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Abstract: Classical monoaminergic antidepressants show several disadvantages, such as
protracted onset of therapeutic action. Conversely, the fast and sustained antidepressant effect
of the N-methyl-D-aspartate receptor (NMDAR) antagonist ketamine raises vast interest in
understanding the role of the glutamate system in mood disorders. Indeed, numerous data sup-
port the existence of glutamatergic dysfunction in major depressive disorder (MDD). Drawback
to this short-latency therapy is its side effect profile, especially the psychotomimetic action,
which seriously hampers the common and widespread clinical use of ketamine. Therefore,
there is a substantial need for alternative glutamatergic antidepressants with milder side effects.
In this article, we review evidence that implicates NMDARSs in the prospective treatment of
MDD with focus on rapastinel (formerly known as GLYX-13), a novel synthetic NMDAR
modulator with fast antidepressant effect, which acts by enhancing NMDAR function as opposed
to blocking it. We summarize and discuss current clinical and animal studies regarding the
therapeutic potential of rapastinel not only in MDD but also in other psychiatric disorders, such
as obsessive—compulsive disorder and posttraumatic stress disorder. Additionally, we discuss
current data concerning the molecular mechanisms underlying the antidepressant effect of
rapastinel, highlighting common aspects as well as differences to ketamine. In 2016, rapastinel
received the Breakthrough Therapy designation for the treatment of MDD from the US Food
and Drug Administration, representing one of the most promising alternative antidepressants
under current investigation.
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Introduction

Psychiatric disorders represent a main source of disability worldwide. The World
Health Organization (WHO) Global Burden of Disease Survey estimates that by the
year 2020, major depressive disorder (MDD), a serious and at times life-threatening
stress-related psychiatric illness, will represent the second cause of disability in the
world.! Therefore, there is an urgent need for improved therapies of MDD.? Classical
monoaminergic antidepressants, although representing at the time of their development
areal progress in the therapy of mood disorders, show major drawbacks. These include
a delayed onset (of weeks) and often only partial therapeutic response. In addition,
these substances do not ameliorate key symptoms of depression, such as cognitive
impairment, symptoms that implicate synaptic dysfunction in the pathophysiology of
MDD.? A growing body of evidence indicates that drugs targeting the glutamate system,
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which plays a main role in modulating synaptogenesis and
synaptic plasticity, may represent a valuable alternative in
treating MDD.*¢

Glutamate is the main excitatory neurotransmitter in
the brain. It exerts pleiotropic effects on numerous brain
functions, acting on various glutamate receptors. These
include ionotropic receptors that include the 2-amino-3-
(3-hydroxy-5-methyl-isoxazol-4-yl) propanoic acid recep-
tor (AMPAR), N-methyl-D-aspartate receptor (NMDAR)
and kainate receptor (KAR) as well as several classes of
metabotropic receptors (mGluR). Several results support
the implication of abnormal glutamatergic mechanisms in
the pathophysiology of depression. Using microarray gene
profiling and electron microscopic stereology, lower expres-
sion of synaptic function-related genes and a reduced number
of synapses were found in the dorsolateral prefrontal cortex
(dIPFC) of individuals with MDD.” Altered expression of
synapse- and glutamate-related genes was also reported
in the hippocampus of depressed subjects.® Moreover,
glutamatergic alterations in depression appear to show sex
specificity. In a recent large cohort study of postmortem
subjects, significantly higher expression of several glutamate
receptor genes was reported in the dIPFC of patients suffering
from MDD who committed suicide, with the greatest effects
recorded in female subjects.” These results are significant,
since the prevalence of depression is higher among women
in comparison to men, and the reasons for this difference are
still under debate. '

The results in humans with MDD implicating the
glutamate system in the pathophysiology of depression
can be corroborated with data obtained in animal models.
Acute stress and corticosterone increase glutamate release
in the prefrontal cortex (PFC),!! whereas antidepressant
treatment prevents the stress-induced neuroplastic changes
in the PFC by blocking accumulation of glutamate vesicles
and expansion of excitatory synapse function.!? Chronic
stress significantly impairs recognition memory, a cogni-
tive process controlled by the PFC through suppression
of glutamate receptor expression and function.'® Interest-
ingly, in the hippocampus, chronic stress increases the local
expression of NMDAR, an effect that can be influenced by
antidepressant treatment.'*

Antidepressive effect of the

NMDAR antagonist ketamine

The most convincing clues regarding the implication of
the glutamate system in depression come from pharma-
cological studies. Glutamatergic agents, especially those

targeting the NMDAR, represent promising alternative
drugs for treating mood and anxiety disorders. A single, low
dose of the NMDAR antagonist ketamine produces a fast
(within minutes after administration) and sustained (up to
2 weeks) antidepressant effect.!>!* Moreover, ketamine has
been reported to have antisuicidal properties'” and also to
be effective in other stress-associated psychiatric disor-
ders, such as posttraumatic stress disorder (PTSD).!® These
results open new avenues in the search for more efficient
antidepressant treatments.

The rapid mood-elevating effect of ketamine is intensely
studied, and several molecular mechanisms have been pro-
posed to explain it. Ketamine was shown to rapidly activate
the mammalian target of rapamycin (mTOR) pathway, lead-
ing to an increased number and function of new synaptic
spines in the PFC of rats."”” On the other hand, the blockade
of mTOR signaling by rapamycin abolishes synaptogenesis
and antidepressant responses induced by ketamine in animal
models."”” Another group reported that the swift antidepressant
effect of ketamine depends on the rapid synthesis of brain-
derived neurotrophic factor (BDNF), implicating the deacti-
vation of the eukaryotic elongation factor 2 (¢EF2) kinase.?
Moreover, inhibitors of eEF2 kinase elicit antidepressant-like
effects.?’ In addition, it was shown that ketamine inhibits,
similar to lithium, brain glycogen synthase kinase-3 (GSK3)
in mice and that this inhibition of GSK3 is necessary for a
rapid antidepressant-like effect.?! Interestingly, the GSK-3
inhibition produced by lithium potentiates the antidepressant,
synaptogenic and electrophysiological effects of ketamine.?
Recent scientific works have proposed also an alternative,
NMDAR-independent pathway to explain the antidepres-
sant action of ketamine, implying the effect of the ketamine
metabolite (2R,6R)-HNK (hydroxynorketamine) through
its action on AMPAR.? These new results are of crucial
importance involving the activation of AMPAR in the anti-
depressive mechanism of ketamine and are in agreement
with data implicating the GluA1 subunit of AMPAR in the
neurobiology of depression.?

Despite the remarkable therapeutic efficacy of ketamine,
several major disadvantages deter from its widespread clinical
use. Particularly, its notorious psychosis-like? and addictive
potentials®® have been well established for several years and
are the greatest causes of reservation regarding its clinical
application. Regrettably, these may not be the only deleteri-
ous effects precipitated by ketamine. Although serial infu-
sions of ketamine in the short term (of 4 weeks) do not result
in significant cognitive impairment,”’ recent investigations
underline serious cognitive deficits and altered hippocampal
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activation in heavy ketamine abusers.”® In addition, ketamine
was shown to have several undesired actions in rodent
models, inducing cortical neurotoxicity? and the initiation
of abnormal cortical oscillations.*” Alternatives to ketamine
with a similar therapeutic profile, but milder side effects,
have therefore become a necessity for the advancement of
the field of clinical psychiatry. Subunit-specific NMDAR
antagonists that do not block all NMDARs in the brain rep-
resent one group of potential alternative drugs. NMDARs
are tetramers composed of two obligatory GluN1 and two
GluN2 subunits, the latter having four possible isoforms,
A-D ! In addition, diversity of NMDAR is determined by the
presence of GIuN3 and the family of heterotrimeric GluN1/
GIluN2/GluN3 NMDAR.*

GIluN2A and GluN2B represent the main NMDAR sub-
units in the forebrain. GluN2B-specific antagonists induce
similar potent antidepressant effects to global NMDAR
antagonists, without triggering detrimental effects.?-3
Interestingly, the brain activation pattern differs substantially
between the two classes of NMDAR antagonists.?” Neverthe-
less, GIuN2A subunits may also represent potential targets
for antidepressant therapies,®*° as is the case with other
glutamate receptors that are tightly linked structurally and
functionally to NMDAR, particularly mGluR5.#-43

Antidepressant effects induced by
enhancing NMDAR activity

One striking discovery following the characterization of
the fast antidepressant profile of ketamine was that also
increasing, instead of blocking, that same target (the NMDAR)
produces antidepressant-like effects. Sarcosine, also known
as N-methylglycine, acts as an NMDAR coagonist at the
glycine binding site.* It was reported that compared to cit-
alopram, patients receiving sarcosine over a 6-week period
reported significantly improved mood scores and were more
likely to experience relief of their depression symptoms.*
In these trials, sarcosine was well tolerated without significant
side effects.* In rodent models, chronic sarcosine treatment
significantly ameliorates the increased immobility induced
by chronic unpredictable stress in the forced swim test (FST),
a classical behavioral paradigm for measuring antidepressant
action.*® In support of these findings, a single injection of
sarcosine rapidly activates the mTOR signaling pathway,
an effect abolished by rapamycin or AMPAR blockade,
indicating that sarcosine exerts antidepressant-like effects by
enhancing AMPAR-mTOR signaling pathway activity and
by facilitating AMPAR membrane insertion.*’ Rapastinel
(formerly GLYX-13) is a novel synthetic compound that

modulates the NMDAR in a glycine-like fashion when
examined pharmacologically and electrophysiologically.*
It is a tetrapeptide (Thr-Pro-Pro-Thr-amide) derived from the
hypervariable region of a monoclonal antibody, B6B21, that
acts as an NMDAR modulator with glycine-site partial ago-
nist properties and possesses the ability to readily cross the
blood-brain barrier.* In 2014, it was the only drug with pos-
sible use in psychiatric disorders to receive the US Food and
Drug Administration (FDA) Fast Track designation in order
to allow an expedited review and approval process. In 2016,
the Phase III trial received the Breakthrough Therapy desig-
nation from the FDA due to the fact that preliminary clinical
data had indicated potential improvement over existing thera-
pies in treating depressive symptoms. Similar to ketamine,
rapastinel induced significant antidepressant-like effects in
rodent experiments. However, a single injection of ketamine
induced a longer lasting antidepressant effect in contrast to
rapastinel as measured in a social defeat stress paradigm.*
Other authors, however, reported sustained antidepressant
and pro-cognitive effects of rapastinel extending at least
1 week after single-dose administration.* Unlike ketamine,
rapastinel did not induce psychosis-like, sedative and cogni-
tive symptoms in mice.’!> Moreover, rapastinel prevented
or reversed the declarative memory deficits induced by sub-
chronic treatment with ketamine or another global NMDAR
antagonist, phencyclidine.> Interestingly, rapastinel even
enhanced learning in both young adult and aging rats, and the
rapastinel-induced enhancement of learning was greater in
old than in young adult animals,** suggesting that rapastinel
could represent a promising treatment for deficits in cognitive
function associated not only with depression but also with
aging. Behavioral responses were accompanied by significant
enhancement of long-term potentiation (LTP) in both young
and aged animals.**> Importantly, rapastinel has the unique
property to reduce hippocampal long-term depression (LTD),
differentiating it from similar NMDAR modulators like
D-cycloserine.*® The difference in LTP/LTD was proposed to
result from greater selectivity for GluN2B subunit-containing
NMDARSs for rapastinel than D-cycloserine or from the fact
that because both substances are structurally dissimilar, upon
binding to the glycine site each may induce different con-
formational states of NMDAR, resulting in different effects
on NMDAR function.>

Adding to its beneficial impact on affect, rapastinel
induced anxiolytic effects in rat models of PTSD, signifi-
cantly decreasing the accompanying elevated serum levels
of both corticosterone and its upstream stress hormone
adrenocorticotropic hormone.>
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Several animal studies have provided additional hints
regarding other potential therapeutic applications of rapasti-
nel. It may represent a therapeutic option in autism,”* due
to data showing that it can ameliorate deficits in play-related
prosocial ultrasonic vocalizations (USVs) in rats.” Addition-
ally, rapastinel proved to have an antinociceptive effect in
tonic and chronic pain models without inducing locomotor
or sedative side effects.®® Rapastinel also demonstrated
neuroprotective properties in an animal model of cerebral
ischemia.®' Finally, suppression of cortical spreading depo-
larization and stabilization of dendritic spines by rapastinel
suggest that it could be an effective new treatment strategy
for amelioration of the symptoms of migraine attacks and
ischemic or traumatic brain damage.®

Molecular determinants of the

antidepressant effect of rapastinel

Current findings provided clues regarding similar mecha-
nism of action of rapastinel and ketamine, but revealed
also differences. Similar to ketamine, rapastinel rapidly
increases levels of the phosphorylated and activated forms
of the extracellular signal-regulated kinase (ERK) and
a downstream target of mMTORCI1 as well as promotes
an elevated BDNF release in rat primary cortical culture
neurons.®® This induction of BDNF release and stimula-
tion of phospho-ERK could be experimentally blocked by
incubation with an AMPAR antagonist.®® In vitro incuba-
tion with rapastinel for 24 hours increased the number and
length of neuronal branches, suggesting a neuroplastic effect
and higher neuronal complexity triggered by this drug.®
In addition, rapastinel was shown to significantly reverse the
changes induced by chronic unpredictable mild stress in the
expression of several signaling molecules associated with
depression, including AKT, mTOR and eEF2 kinase in the
hippocampus.* Analogous effects of rapastinel were noticed
also with regard to the expression of VGF (nonacronym),®
aneuropeptide, which is encoded by a gene that is responsive
to BDNF and physical exercise®-% and may be an important
mediator of antidepressant response, enhancing neurogenesis
in the hippocampus.®” Downregulation of hippocampal VGF
not only significantly increases the immobility in the FST
compared to controls but also blocks the antidepressant-like
effects of rapastinel, highlighting the important role of VGF
in the mediation of the rapid-acting antidepressant activity
elicited by rapastinel.** Beyond the activation of similar
molecular pathways when compared to ketamine, the syn-
aptic and behavioral responses reported appear to be distinct
from those induced by ketamine.®® The differences in the

serotonin-2 receptor-mediated responses may be related to
the lack of psychotomimetic side effects of rapastinel when
likened to ketamine, whereas regulation of the hypocre-
tin response may contribute to the therapeutic benefits of
both these rapid-acting antidepressant substances.®

Another engaging aspect regarding the mechanism of
action of rapastinel refers to the fact that its enduring antide-
pressant effects are associated with a metaplasticity process in
the medial PFC (mPFC) and hippocampus.® Metaplasticity
is induced by synaptic and cellular activity and manifested
as a change in the ability to induce subsequent synaptic
plasticity, such as LTP, representing therefore in fact a
higher-order form of synaptic plasticity.”” In the case of
rapastinel, this refers to the fact that a single dose of the drug
induced a proliferation of mature spines in distal dendrites
of the dentate gyrus of the hippocampus and Layer V of
the mPFC,* as well as an increase in NMDAR expression
seen at 24 hours postadministration, which has been shown
to be causally linked to LTP formation.”" Among NMDAR
subunits, GluN2B was studied regarding electrophysi-
ological effects of rapastinel. A single dose increased the
proportion of whole-cell NMDAR current contributed by
GluN2B-containing NMDARs in the hippocampus 1 week
postdosing, then returned to baseline by 4 weeks postdosing.*
In rat hippocampal slices, rapastinel has been shown to
enhance conductance of GluN2B-containing NMDARs at
rat Schaffer collateral-CA1 synapses.*® Furthermore, rapasti-
nel significantly increased positive emotional learning in
rodents, an effect annulled by the GIuN2B receptor-specific
antagonist ifenprodil.”™

Therapeutic efficacy of rapastinel

in clinical trials

To this date, few human trials regarding the potential benefits
of rapastinel have been completed and published. Yet, the
modest number of clinical studies available supports the ther-
apeutic efficacy of rapastinel in individuals suffering from
psychiatric illnesses. In a double-blind, placebo-controlled,
proof-of-concept clinical trial, a single intravenous (IV) dose
of rapastinel administered to 116 subjects with MDD who had
not responded to an adequate trial with at least one antidepres-
sant agent during their current depressive episode showed
an improvement in depression scores within hours without
presenting psychotomimetic effects.’>” No treatment-related
serious adverse events were reported during the study.”>” The
results of this study suggest that a dose of 1 mg/kg IV would
be minimally efficacious, and a dose of 10 mg/kg would lie
at the peak of the dose—response curve.>” Other clinical
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trials are ongoing to investigate the efficacy of rapastinel as
adjunctive therapy in MDD (ClinicalTrials.gov Identifier:
NCT02932943) or as add-on therapy in the prevention of
relapse in patients with MDD (ClinicalTrials.gov Identifier:
NCT02951988). Additionally, in a small open-label sample,
rapastinel was recently shown to be effective in the treatment

of obsessive—compulsive disorder (OCD), displaying acute
beneficial effects regarding obsessions, compulsions and
symptoms of anxiety and depression.”™

Discussion

Rapastinel represents a novel promising glutamatergic
antidepressant. The lack of psychotomimetic side effects
constitutes an important step forward when compared to
ketamine or other NMDAR modulators, such as lanicemine.”
Although the neurobiological mechanisms underlying the
therapeutic efficiency of rapastinel have been intensely
studied, there is a need for more clinical studies with larger
cohorts to replicate and extend the initial promising results
into the clinical context. Rapastinel has rapid efficacy that
lasts for ~1-2 weeks after a single injection, opening pos-
sibilities for using it in conjunction with standard monoam-
inergic antidepressants.

Another interesting aspect is the effect of rapastinel
on specific NMDAR subunits, ie, the GluN2B-containing
NMDAR. This is of potential practical relevance since in
a large postmortem study, the expression of the GluN2B
subunit was higher in all MDD patients who died by sui-
cide relative to those who did not, suggesting that GluN2B
mRNA levels may be a biological marker of suicidality in
depression.” Moreover, GIuN2B appears to play an impor-
tant role in metaplasticity’® and therefore also in the durable
changes triggered by rapastinel. However, these data do not
show a preferential effect of rapastinel on GluN2B, and future
studies are needed to evaluate the contributions also of other
NMDAR subunits in the therapeutic action of rapastinel.

Besides NMDAR, there is increasing evidence that
enhancement of AMPAR function may also play a major
role in the antidepressant effect of ketamine.?* Both ketamine
and rapastinel led to increases in both GluN2B and GluAl
protein levels.’! However, the cellular mechanisms and net-
works implicated in the effects mediated via AMPAR are still
unknown. Although the global ablation of GluA 1-containing
AMPAR produced a depression-like phenotype,* in mice with
inducible ablation of GluA1 in glutamatergic forebrain neurons,
no alteration of the emotional behavior was noted.”’® This sug-
gests that AMPAR located onto GABAergic interneurons may
be heavily involved in mood disorders. Nevertheless, since

AMPAR potentiators represent alternative antidepressants,”
the effect of possible combinations and interactions with
rapastinel should be determined by subsequent studies. Like
ketamine, the rapastinel-induced antidepressant-like effects
required AMPAR/KAR activation.’! Recent studies show a
direct effect of rapastinel on AMPAR activation in stress mod-
els of depression; however, the results are variable, indicating
differences to ketamine. Although the antidepressant effect
of rapastinel in the FST required AMPAR activation,* only
R-ketamine but not rapastinel significantly attenuated the
reduced GluA1 AMPAR expression in the PFC and hip-
pocampus in the social defeat stress model of depression.*’
Future studies, for example, examining the antidepressive
effect of rapastinel in genetic models of AMPAR or NMDAR
deletion, are needed to clarify the role of these receptors in
its therapeutic action.

In fact, although acting by different mechanisms (ago-
nism vs antagonism of NMDAR), both rapastinel and
ketamine may produce rapid antidepressant effects by
increased synaptic plasticity, for example, by increasing
BDNF release.*%* Whether AMPAR activation represents
in this context a point of convergence that in fact underlies
the antidepressant effect of both compounds remains to be
determined by future studies. Nevertheless, considering the
cognitive dimension in depression, it is of importance that
rapastinel acts as a cognitive enhancer®? and reverses memory
deficits induced by ketamine or another NMDAR antagonist
in rodent models.*® Therefore, it is important to underlie once
more that the effects of rapastinel and ketamine are not identi-
cal, and acute administration of rapastinel and ketamine has
different, even opposing effects in terms of receptor activa-
tion, LTP induction® and learning and memory.** Finally,
another aspect that should be clarified by future studies is
whether there are age-specific characteristics in the antide-
pressant effect of rapastinel. It was shown in animal models
that ketamine does not induce any antidepressant-like effects
if administered before puberty.® The mechanisms underly-
ing these age-dependent differences are not yet understood.
It is, however, known that NMDARs undergo important
changes in their constitution and function during transition
to adulthood,®' paralleled by significant changes in the brain
activation pattern induced by NMDAR antagonists.®? Future
studies may establish whether these changes also determine a
different therapeutic responsiveness to rapastinel in MDD.

Acknowledgment
This work was supported by grants from the Deutsche
Forschungsgemeinschaft (DI427/11-1) to DI and PG, the

Neuropsychiatric Disease and Treatment 2017:13

submit your manuscript

977

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com
https://ClinicalTrials.gov
https://ClinicalTrials.gov

Vasilescu et al

Dove

Ingeborg Stinder Foundation and the Research Fund of the
UPK Basel to DI

Disclosure
The authors report no conflicts of interest in this work.

References

1.

10.

11.

12.

13.

14.

15.

Lecrubier Y. The burden of depression and anxiety in general medicine.
J Clin Psychiatry. 2001;62(suppl 8):4-9; discussion 10-11.

. Lang UE, Borgwardt S. Molecular mechanisms of depression: per-

spectives on new treatment strategies. Cell Physiol Biochem. 2013;
31(6):761-777.

. Mclntyre RS, Xiao HX, Syeda K, et al. The prevalence, measurement,

and treatment of the cognitive dimension/domain in major depressive
disorder. CNS Drugs. 2015;29(7):577-589.

. Sanacora G, Treccani G, Popoli M. Towards a glutamate hypothesis

of depression: an emerging frontier of neuropsychopharmacology for
mood disorders. Neuropharmacology. 2012;62(1):63-77.

. Ohgi Y, Futamura T, Hashimoto K. Glutamate signaling in synaptogen-

esis and NMDA receptors as potential therapeutic targets for psychiatric
disorders. Curr Mol Med. 2015;15(3):206-221.

. Deutschenbaur L, Beck J, Kiyhankhadiv A, et al. Role of calcium,

glutamate and NMDA in major depression and therapeutic application.
Prog Neuropsychopharmacol Biol Psychiatry. 2016;64:325-333.

. Kang HJ, Voleti B, Hajszan T, et al. Decreased expression of synapse-

related genes and loss of synapses in major depressive disorder.
Nat Med. 2012;18(9):1413-1417.

. Duric V, Banasr M, Stockmeier CA, et al. Altered expression of

synapse and glutamate related genes in post-mortem hippocampus of
depressed subjects. Int J Neuropsychopharmacol. 2013;16(1):69-82.

. Gray AL, Hyde TM, Deep-Soboslay A, Kleinman JE, Sodhi MS. Sex

differences in glutamate receptor gene expression in major depression
and suicide. Mol Psychiatry. 2015;20(9):1057-1068.

Albert PR. Why is depression more prevalent in women? J Psychiatry
Neurosci. 2015;40(4):219-221.

Treccani G, Musazzi L, Perego C, et al. Stress and corticosterone
increase the readily releasable pool of glutamate vesicles in synaptic
terminals of prefrontal and frontal cortex. Mol Psychiatry.2014;19(4):
433-443.

Nava N, Treccani G, Liebenberg N, et al. Chronic desipramine
prevents acute stress-induced reorganization of medial prefrontal
cortex architecture by blocking glutamate vesicle accumulation and
excitatory synapse increase. /nt J Neuropsychopharmacol. 2014;
18(3):yu08s.

Yuen EY, Wei J, Liu W, Zhong P, Li X, Yan Z. Repeated stress causes
cognitive impairment by suppressing glutamate receptor expression
and function in prefrontal cortex. Neuron. 2012;73(5):962-977.
Calabrese F, Guidotti G, Molteni R, Racagni G, Mancini M, Riva MA.
Stress-induced changes of hippocampal NMDA receptors: modulation
by duloxetine treatment. PLoS One. 2012;7(5):e37916.

Berman RM, Cappiello A, Anand A, et al. Antidepressant effects of ket-
amine in depressed patients. Biol Psychiatry. 2000;47(4):351-354.

. Zarate CA Jr, Singh JB, Carlson PJ, et al. A randomized trial of an

N-methyl-D-aspartate antagonist in treatment-resistant major depres-
sion. Arch Gen Psychiatry. 2006;63(8):856.

. Price RB, Nock MK, Charney DS, Mathew SJ. Effects of intravenous

ketamine on explicit and implicit measures of suicidality in treatment-
resistant depression. Biol Psychiatry. 2009;66(5):522-526.

. Feder A, Parides MK, Murrough JW, et al. Efficacy of intravenous

ketamine for treatment of chronic posttraumatic stress disorder: a ran-
domized clinical trial. JAMA Psychiatry. 2014;71(6):681-688.

. LiN, Lee B, Liu RJ, et al. nTOR-dependent synapse formation under-

lies the rapid antidepressant effects of NMDA antagonists. Science.
2010;329(5994):959-964.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

. Autry AE, Adachi M, Nosyreva E, et al. NMDA receptor blockade at

rest triggers rapid behavioural antidepressant responses. Nature. 2011;
475(7354):91-95.

Beurel E, Song L, Jope RS. Inhibition of glycogen synthase kinase-3
is necessary for the rapid antidepressant effect of ketamine in mice.
Mol Psychiatry. 2011;16(11):1068-1070.

Liu R, Fuchikami M, Dwyer J, Lepack A, Duman R, Aghajanian G.
GSK-3 inhibition potentiates the synaptogenic and antidepressant-like
effects of subthreshold doses of ketamine. Neuropsychopharmacology.
2013;38(11):2268-2277.

Zanos P, Moaddel R, Morris PJ, et al. NMDAR inhibition-independent
antidepressant actions of ketamine metabolites. Nature. 2016;
533(7604):481-486.

Chourbaji S, Vogt MA, Fumagalli F, et al. AMPA receptor subunit 1
(GluR-A) knockout mice model the glutamate hypothesis of depression.
FASEB J. 2008;22(9):3129-3134.

Krystal JH, Karper LP, Seibyl JP, et al. Subanesthetic effects of the
noncompetitive NMDA antagonist, ketamine, in humans. Psychotomi-
metic, perceptual, cognitive, and neuroendocrine responses. Arch Gen
Psychiatry. 1994;51(3):199.

Wolff K, Winstock AR. Ketamine: from medicine to misuse. CNS
Drugs. 2006;20(3):199-218.

Shiroma PR, Albott CS, Johns B, Thuras P, Wels J, Lim KO. Neu-
rocognitive performance and serial intravenous subanesthetic ketamine
in treatment-resistant depression. /nt J Neuropsychopharmacol. 2014;
17(11):1805-1813.

Morgan CJ, Dodds CM, Furby H, et al. Long-term heavy ketamine use
is associated with spatial memory impairment and altered hippocampal
activation. Front Psychiatry. 2014;5:149.

Sharp FR, Jasper P, Hall J, Noble L, Sagar SM. MK-801 and ketamine
induce heat shock protein HSP72 in injured neurons in posterior cin-
gulate and retrosplenial cortex. Ann Neurol. 1991;30(6):801-809.
Pinault D. N-methyl d-aspartate receptor antagonists ketamine and
MK-801 induce wake-related aberrant gamma oscillations in the rat
neocortex. Biol Psychiatry. 2008;63(8):730-735.

Wisden W, Seeburg PH. Mammalian ionotropic glutamate receptors.
Curr Opin Neurobiol. 1993;3(3):291-298.

Henson MA, Roberts AC, Pérez-Otafio I, Philpot BD. Influence of the
NR3A subunit on NMDA receptor functions. Prog Neurobiol. 2010;
91(1):23-37.

Preskorn SH, Baker B, Kolluri S, Menniti FS, Krams M, Landen JW.
An innovative design to establish proof of concept of the antidepressant
effects of the NR2B subunit selective N-methyl-D-aspartate antagonist,
CP-101,606, in patients with treatment-refractory major depressive
disorder. J Clin Psychopharmacol. 2008;28(6):631-637.

Kocsis B. Differential role of NR2A and NR2B subunits in N-methyl-
D-aspartate receptor antagonist-induced aberrant cortical gamma
oscillations. Biol Psychiatry. 2012;71(11):987-995.

Lima-Ojeda JM, Vogt MA, Pfeiffer N, et al. Pharmacological blockade
of GluN2B-containing NMDA receptors induces antidepressant-like
effects lacking psychotomimetic action and neurotoxicity in the perina-
tal and adult rodent brain. Prog Neuropsychopharmacol Biol Psychiatry.
2013;45:28-33.

Kiselycznyk C, Jury NJ, Halladay LR, et al. NMDA receptor subunits
and associated signaling molecules mediating antidepressant-related
effects of NMDA-GIuN2B antagonism. Behav Brain Res. 2015;287:
89-95.

Inta D, Trusel M, Riva MA, Sprengel R, Gass P. Differential c-Fos
induction by different NMDA receptor antagonists with antidepressant
efficacy: potential clinical implications. /nt J Neuropsychopharmacol.
2009;12(8):1133-1136.

Taniguchi S, Nakazawa T, Tanimura A, et al. Involvement of
NMDAR?2A tyrosine phosphorylation in depression-related behaviour.
EMBO J.2009;28(23):3717-3729.

Inta D, Vogt MA, Pfeiffer N, Kohr G, Gass P. Dichotomy in the anxiolytic
versus antidepressant effect of C-terminal truncation of the GluN2A
subunit of NMDA receptors. Behav Brain Res. 2013;247:227-231.

978

submit your manuscript

Dove

Neuropsychiatric Disease and Treatment 2017:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Modulation of the activity of NMDARs

40.

41.

42.

43.

44

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

58.

Jiménez-Sanchez L, Campa L, Auberson YP, Adell A. The role of
GIluN2A and GluN2B subunits on the effects of NMDA receptor
antagonists in modeling schizophrenia and treating refractory depres-
sion. Neuropsychopharmacology. 2014;39(11):2673-2680.

Li X, Need AB, Baez M, Witkin JM. Metabotropic glutamate 5 recep-
tor antagonism is associated with antidepressant-like effects in mice.
J Pharmacol Exp Ther. 2006;319(1):254-259.

Inta D, Vogt MA, Luoni A, et al. Significant increase in anxiety during
aging in mGlu$ receptor knockout mice. Behav Brain Res. 2013;241:
27-31.

Lindemann L, Porter RH, Scharf SH, et al. Pharmacology of basim-
glurant (RO4917523, RG7090), a unique metabotropic glutamate
receptor 5 negative allosteric modulator in clinical development for
depression. J Pharmacol Exp Ther. 2015;353(1):213-233.

Chen L, Muhlhauser M, Yang CR. Glycine tranporter-1 blockade
potentiates NMDA-mediated responses in rat prefrontal cortical neurons
in vitro and in vivo. J Neurophysiol. 2003;89(2):691-703.

Huang CC, We IH, Huang CL, et al. Inhibition of glycine transporter-I
as a novel mechanism for the treatment of depression. Biol Psychiatry.
2013;74(10):734-741.

Chen KT, Wu CH, Tsai MH, et al. Antidepressant-like effects of long-
term sarcosine treatment in rats with or without chronic unpredictable
stress. Behav Brain Res. 2017;316:1-10.

Chen KT, Tsai MH, Wu CH, Jou MJ, Wei IH, Huang CC. AMPA
receptor-mTOR activation is required for the antidepressant-like effects
of sarcosine during the forced swim test in rats: insertion of AMPA
receptor may play a role. Front Behav Neurosci. 2015;9:162.

Moskal JR, Kuo AG, Weiss C, et al. GLYX-13: a monoclonal antibody-
derived peptide that acts as an N-methyl-D-aspartate receptor modula-
tor. Neuropharmacology. 2005;49(7):1077-1087.

Yang B, Zhang JC, Han M, et al. Comparison of R-ketamine and rapasti-
nel antidepressant effects in the social defeat stress model of depression.
Psychopharmacology (Berl). 2016;233(19-20):3647-3657.

Burgdorf J, Zhang XL, Weiss C, et al. The long-lasting antidepressant
effects of Rapastinel (GLYX-13) are associated with a metaplasticity
process in the medial prefrontal cortex and hippocampus. Neuroscience.
2015;308:202-211.

BurgdorfJ, Zhang XL, Nicholson KL, et al. GLYX-13,a NMDA receptor
glycine-site functional partial agonist, induces antidepressant-like effects
without ketamine-like side effects. Neuropsychopharmacology. 2013;
38(5):729-742.

Moskal JR, Burch R, BurgdorfJS, et al. 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. Expert Opin Investig Drugs. 2014;23(2):
243-254.

Rajagopal L, Burgdorf JS, Moskal JR, Meltzer HY. GLYX-13 (Rapasti-
nel) ameliorates subchronic phencyclidine- and ketamine-induced
declarative memory deficits in mice. Behav Brain Res. 2016;299:
105-110.

BurgdorfJ, Zhang XL, Weiss C, et al. The N-methyl-D-aspartate receptor
modulator GLYX-13 enhances learning and memory, in young adult and
learning impaired aging rats. Neurobiol Aging. 2011;32(4):698-706.
Zhang XL, Sullivan JA, Moskal JR, Stanton PK. A NMDA receptor
glycine site partial agonist, GLYX-13, simultaneously enhances LTP
and reduces LTD at Schaffer collateral-CA1 synapses in hippocampus.
Neuropharmacology. 2008;55(7):1238-1250.

Jin ZL, Liu JX, Liu X, et al. Anxiolytic effects of GLYX-13 in
animal models of posttraumatic stress disorder-like behavior.
J Psychopharmacol. 2016;30(9):913-921.

Santini AC, Pierantoni GM, Gerlini R, et al. Glix 13, a new drug acting
on glutamatergic pathways in children and animal models of autism
spectrum disorders. Biomed Res Int. 2014;2014:234295.

Moskal JR, Burgdorf J, Kroes RA, Brudzynski SM, Panksepp J.
A novel NMDA receptor glycine-site partial agonist, GLYX-13, has
therapeutic potential for the treatment of autism. Neurosci Biobehav
Rev. 2011;35(9):1982-1988.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

73.

74.

75.

76.

71.

78.

. Burgdorf J, Moskal JR, Brudzynski SM, Panksepp J. Rats selectively

bred for low levels of play-induced 50 kHz vocalizations as a model for
autism spectrum disorders: a role for NMDA receptors. Behav Brain
Res. 2013;251:18-24.

Wood PL, Mahmood SA, Moskal JR. Antinociceptive action of
GLYX-13: an N-methyl-D-aspartate receptor glycine site partial ago-
nist. Neuroreport. 2008;19(10):1059-1061.

Stanton PK, Potter PE, Aguilar J, Decandia M, Moskal JR. Neuro-
protection by a novel NMDAR functional glycine site partial agonist,
GLYX-13. Neuroreport. 2009;20(13):1193-1197.

Zhang XL, Shuttleworth CW, Moskal JR, Stanton PK. Suppression
of spreading depolarization and stabilization of dendritic spines by
GLYX-13, an NMDA receptor glycine-site functional partial agonist.
Exp Neurol. 2015;273:312-321.

Lepack AE, Bang E, Lee B, Dwyer JM, Duman RS. Fast-acting antide-
pressants rapidly stimulate ERK signaling and BDNF release in primary
neuronal cultures. Neuropharmacology. 2016;111:242-252.

LuY, Wang C, Xue Z, et al. PI3K/AKT/mTOR signaling-mediated neu-
ropeptide VGF in the hippocampus of mice is involved in the rapid onset
antidepressant-like effects of GLYX-13. Int J Neuropsychopharmacol.
2014;18(5):yullo.

Hunsberger JG, Newton SS, Bennett AH, et al. Antidepressant actions of
the exercise-regulated gene VGF. Nat Med. 2007;13(12):1476-1482.

Bozdagi O, Rich E, Tronel S, et al. The neurotrophin-inducible gene
Vef regulates hippocampal function and behavior through a brain-
derived neurotrophic factor-dependent mechanism. J Neurosci. 2008;
28(39):9857-9869.

Thakker-Varia S, Krol JJ, Nettleton J, et al. The neuropeptide VGF
produces antidepressant-like behavioral effects and enhances prolifera-
tion in the hippocampus. J Neurosci. 2007;27(45):12156-12167.

Liu RJ, Duman C, Kato T, et al. GLYX-13 produces rapid antidepres-
sant responses with key synaptic and behavioral effects distinct from
ketamine. Neuropsychopharmacology. Epub 2016 Oct 19.

Burgdorf J, Kroes RA, Zhang XL, et al. Rapastinel (GLYX-13) has
therapeutic potential for the treatment of post-traumatic stress disorder:
characterization of a NMDA receptor-mediated metaplasticity process
in the medial prefrontal cortex of rats. Behav Brain Res. 2015;294:
177-185.

Abraham WC, Bear MF. Metaplasticity: the plasticity of synaptic
plasticity. Trends Neurosci. 1996;19(4):126—-130.

Bosch M, Castro J, Saneyoshi T, Matsuno H, Sur M, Hayashi Y. Struc-
tural and molecular remodeling of dendritic spine substructures during
long-term potentiation. Neuron. 2014;82(2):444-459.

. Burgdorf J, Kroes RA, Weiss C, et al. Positive emotional learning is

regulated in the medial prefrontal cortex by GluN2B-containing NMDA
receptors. Neuroscience. 2011;192:515-523.

Preskorn S, Macaluso M, Mehra DO, et al. Randomized proof of con-
cept trial of GLYX-13, an N-methyl-D-aspartate receptor glycine site
partial agonist, in major depressive disorder nonresponsive to a previous
antidepressant agent. J Psychiatr Pract. 2015;21(2):140—149.
Rodriguez CI, Zwerling J, Kalanthroff E, et al. Effect of a novel NMDA
receptor modulator, rapastinel (formerly GLYX-13), in OCD: proof of
concept. Am J Psychiatry. 2016;173(12):1239-1241.

Sanacora G, Smith MA, Pathak S, et al. Lanicemine: a low-trapping
NMDA channel blocker produces sustained antidepressant efficacy
with minimal psychotomimetic adverse effects. Mol Psychiatry.2014;
19(9):978-985.

Yang Q, Liao ZH, Xiao YX, Lin QS, Zhu YS, Li ST. Hippocampal
synaptic metaplasticity requires the activation of NR2B-containing
NMDA receptors. Brain Res Bull. 2011;84(2):137-143.

Inta D, Vogt MA, Elkin H, et al. Phenotype of mice with inducible
ablation of GluA1 AMPA receptors during late adolescence: relevance
for mental disorders. Hippocampus. 2014;24(4):424-435.

Vogt MA, Elkin H, Pfeiffer N, Sprengel R, Gass P, Inta D. Impact of
adolescent GluA1 AMPA receptor ablation in forebrain excitatory neu-
rons on behavioural correlates of mood disorders. Eur Arch Psychiatry
Clin Neurosci. 2014;264(7):625-629.

Neuropsychiatric Disease and Treatment 2017:13

submit your manuscript

979

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Vasilescu et al

Dove

79.

80.

81.

Alt A, Witkin JM, Bleakman D. AMPA receptor potentiators as novel
antidepressants. Curr Pharm Des. 2005;11(12):1511-1527.
Nosyreva E, Autry AE, Kavalali ET, Monteggia LM. Age dependence
of the rapid antidepressant and synaptic effects of acute NMDA receptor
blockade. Front Mol Neurosci. 2014;7:94.

Wang HX, Gao WJ. Cell type-specific development of NMDA receptors
in the interneurons of rat prefrontal cortex. Neuropsychopharmacology.
2009;34(8):2028-2040.

Neuropsychiatric Disease and Treatment

Publish your work in this journal

Neuropsychiatric Disease and Treatment is an international, peer-
reviewed journal of clinical therapeutics and pharmacology focusing
on concise rapid reporting of clinical or pre-clinical studies on a
range of neuropsychiatric and neurological disorders. This journal
is indexed on PubMed Central, the ‘PsycINFO’ database and CAS,

82. Inta I, Domonkos E, Pfeiffer N, et al. Puberty marks major changes
in the hippocampal and cortical c-Fos activation pattern induced by
NMDA receptor antagonists. Neuropharmacology. 2017;112(pt A):

181-187.

Dove

and is the official journal of The International Neuropsychiatric
Association (INA). The manuscript management system is completely
online and includes a very quick and fair peer-review system, which
is all easy to use. Visit http://www.dovepress.com/testimonials.php to
read real quotes from published authors.

Submit your manuscript here: http://www.dovepress.com/neuropsychiatric-disease-and-treatment-journal

980

submit your manuscript

Dove

Neuropsychiatric Disease and Treatment 2017:13


http://www.dovepress.com/neuropsychiatric-disease-and-treatment-journal
http://www.dovepress.com/testimonials.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
www.dovepress.com

	Publication Info 4: 
	Nimber of times reviewed 2: 


