Echoing the positive results obtained by Preskorn and
colleagues,6 our primary hypothesis was that MK-0657 would result in a rapid and
significant antidepressant response compared with placebo in TRD patients. However, the
manufacturer discontinued the program for this compound because it failed to show efficacy
in early studies of Parkinson disease, which was the prioritized indication for exploration of
the mechanism. Because of this, and because of slow recruitment, only 5 subjects completed
the study. Thus, our results must be considered preliminary.
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MATERIALS AND METHODS
Patient Selection

Male and female patients, aged 18 to 55 years, were eligible to participate; all patients were
diagnosed with MDD, currently depressed without psychotic features, as assessed using the
Structured Clinical Interview for Axis I Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition, Disorders–Patient Version (SCID-P).15 Patients with a history of
antidepressant- or substance-induced hypomania or mania were excluded. All subjects were
studied at the National Institute of Mental Health (NIMH) Clinical Research Center in
Bethesda, Maryland. Subjects were required to have a score of 22 or higher on the
Montgomery-Asberg Depression Rating Scale (MADRS) at screening and at baseline (day
of first dose of study medication). In addition, patients had to have previously failed at least
2 adequate antidepressant trials in the current episode (adequacy of antidepressant trials was
determined using the Antidepressant Treatment History Form modified16).

All subjects were in good physical health, as determined by medical history, physical
examination, blood laboratory tests, ECG, chest radiography, urinalysis, and toxicology
screen. Subjects were free of comorbid substance abuse or dependence (excluding nicotine
or caffeine) for at least 3 months and had a negative urine toxic screen on admission.
Comorbid Axis I Anxiety Disorder diagnoses were permitted if they were not the primary
focus of treatment within 12 months before screening. Other exclusion criteria included a
diagnosis of bipolar disorder, psychotic features, Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition, Axis II diagnosis, suicidal ideation, serious unstable
medical disorder or condition, previous use of ketamine or phencyclidine, and concomitant
treatment with psychotropic medications in the 2 weeks (5 weeks for fluoxetine) before the
study or electroconvulsive therapy in the 3 months before the study; female subjects could
not be pregnant or nursing.

The study was approved by the Combined Neuroscience Institutional Review Board of the
National Institutes of Health (NIH). All subjects provided written informed consent before
entering the study.

Study Design
This was a single-center, double-blind, placebo-controlled, randomized, crossover study.
Following a 1-week drug-free period, 5 subjects with TRD currently experiencing a major
depressive episode without psychotic features were randomized in a double-blind manner to
receive either 4 to 8 mg/d of MK-0657 (provided by Merck & Co, Inc) or placebo for 12
days. At day 12, the study drug was discontinued; subjects remained drug-free for 14 days
and then crossed over to the other treatment condition. Dosage in the second experimental
treatment condition (days 27 through 38) was identical to the first crossover phase. A
double-blind dummy design was used throughout the study; each capsule contained 1 mg of
MK-0657 or placebo. Patients were required to take 8 capsules a day in the morning from
days 1 through 12 and 27 through 38. Initial doses were 4 mg/d of MK-0657 (ie, 4 capsules
of MK-0657 and 4 capsules of placebo) on day 1 or 27 (the first day of the second crossover
phase). The dose of study medication was increased in a blinded fashion every four days by
2 mg/day until the appearance of treatment-limiting side effects or completion of the study.
A dose of 8 mg/day was the treatment target for all participants unless tolerability issues
ensued. Dose reductions were permitted under double-blind conditions by 2 capsules (2 mg)
in case of side effects. Subjects who were unable to tolerate the lowest dose of MK-0657
allowable (4 mg/d) were discontinued from the study. Treatment compliance was monitored
by capsule counts and by the nurses who administered the study medication. No additional
medications that primarily affect the central nervous system were allowed during the study.
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Patients were hospitalized at the Clinical Research Center of the NIMH-NIH for the duration
of the study. Vital signs were obtained daily. Hematology, blood chemistry, and urinalysis
were performed at baseline and on days 6, 12, 32, 38, 42, and 52 or study exit. The ECG was
performed at screening, baseline, day 12, day 38, and study exit.

Outcome Measures
Rating scales included the MADRS,17 which was the primary outcome measure. Secondary
outcome measures were the 17-item Hamilton Rating Scale for Depression (HAM-D),18 the
self-administered Beck Depression Inventory (BDI),19 the visual analog scale for depression
(VAS-depression),20 the Hamilton Anxiety Rating Scale (HAM-A),21 the Brief Psychiatric
Rating Scale-positive symptoms (BPRS),22 the Clinician Administered Dissociative States
Scale (CADSS),23 the Young Mania Rating Scale (YMRS),24 and the Snaith Hamilton
Pleasure Scale-Modified Scoring System (SHAPS-M).25 The MADRS, HAM-D, BDI, VAS,
HAM-A, CADSS, BPRS, YMRS, and SHAPS-M ratings were obtained daily on days 1 to
12 and 27 to 38.

Pharmacokinetic, Pharmacodynamic, and Safety Evaluation
Blood (2 mL) was drawn into a heparin-containing tube. Samples were processed by
centrifugation (3000 rpm at 4°C for 10 minutes), and plasma was transferred and stored at
−70°C until MK-0657 concentrations were determined. Pharmacokinetic and
pharmacodynamic assays were performed as previously described.26 Pharmacokinetic
measures for MK-0657 were obtained at predose, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 18, and 24
hours after dose and on days 1, 5, 9, 27, 31, and 35 (Fig. 1).

Brain-Derived Neurotrophic Factor Levels
Blood samples for brain-derived neurotrophic factor (BDNF) analysis were collected as
putative biomarkers of antidepressant response. Samples were collected at baseline and on
days 1, 5, and 9 of each of the 2 study phases (Fig. 1) and processed as previously
described.27 Experiments were carried out in duplicate blind to clinical information.

Statistical Analyses
The primary aim of the study was to access the efficacy of 12 days of MK-0657 versus
placebo in improving overall depressive symptomatology in TRD patients. A linear mixed
model with restricted maximum likelihood estimation was used to examine the effects of
treatment (MK-0657 and placebo) over time (treatment day) with the baseline of each phase
as a covariate. A main effect for study phase was also included. Schwarz Bayesian criterion
was used to determine the best-fitting variance-covariance structure, an autoregressive
moving average model. Bonferroni-adjusted simple effect tests were used to evaluate the
significance of omnibus effects. Analyses were conducted in the same manner for the
MADRS, HAM-D, BDI, VAS-depression, HAM-A, BPRS, CADSS, YMRS, and SHAPS-
M. The MADRS was the primary outcome measure. Significance was evaluated at P < 0.05,
2-tailed. Analysis of secondary outcomes were Bonferroni corrected, so that significance
was evaluated at P < 0.006, 2-tailed. Further analyses included measuring plasma levels of
the active compound, BDNF levels, and side effects. Cohen d is shown for comparisons of
MK-0657 and placebo at 12 days. Cohen d is an effect size showing the standardized
magnitude of change, where 0.8 is considered a large effect, 0.5 is moderate, and 0.3 is
small.28

A linear mixed model with restricted maximum likelihood estimation of plasma NR2B
levels was used to examine the change in levels over the course of trial day (days 1, 5, and
9) and time of day (hours 0 to 24) as well as the interaction between day and time. An
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autoregressive moving average variance-covariance structure was used. A similar model was
used for BDNF levels, but no time of day factor was included, and a compound symmetry
variance-covariance structure was used.

RESULTS
The study originally intended to recruit 21 patients. Of the first 24 patients screened, 19
were excluded because they either did not meet study criteria (n = 13) or refused to
participate (n = 6). Five subjects were randomized and completed both phases of the study
before it was terminated. Three of five patients received MK-0657 in the first phase.

Efficacy
Linear mixed models indicated no significant improvement in patients receiving MK-0657
compared with those receiving placebo, as assessed via the primary outcome measure
(MADRS, P = 0.27). However, linear mixed models showed that MK-0657 improved
depressive symptoms when the HAM-D and BDI were used to assess improvement (HAM-
D, P = 0.001, d = 0.48; BDI, P = 0.01, d = 0.52) (Fig. 2). The YMRS ratings were also
significantly lower in patients receiving MK-0657 versus placebo (P = 0.002, d = 0.57).
However, no such improvement was seen when the CADSS, BPRS, VAS-depression,
HAM-A, or SHAPS-M were used to assess improvement (MADRS, P = 0.27; CADSS, P =
0.13; BPRS, P = 0.47; SHAPS-M, P = 0.77). After correction for multiple comparisons, the
effects for the HAM-D and YMRS remained significant.

Given this discrepancy in depression rating scale scores, we examined changes in individual
symptoms for the two depression scales (HAM-D and MADRS). Drug comparisons were
made between the main effects of MK-0657 versus placebo; drug × time interactions
indicated differences between the drugs at specific time points. For the HAM-D, significant
improvement was noted on the following symptoms: guilt (drug, P = 0.01; drug × time [D×
T], P = 0.29), suicidal ideation (drug, P = 0.24; D× T, P = 0.045), early insomnia (drug: P =
0.002; D× T, P = 0.69), middle insomnia (drug, P = 0.008; D× T, P = 0.19), work and
interests (drug, P = 0.005; D× T, P = 0.12), and psychic anxiety (drug, P < 0.001; D× T, P =
0.75). General somatic symptoms were significantly higher in patients receiving MK-0657
(drug, P = 0.002; D× T, P = 0.40). On the MADRS, only 1 symptom (inner tension) was
significantly improved with MK-0657 (drug, P < 0.001; D× T, P = 0.41). Another symptom
(pessimistic thoughts) was significantly worse but only on day 7 (drug, P = 0.93; D× T, P =
0.02). After Bonferroni corrections were applied, only psychic anxiety on the HAM-D and
inner tension on the MADRS remained significantly improved. Further analyses examined
individual YMRS items to identify where changes occurred. Patients receiving MK-0657
had significantly less motor activity (drug, P = 0.008; D× T, P = 0.37), irritability (drug, P <
0.001; D× T, P = 0.70), language or thought disorder (Drug: P = 0.006, D× T: P = 0.80), and
poor appearance (drug, P = 0.046; D× T, P = 0.24).

Because MK-0657 and ketamine may have similar mechanisms of action, effect sizes were
calculated for 17 individual HAM-D items from the present study and from our previously
published crossover study of ketamine in patients with MDD7 (Table 1). Specifically, the
ketamine data were reanalyzed using the same model used in the current study. Because
baseline was used as a covariate, effect sizes reflect the main effect of drug versus placebo,
not interactions with time. The HAM-D symptoms showing moderate or better (d ≥ 0.50)
improvement in both studies were: psychic anxiety, work and interests, early insomnia, and
guilt. Only MK-0657 appeared to moderately improve middle insomnia, and only ketamine
appeared to moderately improve depressed mood, suicidal ideation, late insomnia, and
hypochondriasis. MK-0657 moderately worsened, and ketamine largely improved, general
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somatic symptoms. One of the patients receiving MK-0657 achieved a 50% response, but
none met response criteria on placebo. No patient met remission criteria (MADRS, < 10).

Plasma BDNF and MK-0657 Levels
By day 9, plasma BDNF levels were significantly higher in patients receiving MK-0657
than in those receiving placebo (P = 0.03). In the linear mixed model of NR2B plasma
levels, a significant main effect was observed for time of day (P < 0.001) and day of
treatment (P < 0.001); no significant interaction was noted between the two (P = 0.60).
MK-0657 levels increased significantly from days 1 to 5 (P = 0.004) and days 5 to 9 (P =
0.005). Within a given day, levels increased significantly from baseline at 1 hour (P = 0.002)
through 8 hours (P = 0.04). Levels were not significantly higher than baseline after a half
hour (P = 0.06), at 12 hours (P = 0.25), or at 24 hours (P = 1.0).

Adverse Events
MK-0657 was well tolerated; no serious adverse events were observed throughout the study.
No significant difference was noted in the emergence of dissociative or psychotomimetic
side effects between groups nor were significant changes from baseline noted for laboratory
tests or weight. In addition, no significant changes were observed between treatment groups
in systolic or diastolic blood pressure or heart rate (supine or standing).

DISCUSSION
Despite the preliminary nature of the findings, this small, pilot, double-blind, placebo-
controlled study of the oral formulation of a selective NR2B antagonist (MK-0657) in TRD
patients detected an antidepressant effect for MK-0657, as reflected by improvement on a
number of items that constitute 2 of 3 standard scales used in assessing antidepressant
response. Notably, MK-0657 significantly improved depressive symptoms, as assessed by
the clinician-administered HAM-D and the self-rated BDI; these antidepressant effects were
seen within 5 days. However, no such antidepressant effect was observed when the MADRS
was used to assess improvement. Another key finding is that at the oral doses used,
MK-0657 caused no dissociative or other adverse effects, an issue that has been particularly
problematic in the development of novel antidepressant agents from this class of drugs.
Finally, MK-0657 significantly increased plasma BDNF levels compared with placebo after
9 days of treatment, demonstrating a biological effect typically observed with most other
antidepressants.29 Nevertheless, because of the small sample size of this pilot study, these
results must be considered preliminary.

These findings support preclinical work13,14 and complement the results of a recent clinical
study by Preskorn and colleagues,6 suggesting that selective NR2B antagonists have
antidepressant properties. In that double-blind clinical trial, 30 patients with MDD who had
not responded to a prospective trial of an SSRI were randomized to receive a single infusion
of the NR2B antagonist CP-101,606 or saline solution. An anti-depressant response to
CP-101,606 was observed as early as day 5; 78% of patients maintained response status for
at least 1 week after infusion. Although the small sample size of the present study precludes
our ability to make definitive comparisons with the study by Preskorn and colleagues,6 it is
noteworthy that we observed a similar onset of antidepressant effects (by day 5).

It is also important to note that the different findings obtained here when different rating
scales were used could reflect a difference in symptom profile in the patient population,
could be due to the small sample size, or could reflect differences in the rating scales
themselves. Differential sensitivity to drug effects between the HAM-D and the MADRS
has been observed in large controlled clinical trials; for instance, the HAM-D was noted to
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separate SSRI response from placebo better than the MADRS, which, in turn, better
separated tricyclic antidepressants from placebo.30 On 1 level, this should not be surprising,
given that the MADRS was developed in the context of finding a scale more sensitive to the
effects of tricyclic antidepressants. Furthermore, far more research has been conducted into
the sensitivity of various HAM-D items to drug effects, with reasonable consensus on those
that are “core” to both tricyclic antidepressants and SSRIs.31 In the current study, 3 items
(guilt, work/interests, and psychic anxiety) overlapped with the 6 most replicated set of core
HAM-D items for drug response.30

To address the first of these issues, we compared the symptom profiles of response to
MK-0657 in this study with response to the broad subunit NMDA antagonist ketamine from
a previous study7; notably, we found an overlap in the improvement of 5 HAM-D
symptoms–psychic anxiety, work interests, middle insomnia, early insomnia, and guilt–in
the moderate to large effect size range (Table 1). Contrasting broader spectrum agents such
as ketamine with more selective ones (eg, MK-0657) may help tease apart the symptom
profile most likely to improve with more subunit-selective NMDA antagonists. It is
noteworthy that these include only 3–guilt, work interests, and psychic anxiety–of the 6
“core” symptoms that analyses typically suggest the greatest improvement in response to
both tricyclic and SSRI antidepressants.32,33 It would not be surprising that a different
spectrum of symptoms is altered in patients who did not respond to SSRIs, particularly if
this response is mediated through a different primary pharmacological mechanism.

One significant difference between the present study and that of Preskorn and colleagues6 is
that no subjects in this study experienced dissociative adverse events during the follow-up
period (2 weeks). In contrast, the prior study found that the first few subjects exposed to the
NR2B antagonist did experience dissociative side effects, which led to a reduction in the
dose of study medication; following this adjustment, no additional cases were reported.
Although it is possible that such adverse events would have appeared in the present study
had patients received MK-0657 for longer than 12 days, this report is nevertheless the first
to demonstrate that an oral formulation of an NR2B antagonist exerted antidepressant effects
within 5 days with no evidence of dissociative or psychotomimetic effects. In addition, at
the dose tested, there was no evidence of elevated blood pressure, a side effect associated
with early-generation NR2B antagonists. These results add another piece of evidence to
support the possibility that NR2B antagonists are viable therapeutic targets for the
development of novel antidepressants. Indeed, other brain-penetrant NR2B antagonists are
currently being developed.34,35

The key strength of this study is the placebo-controlled crossover design, which minimized
several confounding factors. Its main limitation is the small sample size. We did not succeed
in randomizing enough patients to have sufficient power to detect small to moderate
differences between the active drug and placebo. Nevertheless, the present study is
consistent with a previous report6 that selective NR2B subunit antagonism may produce
relatively rapid antidepressant effects in TRD patients. Furthermore, it is the first such study
to demonstrate that these antidepressant effects can be obtained with an oral formulation
without inducing dissociative side effects. Larger controlled studies are warranted to extend
these preliminary findings and to further characterize the ability of oral formulations of
NR2B antagonists to exert antidepressant effects.
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FIGURE 1.
Changes in plasma BDNF (A) and MK-0657 levels (B) during 9 days of treatment with
MK-0657. The BDNF levels were evaluated at baseline and on days 1, 5, and 9 of treatment
in the active drug compared with placebo. Blood samples for MK-0657 pharmacokinetics
were collected predose and at 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 18, and 24 hours after dose on
days 1, 5, 9. *P < 0.05.
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FIGURE 2.
Change in the 17-item Hamilton Depression Rating Scale (HAM-D) scores, Beck
Depression Inventory (BDI) scores, and Montgomery-Asberg Depression Rating Scale
(MADRS) scores in drug-free TRD subjects followed receiving 12 days of MK-0657
compared with placebo. *P < 0.05.
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TABLE 1

Contrast of Change in Hamilton Depression Rating Scale Items Between the Selective NR2B Antagonist
MK-0657 and the Broad NMDA Antagonist Ketamine*

Item HAM-D Symptom

MK-0657 Ketamine

d d

10 Psychic Anxiety 1.19 0.84

7 Work and Interests 0.80 1.29

5 Insomnia, Middle 0.71 0.27

4 Insomnia, Early 0.71 0.60

2 Guilt 0.64 1.14

9 Agitation 0.47 0.24

11 Somatic Anxiety 0.38 0.37

3 Suicidal Ideation 0.25 0.68

15 Hypochondriasis 0.10 0.50

12 Somatic Symptoms, GI 0.05 0.05

14 Genital Symptoms 0.04 0.56

6 Insomnia, Late −0.16 0.50

16 Weight Loss −0.19 0.23

8 Retardation −0.27 0.39

1 Depressed Mood −0.30 1.20

13 Somatic Symptoms, General −0.76 1.13

d ≥ .8

d ≥ .5 and < .8

d ≤ − .5

Positive effects sizes indicate lower levels (improvement) NR2B and negative ones indicate higher levels (worsening) on NR2B.

*
From Zarate et al.7
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