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GLYX-13, an NMDA receptor
glycine site functional partial
agonist enhances cognition and
produces antidepressant effects
without the psychotomimetic side
effects of NMDA receptor
antagonists
Joseph R Moskal†, Ronald Burch, Jeffrey S Burgdorf, Roger A Kroes,
Patric K Stanton, John F Disterhoft & J David Leander
†Northwestern University, McCormick School of Engineering and Applied Science,

Falk Center for Molecular Therapeutics, Department of Biomedical Engineering, Evanston IL, USA

Introduction: The N-methyl-D-aspartate receptor-ionophore complex plays a

key role in learning and memory and has efficacy in animals and humans

with affective disorders. GLYX-13 is an N-methyl-D-aspartate receptor

(NMDAR) glycine-site functional partial agonist and cognitive enhancer that

also shows rapid antidepressant activity without psychotomimetic side effects.

Areas covered: The authors review the mechanism of action of GLYX-13 that

was investigated in preclinical studies and evaluated in clinical studies. Specif-

ically, the authors review its pharmacology, pharmacokinetics, and drug safety

that were demonstrated in clinical studies.

Expert opinion: NMDAR full antagonists can produce rapid antidepressant

effects in treatment-resistant subjects; however, they are often accompanied

by psychotomimetic effects that make chronic use outside of a clinical trial

inpatient setting problematic. GLYX-13 appears to exert its antidepressant

effects in the frontal cortex via NMDAR-triggered synaptic plasticity. Under-

standing the mechanistic underpinning of GLYX-13’s antidepressant action

should provide both novel insights into the role of the glutamatergic system

in depression and identify new targets for therapeutic development.

Keywords: antidepressant, depression, glycine site, major depressive disorder, NMDA receptor,

rapid-acting
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1. Introduction

N-methyl-D-aspartate receptors (NMDARs) are part of the ionotropic glutamate
receptor family that also includes AMPA and kainate receptors. NMDARs exist
in multiple subtypes -- at least 12 functionally distinct ones have been characterized
to date, and are developmentally regulated and differentially distributed in various
brain regions [1-7]. It is now well established that NMDARs play a critical role in
learning and memory [8,9].

NMDAR-triggered intracellular calcium influx which, in turn, leads to synaptic
membrane-associated AMPA receptor insertion/removal is thought to be an impor-
tant pathway for the induction of both long-term potentiation (LTP) and long-term
depression (LTD) of synaptic strength; forms of activity-dependent synaptic
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plasticity believed to be necessary for learning and memory
formation [9-18]. Additionally, NMDAR activation has been
suggested to be critical for the acquisition of hippocampal-
dependent learning tasks such as trace eye blink conditioning
(tEBC; [19,20]). Finally, mice with point mutations in the
NMDAR glycine binding site that greatly reduce NMDAR
function show severe deficits in learning in the Morris Water
Maze (MWM), and learning is rescued by administration of
the NMDAR glycine site agonist D-serine, now believed to
be the in vivo modulator of the NMDAR glycine site [21-23].
The development of GLYX-13 began with the creation of

monoclonal antibodies generated against freshly prepared
developing rat dentate gyrus membrane preparations and
screened for their ability to recognize neurons in unfixed
frozen sections of adult rat hippocampi. These antibodies
were further screened for their ability to bind to neuronal
cell surface antigens using live, unfixed cultures of primary
rat hippocampal neurons [24]. Antibodies that passed these
two screens were then examined for their ability to modulate
Schaffer collateral-CA1 LTP using rat hippocampal slice
preparations [25,26]. Finally, an LTP-enhancing monoclonal
antibody, B6B21, which was found to be an NMDAR glycine
site partial agonist, and was also found to be a robust cognitive
enhancer when injected intraventricularly in rabbits undergo-
ing trace eyeblink conditioning [27].
Next, the heavy and light chains of B6B21 were cloned and

sequenced as described previously [28] and peptides were
synthesized based on the sequences identified in each of the
hypervariable regions of the light chain. GLYX-13 was identi-
fied from peptide screening assays that involved the use of
synaptic membranes prepared using rat hippocampal tis-
sue [25]. These membrane preparations were monitored for
the effect of peptides on [3H]MK-801 binding in the presence
of 7-chlorokynurenic acid as previously reported [25,28].
GLYX-13 acts as an NMDAR functional glycine site mod-

ulator and cognitive enhancer. GLYX-13 simultaneously
enhanced the magnitude of LTP of synaptic transmission,
while reducing LTD. GLYX-13 reduced NMDAR-mediated

synaptic currents in CA1 pyramidal neurons evoked by low-
frequency Schaffer collateral stimulation, but enhanced
NMDAR currents during high-frequency bursts of activity,
and these actions were occluded by a saturating concentration
of the glycine site agonist D-serine [29]. GLYX-13 (1 mg/kg,
IV) also enhanced learning in both young adult and
learning-impaired aged rats in MWM and alternating T-
maze, and increased tEBC in both young and aging rats.
Examination of the induction of LTP and LTD at Schaffer
collateral-CA1 synapses in hippocampal slices found that
aged rats showed marked, selective impairment in the magni-
tude of LTP evoked by a submaximal tetanus, and that
GLYX-13 significantly enhanced the magnitude of LTP in sli-
ces from both young adult and aged rats without affecting
LTD [30]. Finally, GLYX-13, when injected directly into the
rat medial prefrontal cortex (MPFC), significantly increased
positive emotional learning (PEL; [31,32]).

Thus, it appears reasonable that GLYX-13 directly modu-
lates NMDAR in a glycine-like fashion and based on the
effects of GLYX-13 on LTP/LTD, as well as enhancement
of cognition in four different behavioral paradigms in young
and learning-impaired aged rats, that GLYX-13 interacting
with NMDARs triggers NMDAR-mediated synaptic plastic-
ity. Since many of the physiological and molecular underpin-
nings of LTP and LTD have begun to be identified, this
hypothesis will be readily testable.

GLYX-13 was derived from the amino acid sequence of one
of the hypervariable regions of the light chain of a monoclonal
antibody [33] which interacts with ionotropic NMDARs at the
NMDAR glycine site [25]. GLYX-13 acts like an NMDAR gly-
cine site functional partial agonist [29,33,34] to modulate
NMDAR channel currents in rat hippocampal slices, with
25% of the activity of a glycine site full agonist. In animals,
GLYX-13 exhibited antidepressant-like effects in several rat
models [34]. In rats and dogs, GLYX-13 is rapidly cleared
from plasma with a half-life of 10 min or less [35]. Toxicology
studies in rats and dogs found GLYX-13 to be safe and well
tolerated at single doses of 500 mg/kg IV and in 3-month stud-
ies at 300 mg/kg IV in rats and 200 mg/kg IV in dogs [35].
GLYX-13 caused no changes in the hERG assay at concentra-
tions up to 2 mM, or cardiac or cardiovascular changes in con-
scious dogs at 500 mg/kg IV, or respiratory changes in rats at
415 mg/kg [35]. GLYX-13 did not increase locomotor activity
at low doses in rats -- a predictor of psychotomimetic effects
in humans [34,35]. Further, GLYX-13 did not substitute for
ketamine in ketamine-trained rats, elicit ketamine-like psy-
chotomimetic effects in a prepulse inhibition assay, or cause
conditioned place preference, all unlike ketamine [34].

2. Pharmacology

2.1 GLYX-13 is an NMDAR glycine site functional

partial agonist
In oocytes expressing NMDAR, electrophysiological record-
ings demonstrate that GLYX-13 acts as a partial agonist at

Article highlights.

. GLYX-13 is a novel glutamatergic-based antidepressant
in both animal studies and in humans based on clinical
trial data presented.

. GLYX-13, unlike NMDAR channel blockers such as
ketamine, does not elicit psychotomimetic side effects.

. GLYX-13 is a novel first-in-class antidepressant in that it
appears to operate via NMDAR triggering setting off a
cascade of biochemical and physiological processes akin
to LTP-based synaptic plasticity.

. The clinical trial results with GLYX-13 together with
those previously reported for ketamine add strong
support for the NMDAR as a target for the creation of
new antidepressants.

This box summarizes key points contained in the article.
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the glycine modulatory site. As shown in Figure 1A, GLYX-13,
in the absence of exogenous glycine, can act as a co-agonist to
evoke a response to NMDA using standard two-electrode
whole-cell voltage clamp techniques [33,36-38]. As shown
in Figure 1B, GLYX-13 enhanced the magnitude of LTP of
Schaffer collateral--CA1 synaptic transmission at 1 -- 10 µM
and inhibited LTP at 100 µM [33]. In the absence of exoge-
nous NMDAR glycine site agonist, GLYX-13 caused a
concentration-dependent increase in pharmacologically
isolated NMDAR current in rat hippocampal slices
(Figure 1C). Maximum stimulation of current was approxi-
mately 20% of that elicited by the NMDAR glycine site full
agonist D-serine. In the presence of increasing concentrations
of GLYX-13 the concentration--response curve to D-serine
shifted progressively to the right, consistent with a co-agonist
site partial agonist. The affinity constant (Kp) for GLYX-13
activity was assessed using the method of Stephenson [39]

and was found to be 1.3 µM.

2.2 GLYX-13 is a cognitive enhancer
GLYX-13 (1 mg/kg IV) facilitates learning and memory in
both young adult and learning impaired aged rats in
hippocampal-dependent trace eyeblink conditioning
(Figure 2A), food-motivated alternating T-maze (Figure 2B),
and movable platform MWM (Figure 2C) [30]. GLYX-13
also facilitated positive emotional learning (PEL; Figure 2D)
defined as increased rates of hedonic 50-kHz ultrasonic
vocalizations in response to a conditioned stimulus that

predicts heterospecific play that is acquired gradually across
time [31]. PEL is modulated by NR2B-containing NMDAR
in the MPFC, and is relevant to anhedonic and negative cog-
nitive bias symptoms of depression [31]. It should be noted
that because GLYX-13 acts as a cognitive enhancer, clinical
trials have begun examining its effects on episodic and
declarative memory in normal human volunteers and will
be extended to depressed patients.

2.3 GLYX-13 produces antidepressant-like effects in

several animal models
GLYX-13 produced rapid-acting (1 h; Figure 3A) and long-
lasting (24 h; Figure 3B) antidepressant-like effects in the rat
Porsolt test, rapid-acting (1 h) antidepressant effects in the
novelty-induced hypophagia test (NIH; Figure 3C) and a
long-lasting (24 h) antidepressant-like effect in the learned
helplessness test (LH; Figure 3D) [34]. The version of the
Porsolt test used has been shown to have high sensitivity
and specificity for detecting the antidepressant effects of
drugs [40], and the versions of the NIH and LH tests used
require chronic administration of typical antidepressants
such as fluoxetine to show efficacy but can detect the acute
and long-lasting antidepressant-like effects of ketamine [40-43].

Therefore, it is suggested that long-lasting antidepressant
effects of GLYX-13 are due to metaplastic enhancement in
long-term activity-dependent synaptic plasticity, that is, a
shift in the threshold of activation needed for inducing
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Figure 1. GLYX-13 is an NMDAR functional glycine site partial agonist. (A) The effects of GLYX-13 on NMDA currents in

oocytes. Cells were injected with e1/z1 cRNA, voltage-clamped at -80 mV in the presence of 100 µM NMDA, varying

concentrations of GLYX-13, and no exogenous glycine. Data are expressed as a percentage of the current elicited by 10 µM
glycine in the same cell, usually in the same trial. Results from nine cells injected with e1/z1 cRNA; error bars indicate SEM. (B)

The effects of GLYX-13 (0.1 -- 100 µM) on LTP induced by a high-frequency stimulus train (3 � 100 Hz/500 ms) at Schaffer

collateral--CA1 synapses. Each point represents Mean ± SEM of normalized field EPSP slope. (C) Pharmacologically isolated

NMDAR currents were recorded from whole-cell patch clamp recordings of CA1 pyramidal neurons in slices. GLYX-13 by itself

(left-most symbols) elicited increased NMDAR channel current to 20% the maximum current elicited by the full-agonist

D-serine. GLYX-13 added in increasing concentrations shifted the dose response of D-serine to the right. Kp = 1.3 µM was

calculated using the Stephenson method [39].
Data were adapted from [29] and [33] with permission of Elsevier.
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long-term changes in synaptic strength [34]. An important fea-
ture of metaplasticity is that such changes can last much lon-
ger than the triggering mechanism. NMDAR activation is a
key component of both the induction of LTP and of meta-
plastic regulation of the threshold for future LTP [8,44-50]. As
shown in Figure 4A, a single dose of GLYX-13 facilitated the
induction of Schaffer collateral LTP from 24 h to at least
1 week post-dosing, far outlasting the presence of the drug,
and this effect did not habituate following repeated dosing
(i.e., no signs of tachyphylaxis). The AMPA/kainate receptor
antagonist, NBQX, blocked the maintenance of the
antidepressant-like effects of GLYX-13 (Figure 4B).
GLYX-13 increases synaptic currents gated by NR2B-
containing NMDARs in hippocampal slices (Figure 4C), as
well as significantly increasing cell-surface expression of
NR2B and GluR1 protein levels in both the hippocampus
and MPFC (Figure 4D) [34]. This suggests that the long-lasting
antidepressant-like effects of GLYX-13 are due at least in part
to metaplasticity mechanisms associated with NMDAR-
triggered induction of LTP that results in a persistent shift
in threshold for future LTP that underlies an
antidepressant effect.
Ketamine is a robust antidepressant that is also an

NMDAR modulator. Unlike GLYX-13, it is an open channel
blocker. Ketamine also causes unacceptable dissociative side
effects and is a substance of abuse. Mechanistically, ketamine
works at least in part by modulation of the mTOR pathway
which is coupled to the canonical Wnt receptor system
and also involves the modulation of GSK-3b [41,51,52].
NMDAR channel blockers inhibit NMDARs and thus would
inhibit synaptic plasticity processes associated with LTP.
Ketamine has been shown to lead to enhanced synaptic gluta-
mate release in the prefrontal cortex [53] suggesting NMDAR
activation, and it has been postulated that ketamine may be
a blockade of GABAergic interneurons projecting to

prefrontal cortical synapses that disinhibit glutamate release,
or perhaps blockade of presynaptic NMDARs that modulates
glutamate release from excitatory terminals [54]. Interestingly,
it has been shown that GSK-3b plays a key role in regulating
one form of synaptic plasticity, LTD [55,56]. As such it may be
that ketamine inhibits LTD at critical synapses and thereby
indirectly increasing LTP. In contrast, GLYX-13 directly acti-
vates NMDARs, enhancing LTP and reducing LTD without
the dissociative or ‘substance abusing’ side effects. Thus, keta-
mine, and perhaps all NMDAR channel blockers, appear to
activate these receptors via an indirect mechanism that may
be difficult to separate from dissociative side effects.

2.3. Nonclinical safety and toxicology
2.3.1 Safety
No adverse behavioral responses were observed in either male
or female rats upon administration of GLYX-13 in single
doses up to 500 mg/kg IV, the highest dose evaluated. Fur-
ther, GLYX-13, up to 500 mg/kg IV, did not affect motor
coordination in male or female rats. GLYX-13 did not induce
hyperlocomotion used as a signal for psychotomimetic effects
of NMDAR modulators in humans [57] at any dose evaluated.

GLYX-13 did not show any psychotomimetic side effects
in rats [34]. GLYX-13 did not show any ketamine-like discrim-
inative stimulus effects (Figure 3E) or sedative effects
(Figure 3F) in rats trained to discriminate 10 mg/kg ketamine
from saline. Using this drug discrimination protocol,
NMDAR antagonists that have been shown to have psychoto-
mimetic properties show ketamine-like discriminative stimu-
lus effects, while NMDAR glycine site modulators do not
show ketamine/PCP discriminative stimulus effects or
psychotomimetic effects in humans [58,59]. In addition,
GLYX-13 (10 mg/kg IV) did not produce a rewarding effect
in the conditioned place-preference test (Figure 3G), relevant
to the addictive side effects of NMDAR anatagonists such as
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Figure 2. GLYX-13 is a cognitive enhancer. (A -- C) The effects of an optimal cognitive enhancing dose of GLYX-13 (1 mg/kg, IV,

15 min post-dosing) in young adult (3 months) or learning-impaired aged (27 months old) rats in hippocampal-dependent

trace eyeblink conditioning (A), alternating T-maze (B), and Morris water maze (C) tests. (D) GLYX-13 (1 mg/kg, IV, 15 min post-

dosing) in young adult (3 months) rats facilitated positive emotional learning as measured by rates of hedonic 50 kHz

ultrasonic vocalizations in response to a conditioned stimulus that predicts heterospecific rough-and-tumble play.
Data are expressed as Mean ± SEM. *p < 0.05 Fisher’s PLSD post hoc test vs. vehicle.

Data adapted from [30,31,33] with permission of Elsevier.

J. R. Moskal et al.

246 Expert Opin. Investig. Drugs (2014) 23(2)

http://informahealthcare.com/journal/EID


ketamine or PCP [60], and did not suppress pre-pulse
inhibition (Figure 3H) relevant to the sensory-motor gating
deficits seen following ketamine or PCP that are associated
with the positive symptoms of schizophrenia [61].

A single dose of GLYX-13, 500 mg/kg IV, 60 min following
pentylenetetrazole administration, did not affect convulsant
activity in rats. GLYX-13 did not affect current through the
hERG channel at concentrations up to 5 mM. GLYX-13 at
concentrations up to 1 mM, the highest dose evaluated, did
not significantly alter any of the electrophysiological parameters
measured in dog-isolated Purkinje fibers nor did GLYX-13
administered at single IV bolus doses up to 500 mg/kg affect
heart rate, blood pressure, or any ECG parameter in conscious
instrumented dogs, nor did GLYX-13 affect any respiratory
parameter measured plethysmographically in conscious rats fol-
lowing a single IV bolus dose up to 415 mg/kg, the highest dose

evaluated. In summary, GLYX-13 did not raise any safety con-
cerns up to doses of 500 mg/kg.

2.3.2 Toxicology
In rats and dogs, single-dose IV toxicology studies were per-
formed in both rats and dogs at doses up to 1000 mg/kg
IV. No observational, body weight, clinical chemistry, hema-
tology, urinalysis, or gross or microscopic pathological signals
were observed. At 1000 mg/kg, transient respiratory depres-
sion and sedation were observed (about 10 min in duration),
which in later studies have been determined to be due to a
general anesthetic effect. Similarly, in 90-day twice-weekly
IV administration repeated-dose studies, GLYX-13 was well
tolerated at doses up to the highest evaluated, 300 mg/kg
in rats and 200 mg/kg in dogs. GLYX-13 was inactive
in the Ames mutagenesis, mouse lymphoma, and mouse
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micronucleus assays. GLYX-13 was completely compatible
with human blood, serum, and plasma at concentrations up
to 3 mg/ml in vitro.
In summary, GLYX-13 was examined in a series of toxicol-

ogy studies including single dose and 3-month, repeated IV
dose toxicity studies in rats and dogs, and genetic toxicity stud-
ies. These studies found that GLYX-13 is well tolerated in rats
and dogs at doses up to 500 mg/kg IV in single doses and
200 -- 300 mg/kg IV (highest doses evaluated) in twice-weekly
dosing for 3 months. The maximum therapeutic effect in ani-
mals occurs at 10 mg/kg; thus, therapeutic index is 50-fold in
single doses and at least 20 -- 30-fold with chronic dosing.

3. Pharmacokinetics

3.1 Animals
GLYX-13 (30 -- 300 mg/kg IV) exhibited a plasma half-life of
2 -- 3 min in rats. Following 20 -- 200 mg/kg IV administra-
tion in dogs, plasma half-life was 5 -- 8 min, as would be
expected for a tetrapeptide composed of natural amino acids.
Following repeated, twice-weekly dosing in rats and dogs for
3 months, GLYX-13 retained its short half-life.
Thus, plasma half-life is considerably shorter than duration

of action, which in the various pharmacologic studies was as
long as 96 h to 2 weeks. Evidence suggests that prolonged
(24 h post-dosing) antidepressant-like effects of both
GLYX-13 and other NMDAR antagonists can be ascribed
to the induction of NMDAR-dependent synaptic plasticity
(Figure 4) [34].

3.2 Pharmacokinetics of GLYX-13 in normal human

volunteers
Clearance was rapid in normal human volunteers following
IV administration via the antecubital vein over the dose range
0.5 -- 25 mg/kg. Plasma Cmax and AUC increased with dose

(Table 1). Cmax increased supralinearly over the dose range
0.5 -- 10 mg/kg and linearly over the dose range 10 -- 25
mg/kg. AUC increased supralinearly over the dose range
0.5 -- 25 mg/kg. Plasma half-life was short, approximately
10 min or less.

4. Human efficacy and safety

4.1 Antidepressant efficacy
To date, a Phase I safety and pharmacokinetics study (Section
3.2) and a single-dose Phase IIa safety and efficacy study have
been completed. A repeated dose safety and efficacy study is
ongoing. The Phase IIa study was a randomized, double-
blind, multiple-dose level, placebo-controlled, single IV dose
parallel safety and efficacy study of GLYX-13 in subjects
with major depressive disorder (MDD) diagnosed using the
Structured Clinical Interview for DSM-IV TR Axis I Disor-
ders [62] who had experienced poor response (< 25% using
the ATRQ) [63] to antidepressants during their current epi-
sode of MDD. The study included 116 subjects in 12 US
centers that recruited subjects from April 2011 -- July 2012.

Subjects must have undergone a 14-day washout period for
all antidepressant drugs prior to randomization and could not
receive any other antidepressant drug during the follow-up
period. Subjects received a single IV dose of placebo (normal
saline) or GLYX 13 at a dose level of 1, 5, 10, or 30 mg/kg.
Depending upon dose level and mass, infusion occurred
over 3 -- 15 min. Subjects were confined to the study unit
for at least 24 h following administration of study drug to
allow for safety evaluations and efficacy assessments. Contin-
uous ECG and pulse oximetry monitoring occurred from
baseline through 4 h after dosing with additional assessments
being made at intervals throughout the inpatient period and
at follow-up visits.

A total of 116 subjects were included in the single IV dose
efficacy trial. Of these, 33 subjects received placebo, and 25,
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Figure 4. The antidepressant effects of GLYX-13 are due to NMDAR-triggered synaptic plasticity. GLYX-13 (3 mg/kg IV, 24 h

post-dosing): (A) enhances the magnitude of hippocampus ex vivo long-term potentiation, (B) antidepressant-like effect is

blocked by the AMPA/kainate antagonist NBQX, (C) increases hippocampus NR2B current, and (D) increases cell surface
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Data are expressed as Mean ± SEM. *p < 0.05 Fisher’s PLSD post hoc test vs. vehicle.

Data adapted from [34] with permission of Nature Publishing Group.
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20, 17, and 21 subjects received GLYX-13 at dose levels of 1,
5, 10, and 30 mg/kg, respectively.

While the prolonged IV administration and the use of
numerous assessment instruments resulted in a placebo
response of 45% in reduction of HDRS-17, single IV admin-
istration of GLYX-13, at 1, 5, or 10 mg/kg resulted in rapid
dose-dependent reduction in HDRS-17 score compared to
placebo, apparent at the first assessment at the end of Day
1, and continuing through Days 3 and 7 (Figure 5A). At a
dose of 1 mg/kg, GLYX-13 reduced HDRS-17 score numer-
ically compared to placebo but the effect was not statistically
significant. Dose levels of 5 and 10 mg/kg reduced
HDRS-17 statistically significantly compared to placebo
(analysis of covariance [ANCOVA] drug effect of 5 and
10 mg/kg, p < 0.05). The effect of GLYX-13 was statistically
significant compared to placebo at Day 7 following adminis-
tration but was not different from placebo at Day 14. Cohen’s
d was 0.56, 0.41, 0.39 and 0.37, 0.36, 0.60 for 5 mg/kg at
Days 1, 3, and 7 and 10 mg/kg at Days 1, 3, and 7, respectively
with difference from placebo ranging from -2.8 and
-2.5 HDRS-17 units (5 and 10 mg/kg, respectively) at Day 1

following dose administration to -3.1 to -4.3 HDRS-17 units
(5 and 10 mg/kg, respectively) at Day 7 following dose admin-
istration. Reduction in HDRS-17 was most pronounced at the
5 and 10 mg/kg doses and antidepressant effect was lost when
dose was increased to 30 mg/kg, similar to the dose response
observed in animals (Figure 1A). Analysis of the data using a
mixed effects model with repeated measures also revealed
that GLYX-13 reduced HDRS-17 compared to placebo
(ANCOVA drug effect at 5 and 10 mg/kg, p < 0.05) at the
5 and 10 mg/kg IV dose levels but the effect was lost when
dose was increased to 30 mg/kg.

4.2 Human safety
No treatment-related serious adverse events occurred during
the study. No differences were noted between treatment
groups in the emergence of adverse events, ECG, oxygen
saturation, laboratory or hematologic data, or vital signs.
Few adverse events were reported by 5% or more of subjects
and these were rated as mild or moderate. These included
headache, somnolence, dizziness, dysgeusia, and fatigue.
With the exception of dizziness, which was reported by
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Figure 5. GLYX-13 reduces depression scores assessed as HDRS-17 score and does not cause psychotomimetic side effects

assessed as BPRS+ scores. (A) HDRS-17 scores are presented as difference from baseline, Mean ± SEM. Baseline scores were

26.1 (n = 33) placebo, and 26.1 (n = 25), 25.2 (n = 20), 25.1 (n = 17), and 24.6 (n = 21) for GLYX-13, 1, 5, 10, and 30 mg/kg,

respectively. *p < 0.05 for 10 mg/kg compared to placebo at that time point. *p < 0.05 ANCOVA for 5 and 10 mg/kg compared

to placebo. GLYX-13 reduces depressive symptoms assessed as Bech-6 scores. (B) GLYX-13 does not cause psychotomimetic side

effects assessed as BPRS+ scores.
Mean + SEM, SEM were all 0.02 or less. Placebo, n = 33, GLYX-13 1 mg/kg, n = 25, 5 mg/kg, n = 20, 10 mg/kg, n = 17, 30 mg/kg, n = 21.

Table 1. GLYX-13 plasma concentration and pharmacokinetic parameters in normal human volunteers.

Dose (mg/kg) Cmax (mg/ml) AUC` (mg·min/ml) t1/2 initial (min) Vd (l/kg) Cl (l/h/kg)

1 IV 5.2 ± 0.9 32 ± 4.2 4.7 ± 0.5 0.17 ± 0.03 2.02 ± 0.36
5 IV 26 ± 11 288 ± 115 7.4 ± 0.9 0.31 ± 0.14 2.09 ± 0.98
10 IV 100 ± 21 1162 ± 121 9.0 ± 0.6 0.12 ± 0.01 0.54 ± 0.05
20 IV 182 ± 56 4030 ± 405 14.0 ± 2.1 0.10 ± 0.03 0.30 ± 0.03

Pharmacokinetics parameters are presented as Mean ± SEM, n = 4 subjects at each dose.
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approximately 10% of subjects who received GLYX-13
compared to no reports in subjects who received placebo,
incidence of the other adverse events was similar in subjects
who received GLYX-13 and placebo, and no dose response
was apparent for GLYX-13. The assignment of dizziness as a
specific side effect of GLYX-13 is unclear since the incidence
of dizziness was not related to pharmacokinetics of GLYX-13,
having been reported for only for a short period by any sub-
ject and occurring from 5 min to several hours after adminis-
tration; however, 10% of subjects who received GLYX-13 in
the Phase I study also reported dizziness. GLYX-13 did not
cause any increase in suicidality over the course of the
14- or 28-day course of observation following dosing
(Figure 5B) using the Columbia-Suicide Severity Rating
Scale [64]. Importantly, unlike other NMDAR modulators
studied in humans, GLYX-13 did not increase BPRS+ score
(psychotomimetic effects) at any time following dosing.

5. Conclusion

These studies add further support to the hypothesis that
GLYX-13 acts as a partial agonist at the glycine site of the
NMDAR as assessed by evaluation of its effects on whole-cell
NMDAR channel current in rat hippocampal CA1
pyramidal neurons [29,33,34]. GLYX-13 displayed approxi-
mately 20% of the activity of the glycine site full agonist D-ser-
ine. The dose--response relationship of GLYX-13 in the
Porsolt assay was ‘U-shaped.’ At a dose of 1 mg/kg IV, floating
time was reduced numerically compared to placebo and was
statistically significantly different from placebo at 3 and 10
mg/kg. When the dose was further increased to 30 mg/kg,
the effect of GLYX-13 was diminished.
In a double-blind, placebo-controlled, proof-of-concept

clinical trial, a single IV dose of GLYX-13 to subjects with
MDD who had not responded to an adequate trial with at
least one antidepressant agent during their current depressive
episode, improved depression score within hours without
psychotomimetic effects. The improvement was sustained,
lasting 7 days on average when assessed using HDRS-17 [65]

score or 3 days when assessed using Bech-6 score [66].
The data suggested that a dose of 1 mg/kg IV would be

minimally efficacious, a dose of 5 mg/kg would be at or above
the ED50, and a dose of 10 mg/kg would be at the peak of the
dose response. The magnitude of effect of GLYX-13 was
robust, with Cohen’s d as great at 0.60, somewhat less than
has been reported for ketamine. In this study, an appreciable
immediate placebo effect, averaging approximately 45%, was
observed. In spite of this, the effect of GLYX-13 on depres-
sion scores was readily apparent using the composite
HDRS-17 score, the core symptom Bech-6 score, as well as
several individual items that compose the HDRS-17 which
all revealed a statistically greater reduction in depression score
compared to placebo.
A large placebo effect was observed in this study. The

reasons for this are likely several-fold. First, the study drugs

are administered intravenously. Injection is associated with
large placebo effects compared to oral placebo administra-
tion [67]. Second, infusion time is prolonged several minutes.
This may allow a significant ‘therapeutic relationship’ to
develop during drug administration. Further, many of the
subjects in the trial expected a strong response based on the
efficacy of ketamine in depressed patients, which has received
wide media attention. Finally, in this study, subjects were
administered 31 evaluation instruments during the 24-h in-
patient period following administration which may have
influenced expectation as well.

The duration of the antidepressant effect of GLYX-13 was
7 days using the HDRS-17 and is similar to the duration of
the effect of ketamine and longer than CP-101,606 or
AZD6765. In rats, GLYX-13 produces long-lasting efficacy
in the Porsolt assay and induces LTP which lasts at least
24 h after a single dose [34]. Long-lasting neuroplastic changes
such as LTP may subserve the long-lasting efficacy of
GLYX-13.

GLYX-13 demonstrated a dose response in human subjects
with depression similar to its dose response in the Porsolt
assay in rats. That is, a dose of 1 mg/kg GLYX-13, while
numerically superior to placebo, did not produce a statistically
significant effect on depression scores, whereas 5 and 10 mg/kg
produced robust effects. Similar to results in the Porsolt assay,
when the dose of GLYX-13 was increased further to 30 mg/kg,
its antidepressant effect was lost. The mechanism for this ‘U-
shaped’ dose response is not clear at present. Nevertheless,
U-shaped dose--response curves are common in pharmacology
and have been studied extensively [68]. Two plausible explana-
tions for the U-shaped dose--response curves observed with
GLYX-13 include reports by Sheinin et al. [69] and
Dravid et al. [70] showing that D-cycloserine, a glycine site
partial agonist, interacts with each NMDAR subtype uniquely
leading to quite different ion channel kinetic patterns ranging
from partial agonist-driven channel opening to super-agonist-
driven channel modulation. Thus, it is conceivable that, as the
concentration of GLYX-13 is increased, different NMDAR
channel opening kinetics at different receptor subtypes occur,
leading to an overall decrease in receptor function. A second
hypothesis is based on the observation that increasing the gly-
cine coagonist concentration facilitates NMDAR endocyto-
sis [71]. Thus, an increase in GLYX-13 concentration could
eventually lead to increased removal of NMDARs from the
cell surface with a concomitant decrease in activity leading
directly to a reduction in therapeutic efficacy of GLYX-13.

GLYX-13 has rapid efficacy that lasts for approximately
1 -- 2 weeks after a single injection. Thus, it is likely that
GLYX-13 will be used in combination with traditional anti-
depressants and will also need to be administered repeatedly
over time as well. The current Phase II program is examining
the effects of repeated dosing with GLYX-13. Preclinical stud-
ies have shown that repeated dosing with GLYX-13 produces
neither tachyphylaxis in antidepressant models nor negative
effects in a variety of learning and memory paradigms [29,34].
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Moreover, it has also been shown in preclinical models that
GLYX-13 did not interfere with the antidepressant-like effects
of fluoxetine in the forced swim test using rats.

Of great interest is the observation in this study that
GLYX-13 produced antidepressant effects without any
evidence of psychotomimetic side effects. This is a therapeuti-
cally important observation in that NMDAR full antagonists
such as ketamine produce psychotomimetic side effects at
doses that reduce depression scores. Additional studies with
repeated dosing of GLYX-13 are warranted by the results of
this study. A 12-week repeated-dose study of GLYX-13 as
add-on therapy is under way.

6. Expert opinion

Studies conducted by several investigators have demonstrated
that NMDARmodulators produce rapid antidepressant effects,
often within a few hours, in subjects with MDD who had not
responded adequately to other antidepressant agents. Many
investigators believe that the discovery of rapid antidepressant
activity in these resistant subjects may lead to a paradigm shift
in treatment of MDD aimed at rapid control with resulting
decrease in the disruption in the lives of depressed patients
and their families. Unfortunately, NMDAR full antagonists
induce psychotomimetic side effects at dose levels that are effi-
cacious in MDD. For example, ketamine, a potent NMDA
channel blocker, has been demonstrated to reduce depression
scores in subjects with MDD [72-74], with efficacy apparent
within a few hours [72-76]. However, ketamine produces psy-
chotomimetic side effects at doses that reduce depression scores.
Similarly, CP-101,606, an NR2B subunit-selective NMDAR
antagonist, reduced depression scores in an add-on study but
was also associated with psychotomimetic side effects although
these were reduced when the dose level of CP-101,606 was
reduced [76]. Another NR2B-selective antagonist, MK-0657,
also reduced secondary efficacy measures by Day 5 of oral
administration in 5 subjects without causing psychotomimetic
side effects [75].

Thus, it has been suggested that NMDAR modulators that
do not completely block NMDAR activity may be effective
antidepressant agents without producing psychotomimetic
side effects [6]. D-cycloserine is an NMDAR glycine site partial
agonist at NR2B-containing NMDARs, but it is a superagonist
at NR2C-containing NMDARs [69,70]. The antidepressant
activity of D-cycloserine has been studied in clinical trials,
where it was found to not possess antidepressant activity [77],
or, in a recent study at higher dose, it has been reported that
2 weeks of daily oral treatment resulted in decreased depression
score without psychotomimetic side effects and antidepressant
activity was maintained during a further 4-week period [78].
Memantine, a weak NMDAR channel blocker, was found not

to have antidepressant activity in a clinical trial [79].
AZD6765, another weak NMDA channel blocker, demon-
strated short-term reduction of depression scores, within
80 min of dosing but lasting < 24 h, without causing increased
BPRS+ scores [80]. Tianeptine is a unique antidepressant and
anxiolytic agent with serotonin reuptake inhibitory activity as
well as activity at glutamate receptors [81]. Tianeptine alters
phosphorylation of glutamate receptors [82] and augments neu-
roplasticity [83]. However, the clinical data regarding the effec-
tiveness of tianeptine in the treatment of depression have been
largely inconclusive.

GLYX-13 appears promising because it appears it seems to
act rapidly with antidepressant effects that persist for approx-
imately a week in humans and show no psychotomimetic side
effects. Its partial agonist properties, like D-cycloserine, likely
play a role in this lack of side effects. GLYX-13 is a cognitive
enhancer that facilitates synaptic plasticity in frontal cortex
and hippocampus by triggering NMDAR-mediated calcium
influx leading to increased membrane insertion of AMPA
receptors, one of the mechanisms shown previously to under-
lie the induction of some forms of both LTP and LTD of syn-
aptic strength. Thus, GLYX-13 appears to operate as an
antidepressant via mechanisms associated with upregulation
of synaptic plasticity necessary for learning and memory.
Understanding the mechanistic underpinning of GLYX-13’s
antidepressant action should provide novel insights into the
role of the glutamatergic system in depression, insights for
clinical development, and help to identify additional new
targets for therapeutic development.
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