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Abstract

Bipolar disorder (BPD) and major depressive disorder (MDD) are common, chronic, and recurrent
mood disorders that affect the lives of millions of individuals worldwide. Growing evidence suggests
that glutamatergic system dysfunction is directly involved in mood disorders. This article describes
the role of the “tripartite glutamatergic synapse”, comprising presynaptic and postsynaptic neurons
and glial cells, in the pathophysiology and therapeutics of mood disorders. Glutamatergic neurons
and glia directly control synaptic and extrasynaptic glutamate levels/release through integrative
effects that target glutamate excitatory amino-acid transporters, postsynaptic density proteins,
ionotropic receptors (alpha-amino-3-hydroxy-5-methylisoxazole (AMPA), N-methyl-D-aspartate
(NMDA), and kainate (KA)), and metabotropic receptors (mGIuRs). This article also explores the
glutamatergic modulators riluzole and ketamine, which are considered valuable proof of concept
agents for developing the next generation of antidepressants and mood stabilizers. In therapeutically
relevant paradigms, ketamine preferentially targets postsynaptic AMPA/NMDA receptors, and
riluzole preferentially targets presynaptic voltage-operated channels and glia.

[. Introduction

Major depressive disorder (MDD) and Bipolar disorder (BPD) are serious, heterogeneous, and
disabling psychiatric illnesses that affect millions of individuals worldwide, and have a
significant negative impact on public health and productivity (Baune and others 2007; Kessler
and others 2006). Indeed, mood disorders account for more bed days than any impairment
except cardiovascular disease (U. S. Department of Health and Human Services 2000); the
World Health Organization’s (WHO) Global Burden of Disease project estimates that by 2020,
MDD will become the second leading cause of disability worldwide (Murray and Lopez
1996). Available treatments for mood disorders—in particular antidepressants and mood
stabilizers—have helped millions worldwide, but a large percentage of patients taking these
medications still fail to achieve response and remission. Despite adequate dosage, duration,
and compliance, residual symptoms between episodes, recurrences, and functional impairment
are common (Fagiolini and others 2005). For instance, the largest open-label study (STAR*D)
evaluating traditional treatments in MDD found that less than one-third of patients achieved
remission after up to four months of antidepressant use (Thase and others 2005). Similarly,
individuals with BPD experienced symptoms almost half of the time, with a predominance of
subsyndromal depressive episodes (Judd and others 2002).
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One issue of particular importance is the fact that monoaminergic antidepressants take weeks
to achieve their full effect. This leaves patients receiving these medications particularly
vulnerable to impaired global functioning and at high risk of self-harm. High rates of mortality
and morbidity are present during this latency period and, notably, worse short-term outcome
predicts a poorer long-term course of the illness (Machado-Vieira and others 2008).
Compounding this problem is the fact that many patients experience a lengthy trial-and-error
period when attempting to find the most optimal treatment. Another key problem is our limited
comprehension of the pathophysiological mechanisms involved in the therapeutic effects of
antidepressants and mood stabilizers, especially the difficulty in attributing therapeutic
relevance to any observed biochemical finding. The standard antidepressants are thought to
exert therapeutic effects through their ability to increase monoamines in the synapses; however,
given that the clinical efficacy of these traditional agents is typically observed after several
weeks of treatment, it has been suggested that monoamines only represent primary effectors
modulating key downstream signaling pathways responsible for their therapeutic efficacy
(Manji and Lenox 2000). Therefore, new therapeutic agents that target different systems and
pathways, and that work faster and more effectively, are urgently needed in the treatment of
mood disorders.

Glutamate is the most abundant excitatory neurotransmitter in the brain, and acts pre- and
postsynaptically by activating diverse receptors characterized by their structural properties.
Glutamate ionotropic and metabotropic receptors regulate neurotransmission across excitatory
synapses, and modulate several physiological brain functions such as synaptic plasticity,
learning, and memory (Collingridge and Bliss 1995). Notably, diverse clinical studies have
supported a key role for the glutamatergic system in the pathophysiology of mood disorders,
and this system is believed to be a key target in mood regulation (reviewed in (Maeng and
Zarate 2007; Zarate and others 2002). For instance, stress and neuroplasticity, which are
critically regulated by the glutamatergic system, have also been shown to play an important
role in MDD (Pittenger and Duman 2008). Also, emerging data indicate that glutamate is
critically involved in both acute and long-term processes involved in the mode of action of
mood stabilizers and antidepressants. Several glutamatergic compounds or glutamate-
modulating agents have been tested in “proof of concept” studies in patients with severe mood
disorders (Sanacora and others 2008; Zarate and others 2002).

This article describes and reinforces the role of the “tripartite glutamatergic synapse” in the
pathophysiology and therapeutics of mood disorders (see below; Figure 1 also provides
additional information). The term “tripartite” encompasses presynaptic neurons, postsynaptic
neurons, and glia and includes several targets involved in the regulation of synaptic and
extrasynaptic glutamate levels, such as excitatory amino acid transporters (EAATS),
postsynaptic density proteins, (alpha-amino-3-hydroxy-5-methylisoxazole
methylisoxazole-4-propionic acid) AMPA receptors, N-methyl-D-aspartate (NMDA)
receptors, and kainate (KA) receptors. In particular, this article emphasizes the potential role
of riluzole and ketamine as proof of concept agents for the development of new improved
treatments with faster and sustained effects, and preferentially targeting postsynaptic AMPA/
NMDA receptors (ketamine), and presynaptic voltage-operated channels and glia (riluzole) in
therapeutically relevant paradigms.

Il. The Tripartite Glutamatergic Synapse in Mood Disorders: Characteristics,
Pathophysiology, and Potential Therapeutic Targets

Physiological activity in the glial-neuronal glutamate-glutamine cycle involves the inactivation
of glutamate once its specific function as a neurotransmitter has been concluded, thus protecting
surrounding neurons and glial cells from a potentially toxic insult due to overexposure to high
glutamate levels. These critical effects of glutamate include diverse receptors, second-
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messengers, and other effectors, and changes to this circuitry have been implicated in mood
disorders.

A. Direct regulation of glutamate release/levels at the presynaptic neuron (Targets I-V)

In human studies of individuals with mood disorders, altered glutamate levels have been
observed in plasma (Altamura and others 1993; Mauri and others 1998), serum (Mitani and
others 2006), and cerebrospinal fluid (CSF) (Frye and others 2007; Levine and others 2000).
Imaging studies have also shown elevated glutamate levels in the occipital cortex (OCC) and
reduced levels in the anterior cingulate cortex (ACC) (Hasler and others 2007; Sanacora and
others 2004). MRS studies in BPD have also shown increased glutamatergic and related
metabolites (GIx) in diverse cortical areas not directly related to mood state (Yildiz-Yesiloglu
and Ankerst 2006). Similarly, postmortem studies have described increased levels of glutamate
in the prefrontal cortex of individuals with MDD (Hashimoto and others 2007; Scarr and others
2003).

Data regarding therapeutic agents that affect glutamate levels are sparse. Riluzole is the best-
studied of these compounds (see Section IV), although other riluzole-like agents have also been
tested, such as agents capable of attenuating voltage-activated channel activity. Preliminary
data suggest that agents that decrease exaggerated action potential, with a consequent increase
in presynaptic glutamate release, may be promising novel therapeutics for mood disorders.
Notably, a recent trial showed that N-acetyl cysteine (NAC) was effective as add-on therapy
in the treatment of bipolar depression (Berk and others 2008). The authors postulated that NAC
increases glial cystine uptake (and its levels) mediated by a cystine-glutamate antiporter, which
induces glutamate release into the extracellular space. The subsequent stimulation of mGIuR2
receptors blocks glutamate release, thus inducing potential neuroprotective effects (Krystal
2008). Another recent study of 35 subjects showed that cytidine as add-on therapy to valproate
was associated with faster improvement in bipolar depression than placebo, probably mediated
by decreased levels of cerebral glutamate and/or glutamine. The results were quantified using
proton magnetic resonance spectroscopy (MRS) before and after two, four, and 12 weeks of
oral cytidine administration (Yoon and others 2009).

B. EAATs and Glial Regulation (Targets VI and VII)

B1. Pathophysiology—The role of glial cells in recycling glutamate through the glutamate/
glutamine cycle (Lebon and others 2002) is especially relevant to the pathophysiological
processes underlying mood disorders (Kugaya and Sanacora 2005). Indeed, impaired glial cell
activity may lead to increased glutamatergic activation and neural toxicity, especially at
extrasynaptic sites (Soriano and Hardingham 2007). Glial cells related to glutamate
homeostasis are particularly important in mood disorders because a decrease in glial cell
number and volume has consistently been described in post-mortem studies of individuals with
MDD and BPD (reviewed in (Rajkowska and Miguel-Hidalgo 2007)); at the same time, chronic
stress decreases glial proliferation, which has been associated with depressive-like behaviors
in rodents (Banasr and Duman 2008; Banasr and others 2007). Interestingly, increased levels
of glutamate carboxypeptidase Il (GCP II), which hydrolyzes N-acetylaspartylglutamate
(NAAG) to NAA and glutamate in glial cells, were found in the hippocampus of individuals
with BPD (Guilarte and others 2008). Also, elevated CSF glutamine levels that correlated
positively with CSF magnesium levels have been found in individuals with mood disorders,
suggesting dysregulation of the glutamate/glutamine cycle in glial cells associated with NMDA
receptor (NMDAR) activity (Levine and others 2000).

With regards to glutamate transporters, decreased expression of EAAT1, EAAT2, and

glutamine synthetase has been described in the frontal areas of subjects with MDD (Choudary
and others 2005). Similarly, decreased levels of EAAT3, EAAT4, and mRNA expression were
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found in the striatum of subjects with mood disorders (McCullumsmith and Meador-Woodruff
2002). Altered hippocampal glutamate expression might also be affected by levels of neutral
amino acid transporter 1 (ASCT-1), which is involved in neuronal glutamate efflux and reduced
in the hippocampal neurons of individuals with BPD (Weis and others 2007). It is interesting
to note that chronic, in vivo blockade of glutamate uptake by a glial/neuronal transporter
antagonist in the amygdala resulted in reduced social exploratory behavior and disrupted
circadian activity patterns, correlating with symptoms of mood disorders (Lee and others
2007).

Finally, studies have found mitochondrial activity dysfunction in individuals with mood
disorders, suggesting energy deprivation. Experimental inhibition of glial reuptake of
glutamate is known to rapidly decrease glutamate uptake and hence cause an accumulation of
extrasynaptic glutamate and excitotoxicity (Jabaudon and others 1999), similar to the findings
obtained in individuals with mood disorders.

B2. Therapeutics—The hypothesis that increased levels of extracellular glutamate could be
related to depressive-like behaviors, and that increased glutamate uptake could have protective,
anti-stress, or antidepressant-like effects suggests that agents affecting glially-regulated
glutamate levels, particularly EAATS, may be promising therapeutic agents in the treatment
of mood disorders. Recent studies have shown that some available pharmaceutical agents can
increase EAAT activity (Mineur and others 2007; Rothstein and others 2005). For instance,
beta-lactam antibiotics, used to successfully treat neurodegenerative diseases, selectively
activate transcription of the gene encoding the EAAT2 glutamate transporter (Miller and
Cleveland 2005; Rothstein and others 2005). In mood disorders, the antibiotic ceftriaxone,
which also increases glutamate transport (Rothstein and others 2005), appears to acutely
enhance expression of the gene encoding for EAAT2 and, preclinically, has significant
antidepressant-like effects in the forced swim, tail suspension, and novelty suppressed feeding
paradigms (Mineur and others 2007). Chronic treatment with the mood stabilizer lithium also
upregulates synaptosomal uptake of glutamate in vitro and protects against glutamate-induced
excitotoxicity, in part attributed to the inhibition of NMDA-receptor-mediated calcium influx
(Hashimoto and others 2002). Similarly, chronic use of the mood stabilizer valproate dose-
dependently increased hippocampal glutamate uptake capacity by increasing EAAT1 and
EAAT?2 levels in the hippocampus, as measured by uptake of [3H] glutamate. Overall, the
clinical use of glial glutamate transporter enhancers may represent a valuable therapeutic tool
in the treatment of mood disorders.

C. AMPA Receptor (AMPAR) Regulation (Target VIII)

C1l. Pathophysiology—Decreased GIuR2 and GIuR3 receptor levels have been reported in
the prefrontal cortex (PFC) of subjects with MDD (Hashimoto and others 2007; Scarr and
others 2003). Also, decreased GIuR2 levels were noted in the dorsolateral prefrontal cortex
(DLPFC) of individuals with BPD (Beneyto and Meador-Woodruff 2006). Another post-
mortem study found that increased AMPA binding was associated with decreased GIuR1
subunit expression in the striatum of individuals with BPD (Meador-Woodruff and others
2001); no differences were found in the hippocampus or the PFC.

C2. Therapeutics—AMPARSs appear to respond to chronic treatment with standard
antidepressants (Paul and Skolnick 2003), which enhance AMPAR surface levels (Du and
others 2004; Du and others 2007). Specifically, imipramine enhances AMPAR activity by
increasing GIuR1/2 surface expression and phosphorylation (Du and others 2004). Similarly,
interactions of GIuR1 and GIluR2/3 with proteins implicated in AMPAR trafficking and with
scaffolding proteins are involved in the increased membrane expression of hippocampal
AMPARSs after antidepressant treatment (Martinez-Turrillas and others 2007). With regards to
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BPD, the mood stabilizer lamotrigine significantly enhances AMPAR activity by upregulating
the surface expression and phosphorylation of GIuR1 and GIuR2 in a time- and dose-dependent
manner in cultured hippocampal neurons (Bhagwagar and Goodwin 2005; Du and others
2007). Lithium and valproate similarly downregulate GIuR1 synaptic expression in
hippocampus after chronic treatment both in vitro and in vivo with therapeutically relevant
concentrations (Du and others 2004).

AMPAR potentiators are a new class of compounds currently being tested in mood disorders;
these modulate AMPARs indirectly by decreasing the receptor desensitization rate and/or
deactivation in the presence of an agonist (e.g.,AMPA and glutamate (Black 2005; Bleakman
and Lodge 1998). AMPA potentiators are small benzamide compounds that produce positive
allosteric effects in AMPARs. These compounds include benzoyliperidines (e.g., CX-516),
benzothiazides (e.g., cyclothiazide), pyrroliddones (piracetam, aniracetam), and
birylpropylsulfonamides (e.g., LY392098). Diverse AMPA potentiators have been found to
produce antidepressant-like effects in different paradigms (reviewed in (Black 2005; Miu and
others 2001)). In one study, the AMPA potentiator Ampalex induced a faster antidepressant
response (improvement in the first week) than fluoxetine (Knapp and others 2002). Also,
arylpropylsulfoname (LY392098) augmented the efficacy of antidepressants such as
imipramine in a mouse model of depression, suggesting it may be useful as possible adjunctive
therapy in mood disorders (Li and others 2003).

Interestingly, AMPAR potentiators can also be used to modulate and improve glutamatergic
neurotransmission and cognitive function (reviewed in (Lynch 2004; O’Neill and others
2004)). Furthermore, because AMPAR potentiators are associated with antidepressant-like
properties, it is possible that AMPAR antagonists could have antimanic effects. The first group
of selective AMPAR antagonists to be characterized were quinoxalinedone derivatives such
as 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[flquinoxaline-7-sulfonamide, which act via the
AMPAR recognition site. AMPA antagonists such GYKI 52466 blocked AMPARs on the
receptor-channel complex via an allosteric site (Donevan and Rogawski 1993). Also, the GYKI
52466 analog talampanel (GYKI 53773; LY 300164) had neuroprotective effects in diverse
paradigms (reviewed in (Howes and Bell 2007)); talampanel has an important anticonvulsant
profile and was well tolerated in other clinical trials (reviewed by (Rogawski 2006)). The
competitive AMPAR antagonist NS1209 was tested in phase I/11 clinical trials and was well-
tolerated in addition to its CNS bioavailability; it is currently being tested for the treatment of
refractory status epilepticus (reviewed in (Rogawski 2006)).

Finally, AMPAR phosphorylation and trafficking (including receptor insertion, internalization,
and delivery to synaptic sites), which are believed to be involved in the antidepressant effects
of AMPAR potentiators, standard antidepressants, and mood stabilizers, play a critical role in
regulating activity-dependent regulation of synaptic strength, as well as various forms of neural
and behavioral plasticity (Sanacora and others 2008). Interestingly, AMPAR stimulation seems
to regulate the antidepressant-like effects of both ketamine (described in Section V) and the
group Il mGIuR antagonist MGS0039 (Karasawa and others 2005), suggesting that increased
AMPA transmission may represent a shared mechanism for antidepressant action in other
classes of glutamatergic modulators.

D. NMDAR Regulation (Target 1X)

D1. Pathophysiology—Altered NMDAR activity and glutamatergic synaptic transmission
have been described in BPD, suggesting that NMDARs may be potential therapeutic targets
(Zarate and others 2003) (for a detailed review of the characterization and functional effects
of NMDARs, see (Cull-Candy and others 2001)). Reduced NMDAR binding and NR1 subunit
expression have also been found in the temporal cortex and two frontal brain regions of
individuals with MDD (Choudary and others 2005; Nudmamud-Thanoi and Reynolds 2004).
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Also, reduced hippocampal NR1/2 and NMDAR expression have been described (Beneyto and
others 2007; Law and Deakin 2001; McCullumsmith and others 2007; Toro and Deakin
2005). Evidence is mounting that upregulation and/or overstimulation of the NMDAR NR2A
receptor subtype plays a pivotal role in the etiology of MDD (Boyce-Rustay and Holmes
2006; Sanacora and others 2008); for instance, it was recently reported that NR2A knockout
mice exhibit a highly robust anxiolytic- and antidepressant-like phenotype (Boyce-Rustay and
Holmes 2006).

Similar decreases in NR1 and NR2A transcript expression, with no changes in hippocampal
NR2B expression, have been found in individuals with BPD (McCullumsmith and others
2007). Furthermore, the density of gamma-aminobutyric acid (GABA) interneurons that
express the NR2A subunit appeared to be decreased in the ACC of subjects with BPD (Woo
and others 2004). With regards to genetics, polymorphisms in GRIN1, GRIN2A, and GRIN2B
conferred susceptibility to BPD (Itokawa and others 2003; Martucci and others 2006; Mundo
and others 2003). Specifically, two polymorphisms of the GRIN1 gene coding for the NR1
subunit have been associated with BPD through a linkage disequilibrium study (Mundo and
others 2003). Two polymorphisms in the GRIN2B gene coding for NR2B were associated with
BPD, particularly if psychotic features were present, with no concomitant modification in
NR2B mRNA expression (Martucci and others 2006).

D2. Therapeutics—Recent evidence suggests that NMDA antagonists produce rapid
antidepressant effects in diverse paradigms, further fueling interest in this model (reviewed in
(Zarate and others 2003)). NMDARs are the most widespread ionotropic receptors and are
considered the primary target for glutamatergic agents in mood disorders. The original
observations of their efficacy date back to the 1960s, with reports of the mood-elevating effects
of D-cycloserine (an NMDAR partial agonist).

Dizocilpine (MK-801), a channel blocker, and CGP 37849, an NMDAR antagonist, have
antidepressant-like effects alone or in combination with standard antidepressants (Meloni and
others 1993; Padovan and Guimaraes 2004; Skolnick and others 1992). A preliminary study
evaluating the antidepressant efficacy of the allosteric NR2B subunit-selective antagonist
CP-101,606 found significant antidepressant effects in treatment-resistant MDD, although
there were prevalent psychomimetic effects during the study (Preskorn and others 2008).
Besides producing potentially rapid antidepressant effects, it is important to note that
downregulation in NMDAR function has also been described as an important downstream
target for monoaminergic antidepressants. The period of latency necessary to achieve
antidepressant action with these standard agents may encompass the time necessary to exert
direct regulatory effects at the NMDAR-channel complex.

E. mGluR Regulation (Target X)

Although data linking mGIuR dysfunction to mood disorders are sparse, at least one microarray
study found abnormal mGIuR3 expression in suicidal subjects with BPD; a subsequent study
failed to replicate this finding (Devon and others 2001; Marti and others 2002). Also, olfactory
bulbectomy, a well-known animal model of depression, has been shown to decrease the
expression of diverse hippocampal mGIuR receptors, including mGIluR2/3 and mGIuR7
(Wieronska and others 2008).

Studies have also suggested that mGIuR1, mGluR2/3, and mGluR1/3 agonists have anxiolytic,
antidepressant, and neuroprotective properties in rats (Cosford and others 2003; Maiese and
others 2000; Palucha and others 2004; Schoepp and others 2003). Group | mGIuR5 antagonists
also have antidepressant-like effects in the modified forced swim and tail suspension tests in
rodents (Li and others 2006; Wieronska and others 2002), as does the mGIuR1 antagonist [3-
ethyl-2-methyl-quinolin-6-yl-(4-methyoxy-cyclohexyl)-methanone methanesulfonate]
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(Belozertseva and others 2007). In animal models of BPD, the mGluR5-positive allosteric
modulator 3-cyano-N-(1,3-diphenyl-1Hpyrazol-5-yl)benzamide reversed amphetamine-
induced locomotor activity and deficits in prepulse inhibition in rats. Because both models are
thought to be sensitive to antipsychotic treatment, this agent might be potentially useful in the
treatment of mania (Kinney and others 2005). However, the mode of antidepressant-like
activity for mGIluR1 or mGIuR5 antagonists is uncertain; it also remains unclear whether
mGIuRS5 antagonists are safe for clinical use. For instance, the non-benzodiazepine anxiolytic
fenobam, a potent and selective mGIuR5 antagonist, is associated with significant
psychostimulant effects (Porter and others 2005).

Group Il mGIuRs agonists (eg, LY 341495) dose-dependently decrease immobility time in
animal models of depression (Chaki and others 2004). Moreover, the group Il mGIuR
antagonist MGS-0039 appears to be effective in the learned helplessness model of depression
(Yoshimizu and others 2006), as well as enhanced hippocampal proliferation in mice
(Yoshimizu and Chaki 2004). Interestingly, the activation of AMPARs was found to mediate,
at least in part, the antidepressant-like activity of group 1l mGIuR antagonists. For instance,
the AMPA antagonist 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-
sulfonamide blocked the antidepressant-like activity of MGS-0039 in the tail suspension test
(Karasawa and others 2005).

The selective group Il mGIuR agonist ([1S,3R,4S]-1-aminocyclopentane-1,3,4-tricarboxylic-
acid) and the mGIuR8 agonist ([RS]-4-phosphonophenylglycine) both induced significant
antidepressant-like effects in the forced swim test in rats (Gasparini and others 1999). Palucha
and colleagues (2004) similarly reported the antidepressant-like effects of group Il mGIuR
agonists in the behavioral despair test (Palucha and others 2004). In addition, mGIuR7
knockout induced antidepressant-like effects in the forced swim and tail suspension tests in
mice (Cryan and others 2003).

Taken together, the results suggest that many of these compounds may be promising for the
treatment of mood disorders. So far, however, there are no published clinical studies in mood
disorders demonstrating their efficacy.

F. Regulation of KA receptors (KARs) (Target XI)

A recent study with GluR6—a KAR subunit—knockout mice found that this receptor had a
potential functional role in modulating the behavioral symptoms of mania (Shaltiel and others
2008); specifically, GIuR6 knockout mice displayed increased risk-taking, aggressive
behavior, motor activity in response to amphetamine, as well as less despair; these
manifestations were decreased after chronic lithium treatment (Shaltiel and others 2008). A
recent, large, family-based association study evaluating the KAR GIuR7 gene (GRIK3)
described significant linkage disequilibrium in MDD but not BPD (Schiffer and Heinemann
2007). Interestingly, increased GRIK3 DNA-copy number was described in individuals with
BPD (Wilson and others 2006). Finally, a common variant in the 3'UTR GRIK4 gene was
shown to protect against BPD (Pickard and others 2006).

To date, no KA modulator has been tested in the treatment of mood disorders. Notably,
however, one recent study found that individuals with MDD who had a GRIK4 gene
polymorphism (rs1954787) were more likely to respond to treatment with the antidepressant
citalopram than those who did not have this allele (Paddock and others 2007).

G. Postsynaptic Density (PSD) Proteins (Target XIlI)

Decreased expression of NMDARs has been associated with diverse PSD signaling proteins,
including NF-L, PSD95, and SAP102. Decreased transcripts of these associated intracellular
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proteins were found in BPD subjects (Clinton and Meador-Woodruff 2004). In individuals
with MDD, a similar decrease was also observed in SAP102 levels (which primarily interact
with the NR2B subunit) (Clinton and Meador-Woodruff 2004), and decreased SAP102
expression was observed in the striatum (Kristiansen and Meador-Woodruff 2005). Recently,
Toro and Deakin (2005) found reduced PSD95 levels in the dentate molecular layer in
individuals with BPD (Toro and Deakin 2005). Taken together, these findings suggest an
important role for PSD regulation by glutamatergic turnover in the pathophysiology of mood
disorders.

To date, no specific treatment selectively targeting PSD proteins has been developed.

IV. Glutamatergic Modulators and Mood Disorders: Riluzole and Ketamine as
the Prototypes for the Development of the Next Generation of
Antidepressants and Mood Stabilizers

A. Riluzole

The in-depth study of particular agents can lead to novel insights into the pathophysiology of
mood disorders, as well as the development of biomarkers and improved therapeutics. Here
we review riluzole and ketamine, with a particular emphasis on how increased understanding
of the manner in which these agents exert their antidepressant effects can have profound
implications for the development of novel therapeutics.

Riluzole (2-amino-6-trifluoromethoxy benzothiazole) is a blood-brain-penetrant glutamatergic
modulator with neuroprotective and anticonvulsant properties approved by the US Food and
Drug Administration (FDA) for the treatment of amyotrophic lateral sclerosis (ALS). Riluzole
inhibits glutamate release and increases AMPA trafficking by enhancing membrane insertion
of GIuR1 and GIuR2. It also increases glutamate reuptake and activates neurotrophic factor
synthesis (Frizzo and others 2004; Mizuta and others 2001). Riluzole exerts its anti-
glutamatergic effects by inhibiting voltage-dependent sodium channels in neurons and by
reducing glutamate.

Enhanced glutamate uptake in glial cells is thought to underlie riluzole’s cellular mechanism
for antidepressant action (Frizzo and others 2004; Fumagalli and others 2008). It is also possible
that riluzole can prevent the overstimulation of extrasynaptic glutamate receptors via EAATS,
which may prevent activation of cellular excitotoxicity (Hardingham 2006). Increased 13C-
glucose metabolism was observed after chronic (21 days) treatment with riluzole, as assessed
by 13C labeling from [1-13C]glucose infused intravenously in prefrontal cortex and
hippocampus; this suggests enhanced glutamatergic metabolism rather than decreased
glutamate release in these areas (Chowdhury and others 2008).

Notably, long-term administration of riluzole in animal models was recently found to induce
antidepressant-like behaviors in the forced swim test (Banasr and others 2008). In mice,
pretreatment with riluzole significantly decreased amphetamine-induced hyperlocomotion,
suggesting antimanic properties. It has similarly been shown to protect glial cells against
glutamate excitotoxicity (Dagci and others 2007).

Diverse clinical studies have been conducted with riluzole in mood disorders. In an open label
trial of 19 patients with treatment-resistant MDD who received riluzole monotherapy (100-200
mg/day), riluzole had significant antidepressant effects—as measured by Montgomery-Asberg
Depression Rating Scale (MADRS) scores on weeks three through six—with few side effects
(Zarate and others 2004). Thirteen patients (68%) completed the trial, and all patients

experienced a significant (33%) improvement in MADRS scores at week six. Notably, a similar
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anti-anxiety effect was observed, with a 29% decrease in total Hamilton Anxiety Rating Scale
(HAM-A) scores.

Another eight-week, open-label trial investigated the effects of riluzole (100-200 mg/day) as
an add-on to lithium in 14 patients with bipolar depression (Zarate and others 2005); of the
57% of patients who completed this trial, significant improvement in MADRS scores was
observed by week five, with a 60% overall reduction in MADRS scores across the eight weeks
of treatment. Riluzole (50mg/twice daily) has also been used as adjunctive therapy in 13
individuals with MDD with significant residual symptoms (Sanacora and others 2007), 10 of
whom completed at least six weeks of treatment. A significant decrease (36%) in Hamilton
Depression Rating Scale (HAM-D) scores was observed among those who completed six
weeks of treatment. Similarly, two open-label trials of riluzole in generalized anxiety disorder
(GAD) (Mathew and others 2005) and obsessive-compulsive disorder (OCD) (Coric and others
2005) found that riluzole had significant therapeutic effects. Taken together, these results are
particularly promising when considering that these studies included patients who had failed to
respond to multiple previous attempts at pharmacotherapy, yet showed significant early
response to riluzole. Double-blind, placebo-controlled trials are necessary to confirm these
data.

Ketamine (dI2-(o-chlorophenyl)-2-(methylamino) cyclohexanone hydrochloride) is a non-
competitive NMDA antagonist (Harrison and Simmonds 1985) and a derivative of
phencyclidine (PCP). Firstisolated in 1961 as CI1581, ketamine acts by antagonizing NMDARS,
thus preventing excess calcium influx and cellular damage. Ketamine has a high affinity for
the NMDAR, with slow open-channel blocking/unblocking kinetics, and a specific type of
channel closure (called “trapping block”). Simultaneously, it induces a substantial presynaptic
release of glutamate by increasing the firing rate of glutamatergic neurons after disinhibiting
GABAergic inputs (Moghaddam and others 1997). Some of these properties are believed to
be involved in ketamine’s antidepressant effects.

One initial clinical study described improved depressive symptoms within 72 hours after
ketamine infusion in seven subjects with treatment-resistant MDD (Berman and others 2000).
Another randomized, double-blind, placebo-controlled, crossover study described a rapid
(within the first two hours after infusion), robust, and relatively sustained antidepressant effect
(lasting one to two weeks) after a single infusion of a subanesthetic dose of ketamine (0.5 mg/
kg for 40 minutes) in patients with treatment-resistant MDD (Zarate and others 2006a). More
than 70% of patients met criteria for response (50% improvement) at 24 hours after infusion
and 35% maintained a sustained response after one week. Patients were rated 60 minutes before
infusion and at 40, 80, 110, and 230 minutes, as well as one, two, three, and seven days after
the single intravenous dose. Significant improvement in the 21-item HAM-D with ketamine
over placebo was observed from 110 minutes through seven days. Notably, the response rates
with ketamine after 24 hours (71%) were similar to those described after six to eight weeks of
treatment with traditional monoaminergic-based antidepressants (65%) (Entsuah and others
2001; Thase and others 2005). It is important to mention that the antidepressant efficacy of
ketamine has been noted much beyond its short half-life (Zarate and others 2006a). Two
patients maintained their response for at least two weeks in the ketamine group. In contrast,
no patient had a sustained response one day following infusion in the placebo group. Mild
perceptual disturbances were observed in most patients only in the first hour after infusion; no
serious adverse events occurred.

Further reports of ketamine’s antidepressant effects concur with the studies described above.
Ketamine infusion had similar therapeutic effects in depressed patients during pre- and post-
operative states, and in patients with MDD and concurrent pain syndrome (Goforth and
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Holsinger 2007; Kudoh and others 2002). Ketamine was also effective when administered
concurrently with ECT, and case reports of its rapid antidepressant efficacy have been
described in treatment-resistant MDD comorbid with alcohol dependence and pain syndrome
(Liebrenz and others 2007; Ostroff and others 2005). In addition, many animal models have
noted ketamine’s significant antidepressant and anxiolytic effects (Aguado and others 1994;
Garcia and others 2008; Maeng and others 2008; Mickley and others 1998; Silvestre and others
1997; Zarate and others 2002).

Despite ketamine’s safety profile and lack of physical dependence (Britt and McCance-Katz
2005; Green and others 1998), one issue of particular import is its sedative and
psychotomimetic side effects, which will probably continue to limit its clinical use in larger
samples. Relatedly, an increased propensity to psychotomimetic effects and tolerance to
ketamine’s antidepressant effects might occur after repeated doses. For instance, a recent case
report noted that a second infusion of ketamine showed limited effect one month after an initial
infusion (Liebrenz and others 2007). Similarly, repeated exposure to ketamine increases the
risk of severe psychosis, dissociative episodes, and severe emotional distress or euphoria in
patients and healthy subjects (Carpenter 1999; Perry and others 2007).

Despite ketamine’s sedative and psychotomimetic side effects, it does induce a consistently
reproducible antidepressant effect within a short period of time. Thus, its true worth may be
as a research tool. For instance, in contrast to ketamine, memantine is a more selective, non-
competitive NMDA antagonist with both anticonvulsant and neuroprotective properties.
Studies have found that memantine has no antidepressant response in MDD (Zarate and others
2006b). Thus, the data suggest that high affinity NMDA antagonism is key to producing rapid
improvement of depressive symptoms. Currently, our laboratory is using ketamine to develop
biomarkers of response in order to develop the next generation of antidepressants. Such work
is important because identifying the biological correlates associated with ketamine’s rapid
antidepressant effects may help identify valuable, specific biomarkers and novel targets for the
development of new compounds that can similarly produce rapid antidepressant effects, but
without ketamine’s side effects.

B1. Family history of alcoholism—In the past few years there has been increased interest
in the joint study of the pathophysiology of MDD and risk of alcoholism, as the glutamate
system appears to play a major role in both conditions. One recent study found that alcohol-
dependent individuals had marked reductions to the subjective intoxicating effects of ketamine
compared to healthy controls (Krystal and others 2003). The same group subsequently found
that healthy individuals with a positive family history of alcohol dependence had fewer
perceptual alterations and lower dysphoric mood after receiving ketamine than those without
a family history (Petrakis and others 2004). Another recent study assessed antidepressant
response in patients with treatment-resistant MDD and found that subjects with MDD and a
family history of alcohol dependence showed significantly greater improvement after ketamine
infusion than those who had no family history of alcohol dependence (Phelps and others
2008).

The precise reasons underlying the better response of patients with treatment-resistant MDD
with a positive family history of alcohol dependence is essentially unknown. However,
emerging data suggest that genetically determined alterations in NMDAR subunits may be
associated with alcohol dependence. For instance, a recent study found evidence of an
association between NR2A and alcohol dependence (Schumann and others 2008), and alcohol
has been shown to regulate NR2A expression in brain regions implicated in addiction-related
neurobiological processes, including the amygdala and hippocampus (Boyce-Rustay and
Holmes 2006). Thus, it is possible that genetic variations in NMDA subunits, particularly
NR2A, increase vulnerability to alcohol dependence by altering the sensitivity of the NMDA
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complex. Because ketamine acts as a partial NR2A antagonist (Petrenko and others 2004), it
is possible that this difference in NR2A sensitivity may impart a greater response to ketamine’s
antidepressant effects.

B2. ACC activity—In a study using standard antidepressants, Mayberg and colleagues
(1997) were the first to show that higher rostral ACC (BA 24a/b) metabolism differentiated
treatment responders from non-responders at six weeks (Mayberg and others 1997). A recent
functional MRI study found that faster improvement of depressive symptoms with fluoxetine
was predicted by more positive functional activation of the ACC during the face emotional
task (Chen and others 2007). Similarly, patients with better antidepressant response to
nortriptyline also had hyperactivity (higher theta activity) in the rostral ACC (Brodmann’s area
24/32), thus supporting the role of ACC activation as a predictor of antidepressant response
(Pizzagalli and others 2001). Interestingly, the antidepressant effects of ECT also appear to be
correlated with increased metabolism in the left subgenual ACC (McCormick and others
2007). Likewise, high pretreatment ACC activity predicted better response to repetitive
transcranial magnetic stimulation (rTMS) (Langguth and others 2007). A consistent association
between increased subgenual cingulate (Cg25) activity and acute sadness has also been noted
using positron emission tomography (PET); in this study, application of chronic deep brain
stimulation (DBS) close to the subgenual cingulate region (Brodmann’s area 25) reduced the
elevated activity in this area, and this reduction was associated with a significant and sustained
remission of depressive symptoms in four out of six patients (Mayberg and others 2005). Other
antidepressants, as well as sleep deprivation, have also been shown to produce similar effects
(Saxena and others 2003; Wu and others 1999). Taken together, these findings support the role
of ACC activation as a predictor of improved antidepressant response (Pizzagalli and others
2001), but its specific role in the fast-acting agents needs to be further evaluated.

One recent study tested the hypothesis that magnetoencephalography (MEG) recordingscould
provide a neurophysiologic biomarker associated with ketamine’s rapid antidepressant effects.
Increased pretreatment rostral ACC activity in MDD patients was indeed positively correlated
with rapid antidepressant response to ketamine infusion (Salvadore and others 2008). The ACC
activity in response to rapid exposure to fearful faces was measured in eleven drug-free MDD
subjects matched with healthy controls. In this same study, amygdala response to fearful faces
was negatively correlated with antidepressant response to ketamine 230 minutes after infusion
(Salvadore and others 2008). Interestingly, Deakin and colleagues (2008) also observed a direct
regulation of orbitofrontal and subgenual ACC blood oxygenation level dependent (BOLD)
activity by ketamine in healthy individuals. In addition, they observed three neuroanatomical
systems potentially related to ketamine’s side effects, especially psychosis: (1) deactivations
in the ventral anterior limbic cortex; (2) activation in the mid-posterior cingulate; and (3)
activations in the temporal lobe hippocampus/parahippocampal cortex and superior, middle,
and inferior temporal cortices (Deakin and others 2008).

B3. Brain-derived neurotrophic factor (BDNF)—BDNF is the most studied
neurotrophin in the pathophysiology of MDD. One disease model suggested that the
pathophysiology of mood disorders was associated with decreased neurotrophin levels during
mood episodes. Because of this association, one recent study investigated whether changes in
BDNF levels were associated with the initial antidepressant effects of ketamine, but found that
these antidepressant effects were not mediated by BDNF. BDNF levels showed no changes
from baseline after ketamine infusion and up to 230 minutes post-infusion (a time point when
antidepressant effects and response were manifest). The study did, however, confirm
ketamine’s efficacy as a fast-acting antidepressant (Machado-Vieira and others in press).

Intriguingly, both ketamine and standard monoaminergic antidepressants seem to act directly
at the NMDARs and AMPARs (Du and others 2004; Du and others 2007; Maeng and others
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2008); however, it appears that ketamine’s glutamatergic targets may rapidly activate early
neuroplastic changes and synaptic potentiation through AMPARs without being related to
BDNF effects. In contrast, traditional antidepressants seem to activate long neurotrophic
signaling cascades, which may be the reason for their delayed therapeutic effects.

B4. AMPA relative to NMDA throughput—~Preclinical data suggest a relevant interaction
between AMPARs and NMDARSs in ketamine’s rapid antidepressant efficacy (Maeng and
Zarate 2007; Maeng and others 2008). For instance, ketamine decreased immobility time in
the forced swim test, and this antidepressant effect was abolished when the AMPA antagonist
NBQX was given prior to its infusion. Conversely, AMPA inhibition with NBQX did not
regulate imipramine’s antidepressant-like effects (Maeng and others 2008), thus reinforcing
ketamine’s selectivity for this effect, although it may also extend to other glutamatergic
modulators.

Recent studies from our laboratory found that Ro 25-6981, a selective NR2B subunit
antagonist, had antidepressant-like properties in rodents. As with ketamine, these effects appear
to be largely mediated through AMPARs (Maeng and others 2008). This issue is particularly
interesting when considering that synaptic potentiation is thought to be involved in ketamine’s
acute antidepressant effects (Salvadore and others 2008). As noted above, ketamine produces
rapid AMPA-mediated synaptic potentiation, whereas traditional antidepressants do so in a
delayed manner through a cascade of intracellular signaling changes (Sanacora and others
2008), which might explain their differential time of onset for antidepressant effects. Sleep
deprivation, which also induces rapid antidepressant effects, has similarly has been shown to
increase AMPA-mediated synaptic plasticity (Faraguna and others 2008). Indeed, ketamine
seems to increase synaptic efficacy in the amygdala-accumbens pathway (Kessal and others
2005). Notably, synaptic potentiation is known to involve AMPA trafficking, which enhances
AMPA throughput. Therefore, it is possible that enhanced glutamatergic throughput of
AMPARSs relative to NMDARSs after ketamine treatment may result in increased synaptic
potentiation and activation of early neuroplastic genes (possibly not related to increased BDNF
levels). The consequent increase in glutamate release then preferentially favors AMPARS over
NMDARSs because the latter are blocked by ketamine; thus, the net effect of ketamine’s
antidepressant effect on a cellular level is increased glutamatergic throughput.

IV. Summary and Conclusions

Recent advances in our understanding of glutamatergic dysfunction in the pathophysiology of
severe mood disorders—and in particular the role played by the tripartite glutamatergic synapse
(presynaptic neuron, postsynaptic neuron, and glia)—have provided a better understanding of
the importance of this complex and critical cross-talk mediated by glutamate in the
physiological and pathological conditions associated with mood disorders. These insights have
fueled the development of new and potentially more effective compounds as therapeutics for
severe mood disorders.

Several glutamatergic compounds have been tested in “proof-of-concept” studies in severe
mood disorders. As described above, ketamine and riluzole merit continued study as putative
archetypes for improved therapeutics. They offer a unique opportunity to better delineate the
exact cellular mechanisms involved in therapeutic response. Finally, the promising field of
biomarkers of response may ultimately expand our understanding of what bio-signatures are
necessary to determine the clinical relevance of specific regulatory effects induced by other
glutamatergic modulators targeting specific receptors/subunits in the development of the next
generation of improved therapeutics for severe mood disorders. Pharmacological treatments
that could exert faster and sustained therapeutic effect in mood disorders could significantly
impact care for our patients as well as public health worldwide.
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AMPA, (-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid)
cAMP, (cyclic adenosine monophosphate)

EAAT, (excitatory amino-acid transporters)

GABA, (gamma-aminobutyric acid)

Glu, (Glutamate)

Gly, (Glycine)

KA, (kainate)
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Figure 1. Pathophysiological basis and potential therapeutic targets for mood disorders involving
glutamatergic neurotransmission

Ketamine preferentially targets postsynaptic AMPA/NMDA receptors, while riluzole’s
antidepressant effects occur through direct regulation, mostly at presynaptic voltage-operated
channels and glia. All potential targets for new, improved glutamatergic agents are described
below.

Presynaptic targets:

Before release, Glu is packaged into vesicles by VGLUTSs, which control glutamate
concentration produced in the synaptic vesicles (Target I). Activation of voltage-gated sodium
channels (Target I1) and VOCCs (Target I11) depolarizes the plasma membrane, allowing for
the influx of sodium (through depolarization of axon terminals) and calcium (through
interaction with the SNARE proteins) (Target V), leading to the fusion of synaptic vesicles
and the consequent release of Glu into the synaptic cleft. The type Il mGIluRs (mGlu2/3) are
also present presynaptically (Target V), and may directly limit the synaptic release of Glu.
These mGIuRs also mediate feedback inhibition of Glu release, thus decreasing the activity of
Glu synaptic terminals when the activation of presynaptic receptors reaches a certain level.
Glia:

Glu can also be directly released from glial cells, regulating synaptic activity pre-and post-
synaptically (Target VI). After its release, large amounts of Glu are rapidly distributed across
the synaptic cleft, where it can bind to glutamate receptors in the postsynaptic regions. The
remaining unbound Glu is rapidly removed from the synaptic cleft to the presynaptic neuron
mostly by glia and EAATS. The glial transporters EAAT1 (also known in rodents as GLAST)
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and EAAT2 (or GLT-1) are essential for blocking pathological increases in Glu levels (Target
VII). Glial Glu transporter expression is upregulated by neuronal activity. Notably, the
expression of Glu transporters by glial cells and their anatomical arrangement within the
synaptic cleft can be dynamically and reversibly modified, and can directly regulate their ability
to scavenge Glu.

Postsynaptic neuron:

AMPARSs (GluR1-4) mediate fast Glu neurotransmission and play a major role in learning and
memory through critical regulation of calcium metabolism, plasticity, and oxidative stress.
When activated, these receptors open the transmembrane pore, thus allowing the influx of
sodium and the consequent depolarization of the neuronal membrane (Target VIII).

The NMDAR channel includes the subunits NR1, NR2 (NR2A—NR2D), and NR3 (NR3A
and NR3B). Glu’s binding sites have been described mostly in the NR2 subunit, whereas the
NR1 subunit is the site for its co-agonist, glycine. NR2A and NR2B subunit receptors are both
highly expressed in brain areas implicated in mood regulation, but NMDA receptors containing
NR2A mediate faster neurotransmission than NR2B receptors (Target 1X).

The mGIuRs include eight receptor subtypes (mGIluR1 to mGIuRS8) classified in three groups
(1-111) based on their sequence homology and effectors. The mGIuRs in group I, including
mGIuR1 and mGIuRb5, stimulate the breakdown of phosphoinositide phospholipids in the cell
plasma membrane. mGIuRs in Groups I (including mGLuR2/3) and Il (including mGIuRs 4,
6, 7, and 8) limit the generation of CAMP by activating inhibitory G-proteins.While Group |
receptors are coupled to the phospholipase C signal transduction pathway, Group Il and 111
mGIuRs are both coupled in an inhibitory manner to the adenylyl cyclase pathway, which is
involved in regulating the release of Glu or other neurotransmitters such as GABA (Target
X).

KARs are involved in excitatory neurotransmission by activating postsynaptic receptors, and
in inhibitory neurotransmission by modulating GABA release. There are five types of KAR
subunits: GIuR5 (GRIK1), GIuR6 (GRIK2), GIuR7 (GRIK3), KAl (GRIK4), and KA2
(GRIKS5). GIuR5-7 can form heteromers; KA1 and KA2 can only form functional receptors by
binding with one of the GIuR5-7 subunits. KARs have a more limited distribution in the brain
than AMPARs and NMDARs, and their function is not well defined; they are believed to affect
synaptic signaling and plasticity less than AMPARs (Target XI).

Cytoplasmic PSD-enriched intracellular molecules (e.g. PSD93) interact with Glu receptors at
the synaptic membrane to modulate receptor activity and signal transduction. PSD95 and
similar scaffolding molecules link the NMDARSs with intracellular enzymes that regulate
signaling, and also provide a physical connection between diverse neurotransmitter systems to
synchronize information from different effectors (Target XII).
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