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Major depression is a common, recurrent mental illness that affects millions of people worldwide. Recently, a
unique fast neuroprotective and antidepressant treatment effect has been observed by ketamine, which acts
via the glutamatergic system. Hence, a steady accumulation of evidence supporting a role for the excitatory
amino acid neurotransmitter (EAA) glutamate in the treatment of depression has been observed in the last
years. Emerging evidence indicates that N-methyl-p-aspartate (NMDA), group 1 metabotropic glutamate recep-
tor antagonists and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) agonists have antidepres-

ﬁ%‘zm& sant properties. Indeed, treatment with NMDA receptor antagonists has shown the ability to sprout new synaptic
depression connections and reverse stress-induced neuronal changes. Based on glutamatergic signaling, a number of thera-
calcium peutic drugs might gain interest in the future. Several compounds such as ketamine, memantine, amantadine,
ketamine tianeptine, pioglitazone, riluzole, lamotrigine, AZD6765, magnesium, zinc, guanosine, adenosine aniracetam,
BDNF traxoprodil (CP-101,606), MK-0657, GLYX-13, NRX-1047, Ro25-6981, LY392098, LY341495, -cycloserine, b-ser-
GSK3 ine, dextromethorphan, sarcosine, scopolamine, pomaglumetad methionil, LY2140023, LY404039, MGS0039,
PI3K MPEP, 1-aminocyclopropanecarboxylic acid, all of which target this system, have already been brought up,
mTOR A . . .. .
some of them recently. Drugs targeting the glutamatergic system might open up a promising new territory for
the development of drugs to meet the needs of patients with major depression.
© 2015 Elsevier Inc. All rights reserved.
1. Background search for perspectives on antidepressant treatment strategies based on

Depression presents with loss of interest, depressed mood, loss of
drive and pleasure, feelings of guilt, poor concentration, low self-
esteem, sleep disturbances and increased or decreased appetite. De-
pression can become chronic or recurrent and lead to substantial im-
pairments in an individual's ability to take care of his or her everyday
responsibilities. At its worst, depression can lead to suicide, a tragic fa-
tality associated with the loss of about 850,000 lives every year. Accord-
ing to the World Health Organization, depression is the leading cause of
disability as measured by disability adjusted live years. In this paper, an
attempt is made to overview a glutamatergic concept of the disease and
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glutamatergic neurotransmission.

A paradigm shift from a monoamine hypothesis of depression to a
neuroplasticity hypothesis represents a substantial advancement in
the working hypothesis that drives research for new therapies of de-
pressive patients. Stress and depression are associated with neuronal at-
rophy and decreased synaptic connections in the prefrontal cortex,
limbic brain regions and hippocampus. Normally, synapses of glutamate
terminals are maintained and regulated by circuit activity and function,
including activity-dependent release of brain-derived neurotrophic fac-
tor (BDNF) and downstream signaling pathways. Stress leads to de-
creased expression and release of BDNF as well as increased levels of
adrenal glucocorticoids. These stress-induced effects are comparable
with long-term depression.

Accumulating evidence suggests that the glutamatergic system
plays an important role in this process and in the neurobiology and
treatment of depression. Excitatory amino acid (EAA) and monoamine
neurotransmission are extensively colocalized in brain nuclei relevant
for depressive psychopathology such as the locus caeruleus and dorsal
raphe. Rapid-acting antidepressants, notably ketamine, cause a burst
of glutamate resulting in an increase in synaptogenesis that has been
compared with long-term potentiation. The increase in glutamate is
thought to occur via blockade of N-methyl-p-aspartate (NMDA)
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receptors located on inhibitory gamma-aminobutyric acid (GABA)-ergic
neurons, resulting in disinhibition of glutamate transmission. The burst
of glutamate increases BDNF release and causes the synthesis of synap-
tic proteins required for new spine synapse formation. These new con-
nections allow for proper circuit activity and normal control of mood
and emotion. Indeed, the non-competitive NMDA receptor antagonist
ketamine and other glutamatergic drugs are considered as one of the
most attractive candidates for an innovative fast antidepressant treat-
ment (Fig. 1).

2. Glutamate

Glutamate is the primary excitatory neurotransmitter in the brain
(Kornmeier and Sosic-Vasic, 2012). Glutamate is found in substantially
higher concentrations than monoamines and in more than 80% of neu-
rons, cementing its role as a major excitatory synaptic neurotransmitter.
Accumulating evidence shows that glutamate plays a key role in regu-
lating neuroplasticity, learning and memory. Indeed, the balance of glu-
tamate with the major inhibitory neurotransmitter GABA is essential for
the physiological homeostasis in the CNS (Sanacora et al., 2008). It has
been indicated that glutamatergic neurons and synapses by far outnum-
ber all other neurotransmitter systems in the brain with the only
exception of the GABAergic system (Sanacora et al., 2012). Whereas glu-
tamate is necessary for the normal development of dendritic branching,
excessive glutamatergic neurotransmission, however, causes dendritic
retraction and loss of spines. These changes would effectively limit the
number of exposed glutamate receptors and as a result, drugs thought
to reduce glutamatergic neurotransmission may prevent dendritic re-
traction and protect brain synapses.

Moreover, studies observed abnormalities of the glutamate clear-
ance at the synaptic space and a modulation of astrocytic energy metab-
olism involving glutamate (John et al.,, 2012). In this context, significant
differences in the methylation patterns specific to astrocytic dysfunc-
tion associated with depressive psychopathology have been published
recently (Nagy et al.,, 2014).

Changes in glutamate levels have been noted in plasma
(Kiigtikibrahimoglu et al., 2009; Mitani et al., 2006), cerebrospinal
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fluid (Frye et al., 2007; Levine et al., 2000) and brain tissue
(Hashimoto et al., 2007) of individuals with mood disorders, as
well as in suicide victims (Bernstein et al., 2013). A recent review
of the magnetic resonance spectroscopy (MRS) literature in mood
disorders found reduced glutamate and glutamine levels in the an-
terior cingulate cortex, left dorsolateral prefrontal cortex,
dorsomedial prefrontal cortex, ventromedial prefrontal cortex,
amygdala and hippocampus of major depressive patients (Jun
et al.,, 2007). The deficits of glutamatergic metabolism have been
found to be related to the aberrant neuronal activation patterns
of the anterior cingulum in depression (Walter et al., 2009).

In bipolar patients, glutamate and glutamine levels have been found
elevated in the grey matter areas of the anterior cingulate cortex, medial
prefrontal cortex, dorsolateral prefrontal cortex, parieto-occipital cor-
tex, occipital cortex, insula and hippocampus (Jun et al., 2007).

3. The glutamate-glutamine cycle

Glutamate is readily formed in neurons from glutamine synthesized
in astrocytes, released into the extracellular space and taken up by neu-
rons (McKenna, 2007). However, the glutamate-glutamine cycle is not
a stoichiometric cycle but rather an open pathway that interfaces with
many other metabolic pathways to varying extents depending on cellu-
lar requirements and priorities (McKenna, 2007). Multiple subcellular
compartments of glutamate are located within both neurons and astro-
cytes, and glutamate can be derived from other amino acids and many
energy substrates, including glucose, lactate and 3-hydroxybutyrate
(McKenna, 2007). A disruption of glutamate-glutamine cycle signifi-
cantly impacts on suicidal behavior (Bernstein et al., 2013).

4. Glutamate receptors

Glutamate acts on three key cell compartments: presynaptic neurons,
postsynaptic neurons and glia. This “tripartite glutamatergic synapse”
functions in the uptake, release and inactivation of glutamate. Glutamate
is cleared from the extracellular space by high-affinity excitatory amino
acid transporters (EAATs), which are located on neighboring glial cells
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Fig. 1. Different medications targeting the glutamatergic system and their postulated mechanism via AMPA and NMDA receptor and on intracellular relevant signaling cascades.
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(EAAT1 and EAAT2) and on neurons (EAAT3 and EAAT4) (O'Shea, 2002).
In glial cells, glutamate is converted into glutamine. Glutamine is then
transported back into the glutamatergic neuron, where it is hydrolyzed
into glutamate (Erecinska and Silver, 1990). Beside the lack of degrada-
tive enzymes in the synapse, uptake by EAATS is the main mechanism
through which the action of extracellular glutamate is terminated.

Glutamate regulates neuronal migration, neural growth, synapto-
genesis and the pruning of neurons by activating ionotropic glutamate
receptors and metabotropic glutamate receptors. The number and sta-
bility of these receptors at the synaptic membrane is an important factor
in determining excitatory synaptic efficacy.

lonotropic receptors, i.e., the kainate receptor (GluR5-7, KA-1-2) and
the amino-3-hydroxy-5-methyl-isoxa-zoloe-4-proprionic acid (AMPA)
(GluR1-4) receptor, play an important role in excitatory neurotransmis-
sion by mediating fast postsynaptic potentials.

The NMDA receptor GIuN1 (formerly known as NR1), GIuN2A-D
(formerly known as NR2A-D) and GIuN3A-B (formerly known as
NR3A-B) (Cull-Candy et al,, 2001) is a third ionotropic receptor playing
a primary role in long-term potentiation (LTP), which is a major form of
use-dependent synaptic plasticity. Each activation of the NMDA recep-
tor leads to easier stimulation of pyramidal neurons. Therefore, the syn-
aptic efficacy increases persistently, resulting in LTP. In LTP preferential
routes for impulses develop in the brain. This is the physiological foun-
dation of conditioned reaction and thus learning (Lau et al., 2009). In the
hippocampus these neuroplastic effects have been implicated in hippocam-
pal CA3 cell-dependent spatial memory functions that likely rely on dynam-
ic cellular ensemble encoding of space (Hunt et al., 2013). NMDA receptors
are activated after binding of the agonist glutamate to the NR2 subunit
along with a co-agonist, either L-glycine or p-serine, to the GIuN1 subunit.

Several steps are necessary to ensure activation of the NMDA recep-
tor. At resting membrane potential magnesium blocks the NMDA chan-
nel, prohibiting calcium influx. Calcium second messenger causes an
increased sensitivity of the synapse, resulting in LTP. A brief period of
high-intensity excitatory synaptic activity results in a decrease of the
membrane potential, which leads to the removement of the magne-
sium, which blocks the NMDA receptor.

A second mechanism of the activation of the NMDA receptor is the
occupation of glutamate at 2 binding sites, which occurs in cases of ex-
cessive glutamate release (Goff and Coyle, 2001). After sufficient depo-
larization of the postsynaptic membrane, magnesium no longer blocks
the channel, causing calcium influx. However, excessive glutamate re-
lease in the synapse leads to overstimulation of NMDA receptors, an in-
creased calcium influx and elevation of intracellular calcium levels. Thus,
toxic metabolic processes are triggered that may lead to neuronal cell death.

Glutamate metabotropic receptors (mGlu1-8) mediate slower neu-
rotransmission and affect intracellular metabolic processes (Harrison
et al., 2008). After the activation of mGlu receptors, G-protein is activat-
ed, followed by the conversion of ATP to cyclic AMP by adenylyl cyclase.
MGIu5 receptors are a potential target for novel drug development be-
cause activation of mGlu5 receptors enhances NMDA receptor function
(Singh and Singh, 2011). MGlu2 and mGlu3 receptors belong to the sub-
group II family of mGluRs. High levels of mGlu2 receptors are found in
almost all regions of the limbic system, including the prefrontal cortex,
thalamus and amygdala (Fell et al., 2012). The expression of mGlu3 re-
ceptors is also seen in other limbic regions, including the hippocampus.
The activation of mGlu2 and mGlu3 receptors on presynaptic nerve ter-
minals inhibits presynaptic glutamate release, modulating synaptic
plasticity and LTP. Highly selective mGluR2-positive allosteric modula-
tors (PAMs), inhibiting presynaptic glutamate release, are more promis-
ing than mixed mGIuR2/3 agonists in clinical studies (Adams et al.,
2013, 2014; Hopkins, 2013; Trabanco and Cid, 2013).

5. Calcium

Learning and memory is widely believed to result from changes in
connectivity within neuronal circuits due to synaptic plasticity. NMDA

receptor-dependent synaptic plasticity via LTP and long-term depres-
sion is triggered by postsynaptic calcium elevation.

A calcium influx during LTP induction triggers the activation of cal-
cineurin and Calcium/calmodulin-dependent protein kinase Il (CaMKII)
in dendritic spines (Shonesy et al., 2014). CaMKII activation results in
autophosphorylation of the kinase, rendering it constitutively active
long after the calcium dissipates within the spine. A diversity of down-
stream targets can be modulated by CaMKII to exert dynamic control of
synaptic structure and function. Recently, a genetic variation in the cal-
cium/calmodulin pathway has been linked to antidepressant response
(Shi et al,, 2012).

Calcium input can activate at a given frequency, the quantity of
CaMKII activated is proportional to the total amount of calcium (Li
et al,, 2012). Thus, an input of a small amount of calcium at high fre-
quencies can induce the same activation of CaMKII as a larger amount,
at lower frequencies (Li et al,, 2012). In a recent epidemiological
study, the supplementation of vitamin D and calcium in about 36,000
postmenopausal women did not show a significant effect on depressive
behavior (Bertone-Johnson et al., 2012).

6. Glutamatergic influence on neurogenesis and plasticity

Decreased hippocampal volumes have been found in a series of stud-
ies in humans exposed to chronic stress leading to the hypothesis that
chronic stress can inhibit neurogenesis, retract dendritic processes and
lead to neuronal loss in the hippocampus (Schmidt and Duman, 2007;
Schmidt et al., 2011). The majority of reported volumetric findings
agree with reduced hippocampal volumes in depressive subjects
(Campbell and MacQueen, 2006).

One mechanism by which ketamine might function is a deactivated
eukaryotic elongation factor 2 kinase, resulting in reduced phosphoryla-
tion and desuppression of rapid dendritic protein translation, including
BDNF (Gideons et al., 2014; Autry et al,, 2011). BDNF regulates synaptic
plasticity in neuronal networks and is involved in depressive behaviors
(Pittenger and Duman, 2007; Schinder and Poo, 2000). Upregulation of
BDNF may reverse stress-induced deficits in structural and synaptic
plasticity in the adult brain, resulting in cognitive flexibility and an in-
creased ability to adapt with environmental challenges that may precip-
itate or exacerbate depressive episodes. Recent studies demonstrate
that BDNF levels are decreased in the blood of depressed patients and
its levels are increased with antidepressant treatment (Aydemir et al.,
2005; Brunoni et al., 2008; Deuschle et al., 2013; Gervasoni et al.,
2005; Karege et al,, 2002; Kim et al., 2007; Lee et al., 2006, 2011;
Ricken et al., 2013; Sen et al., 2008; Shimizu et al., 2003). Moreover,
human BDNF polymorphism and serum levels have been connected
with anxiety, risk of depression, neuroticism and serotonergic neuro-
transmission (Lang et al., 2002; 2004, 2005a, 2005b, 2007, 2009a,
2009b).

It has been discussed recently that BDNF might well signal through
phosphoinositol-dependent kinase 3, Akt and glycogen synthase kinase
(GSK3) pathways to cause depressive and anxiety symptoms (Beaulieu,
2010), which has been supported also by our own data (Ackermann
et al., 2008, 2010; Lang, 2010; Lang and Borgwardt, 2013).

7. Mammalian target of rapamycin (mTOR) signaling

Recent studies investigating the medial prefrontal cortex show that
the synaptogenic and antidepressant-like effects of a single standard
dose of ketamine in rodents are dependent upon the activation of the
mTOR complex 1 signaling pathway together with inhibitory phosphor-
ylation of GSK-3, which relieves its inhibitory influence on mTOR (Liu
etal., 2013).Indeed, one of the pathways required for the NMDA actions
is the mTOR signaling pathway. The mTOR signaling pathway is dis-
turbed in the prefrontal cortex from subjects diagnosed with major de-
pressive disorder (Chandran et al.,, 2013). Chronic unpredictable stress
decreases the phosphorylation levels of mTOR and its downstream
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signaling components, i.e., ERK-1/2, Akt-1 and GIuR1 (Chandran et al.,
2013). However, in an own study, we observed mood changes in pa-
tients using the mTOR inhibitor everolimus (Lang et al., 2009a, 2009b;
Lang and Borgwardt, 2013). It is of interest to note that some antide-
pressants, including 5-HT2C receptor antagonists, citalopram and elec-
troconvulsive seizures increase mTOR levels (Elfving et al., 2013; Opal
et al,, 2014). Sertraline, a serotonin reuptake inhibitor, and imipramine,
atricyclic antidepressant both have antiproliferative effects that are me-
diated by inhibition of mTOR (Jeon et al., 2011; Lin et al., 2010).

Furthermore, there is evidence that suggests rapamycin administra-
tion alone and the subsequent inhibition of mTOR signaling is capable of
inducing antidepressant-like effects in the rat forced swim test (Cleary
et al,, 2008; Lang and Borgwardt, 2013) and in humans (Lang et al.,
2009a, 2009b).

Interestingly, it was found recently that the synaptogenic and
antidepressant-like effects of ketamine were potentiated when given
together with a single dose of lithium chloride or a preferential GSK-
3P inhibitor (Liu et al., 2013). Effects, exerted by ketamine and an addi-
tional GSK-33 inhibitor, include the rapid activation of the mTOR signal-
ing pathway, an increased inhibition of the phosphorylation of GSK-3p3,
an increased synaptic spine density, an increased excitatory postsynap-
tic currents in mPFC layer V pyramidal neurons and an antidepressant
responses that persist for up to 1 week in the forced swim test model
of depression (Liu et al., 2013). However, the possible risks involved in
the stimulation of a pathway, which is implicated in disease states
where growth is deregulated and homeostasis is compromised, such
as cancer, metabolic diseases and aging, should not be underevaluated
(Zoncu et al,, 2011).

8. Antidepressant strategies based on interaction with the
glutamatergic system

8.1. NMDA receptor antagonists

Ketamine overcomes glutamate synaptic depression by stimulating
synaptic glutamate release and enhancing synaptic AMPA receptor sig-
naling and blocking extrasynaptic NMDA receptors (Krystal et al.,
2013). The hypothesis that ketamine might increase synaptic release
is supported by a number of observations related to the effects of
NMDA receptor antagonists: they reduce the activation of GABA neu-
rons in hippocampus and prefrontal cortex, they increase neuronal fir-
ing and raise extracellular glutamate levels in prefrontal cortex and
they increase cortical glutamate levels and activation (Krystal et al.,
2013).

A single subanesthetic dose (0.5 mg/kg) of the NMDA receptor an-
tagonist ketamine causes a rapid antidepressant effect within hours
in treatment-resistant patients with major depressive disorder
(Diazgranados et al., 2010). The rapid antidepressant response after ke-
tamine administration in treatment-resistant depressed patients sug-
gests a possible new approach for treating mood disorders compared
to the weeks or months required for standard medications (Li et al.,
2010).Indeed, the described effect intensity of ketamine on clinical psy-
chopathology scores is not comparable to any other known glutamater-
gic substance, and in several studies, it reaches effects over 70%
response in clinical studies: Wang et al. (2012) (79%), Okamoto et al.
(2010) (78%), Jarventausta et al. (2013) (71%), Kranaster et al. (2011)
(76%). After a single infusion, ketamine demonstrated rapid antidepres-
sant effects in a two-site, parallel-arm, randomized controlled trial com-
pared to an active placebo control condition (Murrough et al., 2013). In
detail, patients with treatment-resistant major depression (N = 73) had
greater improvement in the ketamine group than a midazolam treated
group 24 h after treatment (Murrough et al., 2013). In a further study
of Berman et al. (2000), subjects with depression evidenced significant
improvement in depressive symptoms within 72 h after ketamine but
not placebo infusion (Berman et al., 2000).

However, the widespread use of ketamine as a fast-acting antide-
pressant in routine clinical settings is curtailed by its abuse potential
as well as possible psychotomimetic and cognitive side effects. Also,
the fading of ketamine's antidepressant effects is a clinical problem,
which has been hypothesized to be mitigated by additional treatment
with GSK-3 inhibitors (Liu et al., 2013).

However, the fast and high efficacy of ketamine raises the question
of whether other clinically better tolerated NMDA receptor antagonists
might possess similar antidepressant properties and provides a unique
opportunity for the investigation of mechanisms that mediate clinically
relevant behavioral effects and to produce a rapid and long-lasting anti-
depressant response in patients with depression. However, several
agents that increase synaptic levels of glutamate or act at postsynaptic
sites to enhance glutamate receptor signaling have been investigated
but the clinical antidepressant effect of ketamine has not been reached
so far and seems to require a burst of glutamate transmission.

The NMDA receptor antagonist dextromethorphan has also been
discussed as a potential rapid-acting antidepressant (Lauterbach, 2011).

AZD6765, an NMDA channel blocker, was assessed for its
antidepressant-like qualities in a double-blind crossover study involv-
ing 22 subjects. Although no psychotomimetic effects of this compound
were reported, depressive symptoms were alleviated only for the first
2 h following infusion (Zarate et al., 2013).

Zinc and magnesium are potent antagonists of the NMDA receptor
complex and the deficiency of both of them may lead to functional
NMDA receptor hyperactivity. Magnesium gates the activity of NMDA
receptors and indeed magnesium restriction is associated with reduced
amygdala-hypothalamic protein levels of GluN1-containing NMDA
complexes (Ghafari et al., 2014). In suicide victims, the potency of zinc
and magnesium to inhibit MK-801 binding to NMDA receptors was de-
creased and lower concentrations of magnesium have been found in
suicide tissue (Sowa-Ku¢ma et al., 2013).

In a double-blind, randomized and placebo-controlled study, zinc
supplementation was shown to improve mood states, reduce anger-
hostility score and depression-dejection score (Sawada and Yokoi,
2010). A preclinical study investigated the effect of magnesium treat-
ment in the chronic mild stress model of depression in rats. In this
study, magnesium reduced depressive symptoms and increased the
level of GIuN2B and PSD-95 in the prefrontal cortex (Pochwat et al.,
2014). High doses of magnesium in animal models can lead to synaptic
sprouting and synaptic strengthening (Murck, 2013).

A randomized clinical trial showed that magnesium was as effective
as the tricyclic antidepressant imipramine in treating depression
(Barragan-Rodriguez et al., 2008). Oral administration of magnesium
leads to a strong antidepressant effect in animals and in humans (Eby
and Eby, 2010). Also, ketamine acts to increase brain magnesium levels
(Murck, 2013), and ketamine action has been hypothesized to be asso-
ciated with magnesium levels (Murck, 2013). In conclusion, it has been
hypothesized that magnesium should be prescribed at least for
treatment-resistant depression (Eby and Eby, 2010).

Other neurotransmitter systems that indirectly increase glutamate
via regulation of tonic firing of GABAergic interneurons may also pro-
duce ketamine-like effects. For example, the roles of glutamate, synap-
togenesis, and mTOR signaling in the rapid antidepressant actions of
scopolamine, a muscarinic receptor antagonist (Drevets et al., 2013),
are currently under investigation. Recently, it has been reported that
the antimuscarinic agent, scopolamine, produces a rapid and robust an-
tidepressant effect in currently depressed male and female patients
with major depressive disorder or bipolar disorder (Drevets and
Furey, 2010a, 2010b; Furey and Drevets, 2006). In a recent review,
data from a series of randomized, double-blind, placebo-controlled
studies involving subjects with unipolar or bipolar depression treated
with parenteral doses of scopolamine show robust antidepressant
effects versus placebo, which were evident within 3 days after the
initial infusion (Drevets et al., 2013). The onset and duration of the an-
tidepressant response of scopolamine has been led back to involve
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neurobiological systems beyond the cholinergic system (Drevets et al.,
2013). In a recent double-blind randomized controlled crossover
study cholinergic and visual processing dysfunction in the pathophysi-
ology of major depression measured via Blood-Oxygen-Level-
Dependent (BOLD) response (scopolamine versus placebo) suggested
to provide a useful biomarker for identifying depressive patients who
will respond favorably to scopolamine (Furey et al., 2013).

Interestingly, memantine as an NMDA antagonist seems to lack sub-
stantial efficacy as an augmentation treatment for major depressive dis-
order. In a randomized, double-blind, placebo-controlled trial of
memantine as an augmentation treatment for patients with DSM-IV
major depressive disorder, participants receiving memantine did not
show a statistically or clinically significant change in depressive symp-
toms when compared to placebo (Smith et al., 2013). Although keta-
mine and memantine effectively block NMDA-receptor-mediated
excitatory postsynaptic currents, key functional differences between ke-
tamine and memantine have been found. In contrast to ketamine,
memantine does not inhibit the phosphorylation of eukaryotic elonga-
tion factor 2 or augment subsequent expression of BDNF, which are crit-
ical determinants of ketamine-mediated antidepressant efficacy
(Gideons et al., 2014). These results demonstrate significant differences
between the efficacies of ketamine and memantine on NMDA-receptor-
mediated neurotransmission that have impacts on downstream intra-
cellular signaling.

Guanosine is an extracellular signaling molecule, which has been
implicated in antidepressant-like activity via the modulation of gluta-
matergic neurotransmission (Bettio et al., 2012). Indeed, its effect
seems to be mediated through an interaction with NMDA receptors
and mTOR pathways (Bettio et al., 2012). Also, the antidepressant effect
of adenosine is likely dependent on the inhibition of NMDA receptors
mediated by the activation of adenosine Al receptors (Kaster et al.,
2012).

Pioglitazone seems to exert antidepressant-like effects in the forced
swimming test in mice by a reduction of NMDA-mediated calcium cur-
rents in hippocampal neurons (Salehi-Sadaghiani et al., 2012). Also, in
humans pioglitazone monotherapy or adjunctive therapy decreased de-
pression symptom severity, reduced insulin resistance and reduced in-
flammation in a 12-week, open-label, flexible-dose study (Kemp et al.,
2012).In arecent 6-week double-blind study, pioglitazone was superior
to metformin in reducing Hamilton Depression Rating Scores at the end
of the study while homeostatic model assessment of insulin resistance
did not differ between the two groups (Kashani et al., 2012). This
study might suggest that pioglitazone improves depression with mech-
anisms largely unrelated to its insulin-sensitizing action (Kashani et al.,
2012).

Amantadine inhibits NMDA receptors by accelerating channel clo-
sure during channel block (Blanpied et al., 2005). It has been discussed
to exert antidepressant properties firstly by Vale (Vale et al., 1971).
However, the only randomized placebo-controlled trials on amantadine
showed a significant effect in treating fatigue in multiple sclerosis pa-
tients but this benefit was not due to changes in sleep, depression or
neurologic disability (Krupp et al,, 1995).

9. Partial NMDA receptor agonists

p-Cycloserine is a partial agonist at the glycine B co-agonist site of
NMDA receptors (GIuN2A and GIuN2B subunits) and an agonist of
NMDA receptors containing the GluN2C and GluN2D subunits (Dravid
etal., 2010). p-Cycloserine was firstly described as a tuberculosis antibi-
otic in 1959, where it produced mood improvement predominately
within 2 weeks in 30 of 37 tuberculosis patients suffering from depres-
sion (Crane, 1959, 1961). Recently, the first placebo-controlled replica-
tion of this finding reported progressive improvement with p-
cycloserine over 6 weeks of treatment (Heresco-Levy et al., 2013). In
light of the antidepressant efficacy of NMDA receptor antagonists, D-

cycloserine may have reduced symptoms of depression by attenuating
the function of NMDA receptors bearing GluN2A or GluN2B subunits.

p-Serine is produced through isomerization of L-serine by serine
racemase, either in neurons or in astrocytes. It is released by astrocytes
by an activity-dependent mechanism. b-Serine interacts with the GIuN1
NMDA receptor unit. Mice lacking GIuN1 expression in the forebrain ex-
hibit a depression-like phenotype and do not respond to p-serine treat-
ment (Malkesman et al.,, 2012).

The behavioral effects of a single, acute p-serine administration re-
duced immobility in the forced swim test, rescued sexual reward-
seeking deficits caused by serotonin depletion and reversed learned
helplessness behavior, as measured by escape latency, number of es-
capes and percentage of mice developing learned helplessness behavior
(Malkesman et al., 2012). Elevated brain p-serine levels in serine
racemase transgenic mice seem to reduce the proneness towards
depression-related behavior (Otte et al., 2013). Chronic dietary b-serine
supplement might improve mood disorders (Otte et al., 2013).

Glyx-13 is another promising NMDA receptor glycine-site functional
partial agonist. In rats, it induced antidepressant-like effects in the
Porsolt, novelty induced hypophagia and learned helplessness tests
(Burgdorf et al., 2013).

1-Aminocyclopropanecarboxylic acid (ACPC) is a high-affinity par-
tial agonist at the glycine B site of the NMDA glutamate receptor. Paren-
terally and orally administered ACPC was equipotent in reducing
immobility in the forced swim test (Trullas et al., 1991). In the elevated
plus maze, ACPC was active for 1-2 h after parenteral administration.
These findings suggest that ACPC may constitute a novel class of antide-
pressant agents (Trullas et al., 1991).

10. Selective NMDA receptor subtype 2B (NR2B) antagonists

Non-competitive NMDA receptor antagonists like ketamine and PCP
can produce psychotomimetic effects; therefore, it has been discussed
that subtypeselective, rather than pan blockers of the NMDA receptor,
could maintain an efficacious profile and minimize the adverse effects
associated with blocking this receptor. In this regard, NR2B receptors
are of particular interest. Selective NMDA receptor subtype 2B (NR2B)
antagonists produce antidepressant behavioral and synaptogenic ac-
tions, but they are not as rapid and not as effective as the effect of keta-
mine (Li et al., 2010).

In a small, randomized, double-blind, placebo-controlled, crossover
pilot study an oral formulation of the selective NMDA NR2B antagonist
MK-0657 in patients with treatment-resistant depression has been evalu-
ated (Ibrahim et al,, 20123, 2012b). Because of recruitment challenges and
the discontinuation of the compound's development by the manufactur-
er, only 5 of the planned 21 patients completed both periods of the cross-
over administration of MK-0657 and placebo. Significant antidepressant
effects were observed as early as day 5 in patients receiving MK-0657
compared with those receiving placebo, as assessed by the Hamilton De-
pression Rating Scale and Beck Depression Inventory (Ibrahim et al.,
201243, 2012b). However, no improvement was noted when symptoms
were assessed with the Montgomery-Asberg Depression Rating Scale,
the primary efficacy measure (Ibrahim et al., 20123, 2012b).

Another NR2B subunit-selective NMDA receptor antagonist, CP-
101,606 (traxoprodil), has been evaluated in a randomized, placebo-
controlled, double-blind study. On the main outcome measure
(Montgomery-Asberg Depression Rating Scale total score at day 5),
CP-101,606 produced a greater decrease than did placebo. The Hamilton
Depression Rating Scale response rate was 60% for CP-101,606 versus
20% for placebo. Seventy-eight percent of the CP-101,606-treated re-
sponders maintained response status for at least 1 week after the infu-
sion. CP-101,606 was generally well tolerated and capable of
producing an antidepressant response (Preskorn et al., 2008). However,
CP-101,606 also produced dissociative effects in 6 of 15 patients
(Preskorn et al., 2008).
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In preclinical models, the GIuN2B specific antagonist Ro25-6981
evoked robust antidepressant-like effects (Lima-Ojeda et al., 2013).
Moreover, Ro25-6981 did not cause hyperactivity as displayed after
treatment with unspecific NMDA receptor antagonists, a correlate
of psychosis-like effects in rodents. The NR2B antagonist Ro25-6981
reversed stress-induced hippocampal LTP and had behavioral
antidepressant-like effects in the forced swim test.

11. Glutamate release inhibitors

Studies have shown that drugs, which increase glutamate clearance,
can prevent or reverse the effects of chronic stress and chronic glucocor-
ticoid exposure and exert antidepressant effects in animal models of de-
pression (Banasr et al., 2010; Gourley et al., 2011; Mineur et al., 2007).

Riluzole increases glutamate uptake by increasing the expression of
glutamate transporters (Sanacora et al., 2004; Zarate et al., 2004). In a
randomized placebo-controlled and double-blind study in treatment-
resistant depressive patients, the efficacy of the glutamate-modulating
agent riluzole in preventing post-ketamine relapse has been tested re-
cently (Mathew et al., 2010). However, riluzole did not prevent relapse
in the first month following ketamine, i.e., an interim analysis found no
significant differences in time to relapse between riluzole and placebo
groups with 80% of patients relapsing on riluzole vs. 50% on placebo
(Mathew et al., 2010). Another randomized placebo-controlled dou-
ble-blind study examined riluzole as add on to ketamine treatment
but again suggested that the combination of riluzole with ketamine
treatment did not significantly alter the course of antidepressant re-
sponse in comparison to ketamine alone (Ibrahim et al., 2012a,
2012b). However, in an open-label study, riluzole appeared to be an ef-
fective, well-tolerated and rapidly acting anxiolytic medication for some
patients with generalized anxiety disorder (Mathew et al., 2005).

Sarcosine is a glycine I transporter inhibitor which enhances NMDA
function. In a preclinical study, sarcosine decreased the time to immo-
bility in the forced swim test and tail suspension test and reduced the
latency to feed, which are classical antidepressant-like properties
(Huang et al.,, 2013). In a recent clinical study, patients were randomly
assigned to citalopram or sarcosine. Patients who received sarcosine
were more likely to stay in the study and more likely to remit, and
sarcosine treatment produced a more rapid and greater improvement
than treatment with citalopram and was connected with less side ef-
fects (Huang et al., 2013).

Lamotrigine is a presynaptic glutamate release inhibitor (Normann
et al,, 2002; Obrocea et al., 2002), approved for maintenance treatment
of bipolar type I disorder and as an antiepileptic for seizure disorders
(Geddes et al., 2009; Goodnick, 2007). Trials have demonstrated that
lamotrigine has beneficial effects on depressive symptoms in the de-
pressed phase of bipolar disorder (Geddes et al., 2009).

12. AMPA receptor enhancers

Positive AMPA receptor potentiating agents produce antidepressant
behavioral responses in rodents and stimulate mTOR signaling in cul-
tured cells (Jourdi et al., 2009; Sanacora et al., 2008). A relative increase
in AMPA receptor activation may be critical to the antidepressant effects
also of NMDA antagonists like ketamine and others, which additionally
enhance AMPA receptor activation (Autry et al,, 2011; Koike et al., 2011;
Liet al., 2010).

Enhancement of AMPA receptor function by the AMPA receptor po-
tentiator LY392098 functioned like classic antidepressants by reducing
weight loss, deterioration and immobility in the tail suspension test in
mice. However, this substance did not restore sucrose preference and
did not reduce anxiety in stressed mice (Farley et al., 2010). The same
substance reduced immobility in the forced swim test and in the tail
suspension test in a dose-dependent manner (Li et al., 2001). Also, the
AMPA receptor potentiating drug LY451646 has been hypothesized to

exert antidepressant effects at least in BDNF heterozygous mice
(Lindholm et al., 2012).

Tianeptine increases phosphorylation of glutamate receptor sub-
types in circumscribed brain regions (Qi et al., 2009; Svenningsson
et al., 2007), normalizes the glutamatergic tone in the amygdala and
the hippocampus, normalizes the stress-induced changes in the ampli-
tude ratio of NMDA receptor to AMPA/kainate receptor-mediated
currents (Kole et al.,, 2002) and increases the phosphorylation of
the CaMK II-PKC site of the GIuR1 subunit of AMPA receptors
(Svenningsson et al., 2007). It provides rapid relief of depressive symp-
toms in mild to severe major depression, where it alleviates anxious
symptoms (Guelfi et al., 1989; Invernizzi et al., 1994; Lepine et al.,
2001). When administered several hours after stress exposure,
tianeptine overcomes the block of hippocampal LTP induction by ines-
capable stress (Shakesby et al., 2002).

Aniracetam is a pyrrolidinone-containing nootropic compound,
which behaves as a dual allosteric positive modulator of AMPA-
sensitive and metabotropic glutamate receptors in a variety of systems,
including intact brain tissue and cultured neurons (Nicoletti et al.,
1992).Indeed, this experimentally observed potentiation of glutamater-
gic activity by aniracetam provides the molecular explanation for its
clinical efficacy as cognition enhancer (Knapp et al., 2002; O'Neill
etal., 2004). Aniracetam seems to exert certain long-term effects on ge-
riatric depression (Koliaki et al., 2012). However, a significant effect of
aniracetam on severe clinical depression has to be proven in future clin-
ical studies.

13. Regulators of metabotropic glutamate receptors

Adaptive upregulation of metabotropic mGlu5 receptors may be a
common change induced by several antidepressant drugs, such as
escitalopram, reboxetine, milnacipran, moclobemide and imipramine
as been suggested recently (Nowak et al., 2014).

Several lines of evidence suggest an antidepressant-like activity for
3-((methyl-1,3-thiazol-4-yl)ethynyl)-pyridine, a highly selective, non-
competitive antagonist of metabotropic glutamate receptors subtype 5
(Palucha et al., 2007). Antidepressant-like activity of 2-methyl-6-
(phenylethynyl)-pyridine (MPEP), which blocks mGlu5 receptors was
found in rats (Wieronska et al., 2002) and mice (Belozertseva et al.,
2007).

Blockade of mGluR2/3 receptors, which are located presynaptically
and regulate the release of glutamate, produces rapid behavioral re-
sponses that require mTOR signaling (Dwyer et al., 2012; Koike et al.,
2011).

Pomaglumetad methionil (LY2140023 monohydrate) is a methio-
nine amide prodrug of the active compound LY404039, acting as a selec-
tive and potent orthosteric agonist at both mGluR2 and mGluR3 (Conn
et al.,, 2009; Harrison et al., 2008). Initially, this mixed mGIuR2/3 agonist
showed promise as potential monotherapy for schizophrenia in the
proof-of-concept study, consistent with the predictions from preclinical
animal studies (Patil et al., 2007).

LY341495 is a mGluR2/3 antagonist and showed preclinical
antidepressant-like effects, i.e., reduced immobility in the mouse forced
swim test and in the marble burying test. Further, LY341495 had no ef-
fects in the elevated plus maze and stress-induced hyperthermia tests in
mice but enhanced spatial memory (Bespalov et al., 2008).

MGS0039 is a potent and selective group Il metabotropic glutamate
receptor antagonist (Chaki et al., 2004). It exerts dose-dependent
antidepressant-like effects in the rat forced swim test and in the
mouse tail suspension test, however, without apparent effects in the
rat social interaction test and in the rat elevated plus maze.

14. Glutamatergic action of 5-HT-Receptors

Indirect modulation of glutamate neurotransmission through the se-
rotonin (5-HT) system may be a viable alternative treatment effect.



L. Deutschenbaur et al. / Progress in Neuro-Psychopharmacology & Biological Psychiatry 64 (2016) 325-333 331

Based on localization and function, 5-HT can modulate glutamate neu-
rotransmission at least through the 5-HT1A, 5-HT1B, 5-HT3 and 5-HT7
receptors, which present a rational pharmacological opportunity for
modulating glutamatergic transmission without the direct use of gluta-
matergic compounds (Pehrson and Sanchez, 2014). 5-HT1B receptor
agonism increases hippocampal excitatory field potentials through a
CaM kinase-dependent pathway (Cai et al., 2013). 5-HT3 receptors are
localized in GABAergic interneurons in cortical and hippocampal re-
gions and mediate excitation of GABA neurons (Puig et al., 2004;
Reznic and Staubli, 1997). Ondansetron significantly suppresses the fir-
ing rate of CA1 hippocampal GABAergic interneurons and concomitant-
ly increases the firing rate of glutamatergic pyramidal cells by
disinhibition (Puig et al.,, 2004; Reznic and Staubli, 1997).

15. Glutamatergic action of corticosteroids and noradrenaline

Exposure to stress rapidly elicits the release of noradrenaline and
corticosteroids in the brain (Joels and Baram, 2009). The induction of
LTP is greatly impaired after a prolonged period of mild stress or chronic
corticosteroid exposure. This exposure inhibits glutamatergic synaptic
transmission in the prefrontal cortex and reduces the surface expression
of glutamate receptors (GluN1 and GluA1). Synaptic NMDA receptors
and AMPA receptors are lost (Yuen et al., 2011) and levels of GIuN2B
and GluA2/3 are decreased (Gourley et al., 2009). Brief exposure to cor-
ticosterone and/or noradrenaline may underlie the enhanced memory
formation of emotionally arousing events (Krugers et al,, 2012), where
excitatory synaptic transmission and synaptic insertion of AMPA recep-
tors is enhance thereby leading to consolidation and expression of fear-
ful memories. In contrast, chronic stress and low maternal care can
determine processing of emotional information later in life via a persis-
tent regulation of excitatory synaptic function and persistently enhance
hippocampal NMDA receptor function (Bagot et al., 2012) via enhancing
GluN2B-containing NMDA receptors. This is accompanied by sup-
pressed synaptic plasticity (Bagot et al., 2009).

16. Future perspective

Drugs targeting the glutamatergic system might open up a promis-
ing new territory for the development of drugs to meet the needs of pa-
tients with major depression. Based on glutamatergic signaling, a
number of therapeutic drugs have been studied in animal research
and might gain interest in the future. Hopefully, more clinical
(human) studies will be performed in future to translate this already
gained preclinical knowledge successfully in clinical practice.

References

Ackermann TF, Hortnagl H, Wolfer DP, Colacicco G, Sohr R, Lang F, et al. Phosphatidylinositide
dependent kinase deficiency increases anxiety and decreases GABA and serotonin abun-
dance in the amygdala. Cell Physiol Biochem 2008;22:735-44.

Ackermann TF, Kempe DS, Lang F, Lang UE. Hyperactivity and enhanced curiosity of mice ex-
pressing PKB/SGK-resistant glycogen synthase kinase-3 (GSK-3). Cell Physiol Biochem
2010;25:775-86.

Adams DH, Kinon BJ, Baygani S, et al. A long-term, phase 2, multicenter, randomized, open-label,
comparative safety study of pomaglumetad methionil (LY2140023 monohydrate) versus
atypical antipsychotic standard of care in patients with schizophrenia. BMC Psychiatry
2013;13:143.

Adams DH, Zhang L, Millen BA, et al. Pomaglumetad methionil (LY2140023 monohydrate) and
aripiprazole in patients with schizo- phrenia: a phase 3, multicenter, double-blind compar-
ison. Schizophr Res Treat 2014;16:1-11.

Autry AE, Adachi M, Nosyreva E, Na ES, Los MF, Cheng PF, et al. NMDA receptor blockade at rest
triggers rapid behavioural antidepressant responses. Nature 2011;475:91-5.

Aydemir O, Deveci A, Taneli F. The effect of chronic antidepressant treatment on serum brain-
derived neurotrophic factor levels in depressed patients: a preliminary study. Prog
Neuropsychopharmacol Biol Psychiatry 2005;29:261-5.

Bagot RC, van Hasselt FN, Champagne DL, Meaney M], Krugers HJ, Joe" Is M. Maternal care deter-
mines rapid effects of stress mediators on synaptic plasticity in adult rat hippocampal den-
tate gyrus. Neurobiol Learn Mem 2009;92:292-300.

Bagot RC, Tse YC, Nguyen HB, Wong AS, Meaney M], Wong TP. Maternal care influences hippo-
campal N-methyl-Daspartate receptor function and dynamic regulation by corticosterone
in adulthood. Biol Psychiatry 2012;72:491-8.

Banasr M, et al. Glial pathology in an animal model of depression: reversal of stress-induced cel-
lular, metabolic and behavioural deficits by the glutamate-modulating drug riluzole. Mol
Psychiatry 2010;15:501-11.

Barragan-Rodriguez L, Rodriguez-Moran M, Guerrero-Romero F. Efficacy and safety of oral mag-
nesium supplementation in the treatment of depression in the elderly with type 2 diabetes:
a randomized, equivalent trial. Magnes Res 2008;21:218-23.

Beaulieu JM. A role for Akt and glycogen synthase kinase-3 as integrators of dopamine and se-
rotonin neurotransmission in mental health. Psychopharmacology 2010;30:135-44.

Belozertseva 1V, Kos T, Popik P, Danysz W, Bespalov AY. Antidepressant-like effects of mGIuR1
and mGIuR5 antagonists in the rat forced swim and the mouse tail suspension tests. Eur
Neuropsychopharmacol 2007;17:172-9.

Berman RM, Cappiello A, Anand A, Oren DA, Heninger GR, Charney DS, et al. Antidepressant ef-
fects of ketamine in depressed patients. Biol Psychiatry 2000;47:351-4.

Bernstein HG, Tausch A, Wagner R, Steiner ], Seeleke P, Walter M, et al. Disruption of glutamate-
glutamine-GABA cycle significantly impacts on suicidal behaviour: survey of the literature
and own findings on glutamine synthetase. CNS Neurol Disord Drug Targets 2013;12:
900-13.

Bertone-Johnson ER, Powers SI, Spangler L, Larson J, Michael YL, Millen AE, Bueche MN,
Salmoirago-Blotcher E, Wassertheil-Smoller S, Brunner RL, Ockene I, Ockene JK, Liu S,
Manson JE. Vitamin D supplementation and depression in the women's health initiative cal-
cium and vitamin D trial. Am ] Epidemiol 2012 Jul 1;176(1):1-13.

Bespalov AY, van Gaalen MM, Sukhotina IA, et al. Behavioral characterization of the mGlu group
1I/11 receptor antagonist, LY-341495, in animal models of anxiety and depression. Eur J
Pharmacol 2008;592:96-102.

Bettio LE, Cunha MP, Budni J, Pazini FL, Oliveira A, Colla AR, et al. Guanosine produces an
antidepressant-like effect through the modulation of NMDA receptors, nitric oxide-cGMP
and PI3K/mTOR pathways. Behav Brain Res 2012;234:137-48.

Blanpied TA, Clarke RJ, Johnson JW. Amantadine inhibits NMDA receptors by accelerating chan-
nel closure during channel block. ] Neurosci 2005;25:3312-22.

Brunoni AR, Lopes M, Fregni F. A systematic review and meta-analysis of clinical studies on
major depression and BDNF levels: implications for the role of neuroplasticity in depres-
sion. Int ] Neuropsychopharmacol 2008;11:1169-80.

Burgdorf J, Zhang XL, Nicholson KL. GLYX-13, a NMDA receptor glycine-site functional partial
agonist, induces antidepressant-like effects without ketaminelike side effects.
Neuropsychopharmacology 2013;38:729-42.

Cai X, Kallarackal AJ, Kvarta MD, Goluskin S, Gaylor K, Bailey AM, et al. Local potentiation of ex-
citatory synapses by serotonin and its alteration in rodent models of depression. Nat
Neurosci 2013;16:464-72.

Campbell S, MacQueen G. An update on regional brain volume differences associated with mood
disorders. Curr Opin Psychiatry 2006;19:25-33.

Chaki S, Yoshikawa R, Hirota S, et al. MGS0039: a potent and selective group Il metabotropic glu-
tamate receptor antagonist with antidepressant-like activity. Neuropharmacology 2004;46:
457-67.

Chandran A, Jernigan CS, Legutko B, Austin MC, Karolewicz B. Reduced phosphorylation of the
mTOR signaling pathway components in the amygdala of rats exposed to chronic stress.
Prog Neuropsychopharmacol Biol Psychiatry 2013;40:240-5.

Cleary C, Linde JA, Hiscock KM, Hadas I, Belmaker RH, Agam G, et al. Antidepressive-like effects
of rapamycin in animal models: implications for mTOR inhibition as a new target for treat-
ment of affective disorders. Brain Res Bull 2008;76:469-73.

Conn PJ, Lindsley CW, Jones CK. Activation of metabotropic glutamate receptors as a novel ap-
proach for the treatment of schizophrenia. Trends Pharmacol Sci 2009;30:25-31.

Crane GE. Cycloserine as an antidepressant agent. Am ] Psychiatry 1959;115:1025-6.

Crane GE. The psychotropic effect of cycloserine: a new use of an antibiotic. Compr Psychiatry
1961;2:51-9.

Cull-Candy S, Brickley S, Farrant M. NMDA receptor subunits: diversity, development and dis-
ease. Curr Opin Neurobiol 2001;11:327-35.

Deuschle M, Gilles M, Scharnholz B, Lederbogen F, Lang UE, Hellweg R. Changes of serum con-
centrations of brain-derived neurotrophic factor (BDNF) during treatment with venlafaxine
and mirtazapine: role of medication and response to treatment. Pharmacopsychiatry 2013;
46:54-8.

Diazgranados N, Ibrahim L, Brutsche NE, Newberg A, Kronstein P, Khalife S, et al. A randomized
add-on trial of an N-methyl-p-aspartate antagonist in treatment-resistant bipolar depres-
sion. Arch Gen Psychiatry 2010;67:793-802.

Dravid SM, Burger PB, Prakash A, Geballe MT, Yadav R, Le P, et al. Structural determinants of p-
cycloserine efficacy at the NR1/NR2C NMDA receptors. ] Neurosci 2010;30:2741-54.

Drevets W, Furey ML. Biol Psychol 2010a;67:432.

Drevets WC, Furey ML. Replication of scopolamine's antidepressant efficacy in major depressive
disorder: a randomized, placebo-controlled clinical trial. Biol Psychiatry 2010b;67:432-8.

Drevets WC, Zarate Jr CA, Furey ML. Antidepressant effects of the muscarinic cholinergic recep-
tor antagonist scopolamine: a review. Biol Psychiatry 2013;73(12):1156-63.

Dwyer JM, Lepack AE, Duman RS. Int ] Neuropsychopharmacol 2012;15:429.

Eby IIl GA, Eby KL. Magnesium for treatment-resistant depression: a review and hypothesis.
Med Hypotheses 2010;74:649-60.

Elfving B, Christensen T, Ratner C, Wienecke ], Klein AB. Transient activation of mTOR following
forced treadmill exercise in rats. Synapse 2013;67:620-5.

Erecinska M, Silver IA. Metabolism and role of glutamate in mammalian brain. Prog Neurobiol
1990;35:245-96.

Farley S, Apazoglou K, Witkin JM, Giros B, Tzavara ET. Antidepressant-like effects of an
AMPA receptor potentiator under a chronic mild stress paradigm. Int |
Neuropsychopharmacol 2010;13:1207-18.

Fell MJ, McKinzie DL, Monn JA, et al. Group Il metabotropic glutamate receptor agonists and pos-
itive allosteric modulators as novel treat- ments for schizophrenia. Neuropharmacology
2012;62:1473-83.

Frye MA, Tsai GE, Huggins T, Coyle JT, Post RM. Low cerebrospinal fluid glutamate and glycine in
refractory affective disorder. Biol Psychiatry 2007;61:162-6.

Furey ML, Drevets WC. Antidepressant efficacy of the antimuscarinic drug scopolamine: a ran-
domized, placebo-controlled clinical trial. Arch Gen Psychiatry 2006;63:1121-9.

Furey ML, Drevets WC, Hoffman EM, Frankel E, Speer AM, Zarate Jr CA. Potential of pre-
treatment neural activity in the visual cortex during emotional processing to predict
treatment response to scopolamine in major depressive disorder. JAMA Psychiatry
2013;70:280-90.


http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0005
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0005
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0005
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0010
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0010
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0010
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0015
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0015
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0015
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0015
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0020
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0020
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0020
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0025
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0025
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0030
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0030
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0030
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0040
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0040
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0040
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0035
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0035
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0035
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0045
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0045
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0045
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0050
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0050
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0050
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0055
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0055
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0060
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0060
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0060
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0065
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0065
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0070
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0070
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0070
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0070
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf9000
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf9000
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0075
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0075
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0075
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0080
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0080
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0080
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0085
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0085
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0090
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0090
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0090
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0095
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0095
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0095
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0100
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0100
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0100
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0105
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0105
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0110
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0110
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0110
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0115
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0115
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0115
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0120
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0120
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0120
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0125
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0125
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0130
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0135
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0135
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0140
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0140
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0145
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0145
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0145
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0145
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0150
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0150
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0150
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0150
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0150
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0155
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0155
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0155
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0155
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0160
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0165
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0165
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0170
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0170
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0175
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0180
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0180
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0185
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0185
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0190
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0190
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0200
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0200
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0200
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0205
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0205
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0205
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0210
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0210
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0220
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0220
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0215
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0215
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0215
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0215

332 L. Deutschenbaur et al. / Progress in Neuro-Psychopharmacology & Biological Psychiatry 64 (2016) 325-333

Geddes JR, Calabrese JR, Goodwin GM. Lamotrigine for treatment of bipolar depression: inde-
pendent meta-analysis and meta-regression of individual patient data from five
randomised trials. Br ] Psychiatry 2009;194:4-9.

Gervasoni N, Aubry JM, Bondolfi G, Osiek C, Schwald M, Bertschy G, et al. Partial normalization of
serum brain-derived neurotrophic factor in remitted patients after a major depressive ep-
isode. Neuropsychobiology 2005;51:234-8.

Ghafari M, Whittle N, Miklési AG, Kotlowsky C, Schmuckermair C, Berger ], et al. Dietary magne-
sium restriction reduces amygdala-hypothalamic GluN1 receptor complex levels in mice.
Brain Struct Funct 2014. http://dx.doi.org/10.1007/s00429-014-0779-8.

Gideons ES, Kavalali ET, Monteggia LM. Mechanisms underlying differential effectiveness of
memantine and ketamine in rapid antidepressant responses. Proc Natl Acad Sci U S A
2014;111:8649-54.

Goff DC, Coyle JT. The emerging role of glutamate in the pathophysi- ology and treatment of
schizophrenia. Am ] Psychiatry 2001;158:1367-77.

Goodnick PJ]. Bipolar depression: a review of randomised clinical trials. Expert Opin
Pharmacother 2007;8:13-21.

Gourley SL, Kedves AT, Olausson P, Taylor JR. A history of corticosterone exposure regulates fear
extinction and cortical NR2B, GluR2/3, and BDNF. Neuropsychopharmacology 2009;34:
707-16.

Gourley SL, Espitia JW, Sanacora G, Taylor JR. Utility and antidepressant-like properties of oral
riluzole in mice. Psychopharmacology (Berl) Jul 2011;21.

Guelfi JD, Pichot P, Dreyfus JF. Efficacy of tianeptine in anxiousdepressed patients: results of a
controlled multicenter trial versus amitriptyline. Neuropsychobiology 1989;22:41-8.

Harrison PJ, Lyon L, Sartorius LJ, et al. The group Il metabotropic gluta- mate receptor 3
(mGluR3, mGlu3, GRM3): expression, function and involvement in schizophrenia. ]
Psychopharmacol 2008;22:308-22.

Hashimoto K, Sawa A, Iyo M. Increased levels of glutamate in brains from patients with mood
disorders. Biol Psychiatry 2007;62:1310-6.

Heresco-Levy U, Gelfin G, Bloch B, Levin R, Edelman S, Javitt DC, et al. A randomized add-on trial
of high-dose p-cycloserine for treatment-resistant depression. Int ] Neuropsychopharmacol
2013;16:501-6.

Hopkins CR. Is there a path forward for mGlu(2) positive allosteric modulators for the treatment
of schizophrenia? ACS Chem Neurosci 2013;20:211-3.

Huang CC, Wie IH, Huang CL, Chen KT, Tsai MH, Tsai P, et al. Inhibition of glycine transporter-I as
a novel mechanism for the treatment of depression. Biol Psychol 2013;74:734-41.

Hunt DL, Puente N, Grandes P, Castillo PE. Bidirectional NMDA receptor plasticity controls CA3
output and heterosynaptic metaplasticity. Nat Neurosci 2013;16:1049-59.

Ibrahim L, Diazgranados N, Franco-Chaves ], Brutsche N, Henter ID, Kronstein P, et al. Course of
improvement in depressive symptoms to a single intravenous infusion of ketamine vs add-
on riluzole: results from a 4-week, double-blind, placebo-controlled study.
Neuropsychopharmacology 2012a;37:1526-33.

Ibrahim L, DiazGranados N, Jolkovsky L, et al. A randomized, placebo-controlled, crossover pilot
trial of the oral selective NR2B antagonist MK-0657 in patients with treatment-resistant
major depressive disorder. ] Clin Psychopharmacol 2012b;32:551-7.

Invernizzi G, Aguglia E, Bertolino A, Casacchia M, Ciani N, Marchesi GF, et al. The efficacy and
safety of tianeptine in the treatment of depressive disorder: results of a controlled
doubleblind multicentre study vs amitriptyline. Neuropsychobiology 1994;30:85-93.

Jarventausta K, Chrapek W, Kampman O, Tuohimaa K, Bjorkqvist M, Hakkinen H, et al. Effects of
S-ketamine as an anesthetic adjuvant to propofol on treatment response to electroconvul-
sive therapy in treatment-resistant depression: a randomized pilot study. ] ECT 2013;29:
158-61.

Jeon SH, Kim SH, Kim Y, Kim YS, Lim Y, Lee YH, et al. The tricyclic antidepressant imipramine
induces autophagic cell death in U-87MG glioma cells. Biochem Biophys Res Commun
2011;413:311-7.

Joels M, Baram TZ. The neuro-symphony of stress. Nat Rev Neurosci 2009;10:459-66.

John CS, Smith KL, Van't Veer A, Gompf HS, Carlezon Jr WA, Cohen BM, et al. Blockade of
astrocytic glutamate uptake in the prefrontal cortex induces anhedonia.
Neuropsychopharmacology 2012;37:2467-75.

Jourdi H, Hsu YT, Zhou M, Qin Q, Bi X, Baudry M. Positive AMPA receptor modulation rapidly
stimulates BDNF release and increases dendritic mRNA translation. ] Neurosci 2009;29:
8688-97.

Jun C, Choi Y, Lim SM, Bae S, Hong YS, Kim JE, et al. Disturbance of the glutamatergic system in
mood disorders. Biol Psychiatry 2007;62:1310-6.

Karege F, Perret G, Bondolfi G, Schwald M, Bertschy G, Aubry JM. Decreased serum brain-derived
neurotrophic factor levels in major depressed patients. Psychiatry Res 2002;109:143-8.

Kashani L, Omidvar T, Farazmand B, Modabbernia A, Ramzanzadeh F, Tehraninejad ES, et al.
Does pioglitazone improve depression through insulin-sensitization? Results of a random-
ized double-blind metformin-controlled trial in patients with polycystic ovarian syndrome
and comorbid depression. Psychopharmacology (Berl) 2012;223:345-55.

Kaster MP, Machado DG, Santos AR, Rodrigues AL. Involvement of NMDA receptors in the
antidepressant-like action of adenosine. Pharmacol Rep 2012;64:706-13.

Kemp DE, Ismail-Beigi F, Ganocy SJ, Conroy C, Gao K, Obral S, et al. Use of insulin sensitizers for
the treatment of major depressive disorder: a pilot study of pioglitazone for major depres-
sion accompanied by abdominal obesity. ] Affect Disord 2012;136:1164-73.

Kim YK, Lee HP, Won SD, Park EY, Lee HY, Lee BH, et al. Low plasma BDNF is associated with sui-
cidal behavior in major depression. Prog Neuropsychopharmacol Biol Psychiatry 2007;31:
78-85.

Knapp RJ, Goldenberg R, Shuck C, et al. Antidepressant activity of memory-enhancing drugs in
the reduction of submissive behavior model. Eur ] Pharmacol 2002;440:27-35.

Koike H, lijima M, Chaki S. Neuropharmacology 2011;61:1419.

Kole MH, Swan L, Fuchs E. The antidepressant tianeptine persistently modulates glutamate re-
ceptor currents of the hippocampal CA3 commissural associational synapse in chronically
stressed rats. Eur | Neurosci 2002;16:807-16.

Koliaki CC, Messini C, Tsolaki M. Clinical efficacy of aniracetam, either as monotherapy or com-
bined with cholinesterase inhibitors, in patients with cognitive impairment: a comparative
open study. CNS Neurosci Ther 2012;18:302-12.

Kornmeier J, Sosic-Vasic Z. Parallels between spacing effects during behavioural and cellular
learning. Front Hum Neurosci 2012;6:203.

Kranaster L, Kammerer-Ciernioch ], Hoyer C, Sartorius A. Clinically favourable effects of keta-
mine as an anaesthetic for electroconvulsive therapy: a retrospective study. Eur Arch Psy-
chiatry Clin Neurosci 2011;261:575-82.

Krugers HJ, Karst H, Joe™ Is M. Interactions between noradrenaline and corticosteroids in
the brain: from electrical activity to cognitive performance. Front Cell Neurosci
2012;6:15.

Krupp LB, Coyle PK, Doscher C, Miller A, Cross AH, Jandorf L, et al. Fatigue therapy in multiple
sclerosis: results of a double-blind, randomized, parallel trial of amantadine, pemoline,
and placebo. Neurology 1995;45:1956-61.

Krystal JH, Sanacora G, Duman RS. Rapid-acting glutamatergic antidepressants: the path to ke-
tamine and beyond. Biol Psychiatry 2013;73:1133-41.

Kiigtikibrahimoglu E, Saygin MZ, Caliskan M, Kaplan OK, Unsal C, Géren MZ. The change in plas-
ma GABA, glutamine and glutamate levels in fluoxetine- or S-citalopram-treated female pa-
tients with major depression. Eur ] Clin Pharmacol 2009;65:571-7.

Lang UE. Impairment of phosphatidylinositol 3-kinase signaling in schizophrenia: state or trait?
Am ] Psychiatry 2010;167:719.

Lang UE, Borgwardt S. Molecular mechanisms of depression: perspectives on new treatment
strategies. Cell Physiol Biochem 2013;31:761-77.

Lang UE, Hellweg R, Gallinat J. BDNF serum concentrations in healthy volunteers are asso-
ciated with depression-related personality traits. Neuropsychopharmacology 2004;
29:795-8.

Lang UE, Hellweg R, Gallinat ]. Association of BDNF serum concentrations with central seroto-
nergic activity: evidence from auditory signal processing. Neuropsychopharmacology
2005a;30:1148-53.

Lang UE, Hellweg R, Kalus P, Bajbouj M, Lenzen KP, Sander T, et al. Association of a functional
BDNF polymorphism and anxiety-related personality traits. Psychopharmacology (Berl)
2005b;180:95-9.

Lang UE, Hellweg R, Seifert F, Schubert F, Gallinat J. Correlation between serum brain-derived
neurotrophic factor level and an in vivo marker of cortical integrity. Biol Psychiatry 2007;
62:530-5.

Lang UE, Giinther L, Scheuch K, Klein ], Eckhart S, Hellweg R, et al. Higher BDNF concentrations
in the hippocampus and cortex of an aggressive mouse strain. Behav Brain Res 2009a;197:
246-9.

Lang UE, Heger ], Willbring M, Domula M, Matschke K, Tugtekin SM. Immunosuppression using
the mammalian target of rapamycin (mTOR) inhibitor everolimus: pilot study shows signif-
icant cognitive and affective improvement. Transplant Proc 2009b;41:4285-8.

Lau CG, Takeuchi K, Rodenas-Ruano A, et al. Regulation of NMDA receptor Ca2 + signalling and
synaptic plasticity. Biochem Soc Trans 2009;37:1369-74.

Lauterbach EC. Dextromethorphan as a potential rapid-acting antidepressant. Med Hypotheses
2011;76:717-9.

Lee BH, Kim H, Park SH, Kim YK. Decreased plasma BDNF level in depressive patients. ] Affect
Disord 2006;101:239-44.

Lee AH, Lange C, Ricken R, Hellweg R, Lang UE. Reduced brain-derived neurotrophic factor
serum concentrations in acute schizophrenic patients increase during antipsychotic treat-
ment. | Clin Psychopharmacol 2011;31:334-6.

Lepine JP, Altamura C, Ansseau M, Gutierrez JL, Bitter I, Lader M, et al. Tianeptine and paroxetine
in major depressive disorder, with a special focus on the anxious component in depression:
an international, 6-week double-blind study dagger. Hum Psychopharmacol 2001;16:
219-27.

Levine ], Panchalingam K, Rapoport A, Gershon S, McClure R], Pettegrew JW. Increased cerebro-
spinal fluid glutamine levels in depressed patients. Biol Psychiatry 2000;47:586-93.

Li X, Tizzano JP, Griffey K, Clay M, Lindstrom T, Skolnick P. Antidepressant-like actions of an
AMPA receptor potentiator (LY392098). Neuropharmacology 2001;40:1028-33.

LiN, Lee B, Liu RJ, Banasr M, Dwyer JM, Iwata M, et al. mnTOR-dependent synapse formation
underlies the rapid antidepressant effects of NMDA antagonists. Science 2010;329:
959-64.

Li L, Stefan MI, Le Novére N. Calcium input frequency, duration and amplitude differentially
modulate the relative activation of calcineurin and CaMKII. PLoS One 2012;7:e43810.
Lima-Ojeda JM, Vogt MA, Pfeiffer N, Dormann C, Kéhr G, Sprengel R, et al. Pharmacological
blockade of GluN2B-containing NMDA receptors induces antidepressant-like effects lacking
psychotomimetic action and neurotoxicity in the perinatal and adult rodent brain. Prog

Neuropsychopharmacol Biol Psychiatry 2013;45:28-33.

Lin CJ, Robert F, Sukarieh R, Michnick S, Pelletier ]. The antidepressant sertraline inhibits trans-
lation initiation by curtailing mammalian target of rapamycin signaling. Cancer Res 2010;
70:3199-208.

Lindholm JS, Autio H, Vesa L, Antila H, Lindemann L, Hoener MC, et al. The antidepressant-like
effects of glutamatergic drugs ketamine and AMPA receptor potentiator LY 451646 are pre-
served in bdnf*/~ heterozygous null mice. Neuropharmacology 2012;62:391-7.

Liu RJ, Fuchikami M, Dwyer JM, Lepack AE, Duman RS, Aghajanian GK. GSK-3 inhibition poten-
tiates the synaptogenic and antidepressant-like effects of subthreshold doses of ketamine.
Neuropsychopharmacology 2013;38:2268-77.

Malkesman O, Austin DR, Tragon T, Wang G, Rompala G, Hamidi AB, et al. Acute p-serine treat-
ment produces antidepressant-like effects in rodents. Int ] Neuropsychopharmacol 2012;
15:1135-48.

Mathew SJ, Murrough JW, aan het Rot M, et al. Riluzole for relapse prevention following intra-
venous ketamine in treatment-resistant depression: a pilot randomized, placebo- con-
trolled continuation trial. Int ] Neuropsychopharmacol 2010;13:71-82.

Mathew SJ, Amiel JM, Coplan D, Fitterling HA, Sackeim HA, Gorman JM. Open-label trial of
riluzole in generalized anxiety disorder. Am ] Psychiatry 2005;162:2379-81.

McKenna MC. The glutamate-glutamine cycle is not stoichiometric: fates of glutamate in brain. |
Neurosci Res 2007;85:3347-58.

Mineur YS, Picciotto MR, Sanacora G. Antidepressant-like effects of ceftriaxone in male C57BL/
56 ] mice. Biol Psychiatry 2007;61:250-2.

Mitani H, Shirayama Y, Yamada T, Maeda K, Ashby Jr CR, Kawahara R. Correlation between plas-
ma levels of glutamate, alanine and serine with severity of depression. Prog
Neuropsychopharmacol Biol Psychiatry 2006;30:1155-8.

Murck H. Ketamine, magnesium and major depression-from pharmacology to pathophysiology
and back. ] Psychiatr Res 2013;47:955-65.

Murrough JW, losifescu DV, Chang LC, Al Jurdi RK, Green CE, Perez AM, et al. Antidepressant ef-
ficacy of ketamine in treatment-resistant major depression: a two-site randomized con-
trolled trial. Am J Psychiatry 2013;170:1134-42.

Nagy C, Suderman M, Yang ], Szyf M, Mechawar N, Ernst C, et al. Astrocytic abnormalities and
global DNA methylation patterns in depression and suicide. Mol Psychiatry 2014. http://
dx.doi.org/10.1038/mp.2014.21.



http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0225
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0225
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0225
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0230
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0230
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0230
http://dx.doi.org/10.1007/s00429-014-0779-8
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0235
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0235
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0235
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0240
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0240
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0245
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0245
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0250
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0250
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0250
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0800
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0800
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0255
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0255
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0260
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0260
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0260
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0265
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0265
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0270
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0270
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0270
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0270
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0270
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0275
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0275
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0280
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0280
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0285
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0285
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0290
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0290
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0290
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0290
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0295
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0295
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0295
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0300
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0300
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0300
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0305
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0305
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0305
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0305
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0310
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0310
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0310
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0315
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0320
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0320
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0320
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0325
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0325
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0325
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0330
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0330
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0335
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0335
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0340
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0340
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0340
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0345
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0345
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0350
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0350
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0350
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0355
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0355
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0355
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0360
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0360
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0365
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0370
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0370
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0370
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0375
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0375
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0375
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0380
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0380
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0385
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0385
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0385
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0390
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0390
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0390
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0395
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0395
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0395
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0400
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0400
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0405
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0405
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0405
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0445
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0445
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0410
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0410
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0430
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0430
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0430
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0425
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0425
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0425
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0435
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0435
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0435
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0440
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0440
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0440
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0415
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0415
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0415
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0420
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0420
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0420
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0450
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0450
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0450
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0455
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0455
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0465
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0465
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0460
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0460
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0460
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0470
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0470
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0470
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0470
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0475
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0475
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0490
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0490
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0485
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0485
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0485
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0480
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0480
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0495
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0495
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0495
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0495
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0500
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0500
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0500
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0505
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0505
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0505
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0505
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0505
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0510
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0510
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0510
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0515
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0515
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0515
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0515
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0515
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0530
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0530
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0530
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0525
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0525
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0535
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0535
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0540
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0540
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0545
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0545
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0545
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0550
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0550
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0555
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0555
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0555
http://dx.doi.org/10.1038/mp.2014.21

L. Deutschenbaur et al. / Progress in Neuro-Psychopharmacology & Biological Psychiatry 64 (2016) 325-333 333

Nicoletti F, Casabona G, Genazzani AA, Copani A, Aleppo G, Canonico PL, et al. Excitatory amino
acids and neuronal plasticity: Modulation of AMPA receptors as a novel substrate for the ac-
tion of nootropic drugs. Funct Neurol 1992;7:413-22.

Normann C, Hummel B, Scharer LO, et al. Lamotrigin as adjunct to paroxetine in acute depres-
sion: a placebocontrolled, double-blind study. J Clin Psychiatry 2002;63:337-44.

Nowak G, Pomierny-Chamioto L, Siwek A, Niedzielska E, Pomierny B, Patucha-Poniewiera A,
et al. Prolonged administration of antidepressant drugs leads to increased binding of
[3H]MPEP to mGlu5 receptors. Neuropharmacology 2014;84C:46-51.

O'Neill MJ, Bleakman D, Zimmerman DM, Nisenbaum ES. AMPA receptor potentiators for the
treatment of CNS disorders. Curr Drug Targets CNS Neurol Disord 2004;3:181-94.

Obrocea GV, Dunn RM, Frye MA, et al. Clinical predictors of response to lamotrigine and
gabapentin monotherapy in refractory affective disorders. Biol Psychiatry 2002;51:253-60.

Okamoto N, Nakai T, Sakamoto K, Nagafusa Y, Higuchi T, Nishikawa T. Rapid antidepressant ef-
fect of ketamine anesthesia during electroconvulsive therapy of treatment-resistant de-
pression: comparing ketamine and propofol anesthesia. ] ECT 2010;26:223-7.

Opal MD, Klenotich SC, Morais M, Bessa ], Winkle ], Doukas D, et al. Serotonin 2C receptor antag-
onists induce fast-onset antidepressant effects. Mol Psychiatry 2014;19:1106-14.

O'Shea RD. Roles and regulation of glutamate transporters in the central nervous system. Clin
Exp Pharmacol Physiol 2002;29:1018-23.

Otte DM, de Arellano ML Barcena, Bilkei-Gorzo A, Albayram O, Imbeault S, Jeung H, et al. Effects
of chronic p-serine elevation on animal models of depression and anxiety-related behavior.
PLoS One 2013;8. (67131-67131).

Palucha A, Klak K, Branski P, van der Putten H, Flor PJ, Pilc A. Activation of the mGlu7 receptor
elicits antidepressant-like effects in mice. Psychopharmacology (Berl) 2007;194:555-62.

Patil ST, Zhang L, Martenyi F, et al. Activation of mGlu2/3 receptors as a new approach to treat
schizophrenia: a randomized phase 2 clinical trial. Nat Med 2007;13:1102-7.

Pehrson AL, Sanchez C. Serotonergic modulation of glutamate neurotransmission as a strategy
for treating depression and cognitive dysfunction. CNS Spectr 2014;19:121-33.

Pittenger C, Duman RS. Stress, depression, and neuroplasticity: a convergence of mechanisms.
Neuropsychopharmacology 2007;33:88-109.

Pochwat B, Szewczyk B, Sowa-Kucma M, Siwek A, Doboszewska U, Piekoszewski W, et al.
Antidepressant-like activity of magnesium in the chronic mild stress model in rats: alter-
ations in the NMDA receptor subunits. Int ] Neuropsychopharmacol 2014;17:393-405.

Preskorn SH, Baker B, Kolluri S, et al. An innovative design to establish proof of concept of the
antidepressant effects of the NR2B subunit selective N-methyl-p-aspartate antagonist, CP-
101,606, in patients with treatment-refractory major depressive disorder. ] Clin
Psychopharmacol 2008;28:631-7.

Puig MV, Santana N, Celada P, Mengod G, Artigas F. In vivo excitation of GABA interneurons in
the medial prefrontal cortex through 5-HT3 receptors. Cereb Cortex 2004;14:1365-75.

Qi H, Mailliet F, Spedding M, Rocher C, Zhang X, Delagrange P, et al. Antidepressants reverse the
attenuation of the neurotrophic MEK/MAPK cascade in frontal cortex by elevated platform
stress; reversal of effects on LTP is associated with GluA1 phosphorylation. Neuropharma-
cology 2009;56:37-46.

Reznic J, Staubli U. Effects of 5-HT3 receptor antagonism on hippocampal cellular activity in the
freely moving rat. ] Neurophysiol 1997;77:517-21.

Ricken R, Adli M, Lange C, Krusche E, Koehler S, Hellweg R, et al. Brain-derived neurotrophic fac-
tor serum concentrations in acute depressive patients increase during lithium augmenta-
tion of antidepressants. ] Clin Psychopharmacol 2013;33:806-9.

Salehi-Sadaghiani M, Javadi-Paydar M, Gharedaghi MH, Zandieh A, Heydarpour P, Yousefzadeh-
Fard Y, et al. NMDA receptor involvement in antidepressant-like effect of pioglitazone in
the forced swimming test in mice. Psychopharmacology (Berl) 2012;223:345-55.

Sanacora G, Kendell SF, Fenton L, Coric V, Krystal JH. Riluzole augmentation for treatment-
resistant depression. Am | Psychiatry 2004;161:2132.

Sanacora G, Zarate CA, Krystal JH, Manji HK. Targeting the glutamatergic system to develop
novel, improved therapeutics for mood disorders. Nat Rev Drug Discov 2008;7:426-37.

Sanacora G, Treccani G, Popoli M. Towards a glutamate hypothesis of depression: an emerging
frontier of neuropsychopharmacology for mood disorders. Neuropharmacology 2012;62:
63-77.

Sawada T, Yokoi K. Effect of zinc supplementation on mood states in young women: a pilot
study. Eur ] Clin Nutr 2010;64:331-3.

Schinder AF, Poo M. The neurotrophin hypothesis for synaptic plasticity. Trends Neurosci 2000;
23:639-45.

Schmidt HD, Duman RS. The role of neurotrophic factors in adult hippocampal neurogenesis, an-
tidepressant treatments and animal models of depressive-like behavior. Behav Pharmacol
2007;18:391-418.

Schmidt HD, Shelton RC, Duman RS. Functional biomarkers of depression: diagnosis, treatment,
and pathophysiology. Neuropsychopharmacology 2011;36:2375-94.

Sen S, Duman R, Sanacora G. Serum brain-derived neurotrophic factor, depression, and antide-
pressant medications: meta-analyses and implications. Biol Psychiatry 2008;64:527-32.

Shakesby AC, Anwyl R, Rowan MJ. Overcoming the effects of stress on synaptic plasticity in the
intact hippocampus: rapid ctions of serotonergic and antidepressant agents. ] Neurosci
2002;22:3638-44.

Shi Y, Yuan Y, Xu Z, Pu M, Wang C, Zhang Y, et al. Genetic variation in the calcium/calmodulin-
dependent protein kinase (CaMK) pathway is associated with antidepressant response in
females. ] Affect Disord 2012;136:558-66.

Shimizu E, Hashimoto K, Okamura N, Koike K, Komatsu N, Kumakiri C, et al. Alterations of serum
levels of brain-derived neurotrophic factor (BDNF) in depressed patients with or without
antidepressants. Biol Psychiatry 2003;54:70-5.

Shonesy BC, Jalan-Sakrikar N, Cavener VS, Colbran R]. CaMKII: a molecular substrate for synaptic
plasticity and memory. Prog Mol Biol Transl Sci 2014;122:61-87.

Singh SP, Singh V. Meta-analysis of the efficacy of adjunctive NMDA receptor modulators in
chronic schizophrenia. CNS Drugs 2011;25:859-85.

Smith EG, Deligiannidis KM, Ulbricht CM, Landolin CS, Patel JK, Rothschild AJ. Antidepressant
augmentation using the N-methyl-p-aspartate antagonist memantine: a randomized,
double-blind, placebo-controlled trial. ] Clin Psychiatry 2013;74:966-73.

Sowa-Ku¢ma M, Szewczyk B, Sadlik K, Piekoszewski W, Trela F, Opoka W, et al. Zinc, magnesium
and NMDA receptor alterations in the hippocampus of suicide victims. ] Affect Disord 2013;
151:924-31.

Svenningsson P, Bateup H, Qi H, Takamiya K, Huganir RL, Spedding M, et al. Involvement of
AMPA receptor phosphorylation in antidepressant actions with special reference to
tianeptine. Eur ] Neurosci 2007;26:3509-17.

Trabanco AA, Cid JM. mGIuR2 positive allosteric modulators: a pat- ent review (2009-present).
Expert Opin Ther Pat 2013;23:629-47.

Trullas R, Folio T, Young A, Miller R, Boje K, Skolnick P. 1-aminocyclopropanecarboxylates exhib-
it antidepressant and anxiolytic actions in animal models. Eur ] Pharmacol 1991;203:
379-85.

Vale S, Espejel MA, Dominguez JC. Amantadine in depression. Lancet 1971;2:437.

Walter M, Henning A, Grimm S, Schulte RF, Beck J, Dydak U, et al. The relationship between ab-
errant neuronal activation in the pregenual anterior cingulate, altered glutamatergic me-
tabolism, and anhedonia in major depression. Arch Gen Psychiatry 2009;66:478-86.

Wang X, Chen Y, Zhou X, Liu F, Zhang T, Zhang C. Effects of propofol and ketamine as combined
anesthesia for electroconvulsive therapy in patients with depressive disorder. ] ECT 2012;
28:128-32.

Wieronska JM, Szewczyk B, Branski P, Palucha A, Pilc A. Antidepressant-like effect of MPEP, a po-
tent, selective and systemically active mGlu5 receptor antagonist in the olfactory
bulbectomized rats. Amino Acids 2002;23:213-6.

Yuen EY, Liu W, Karatsoreos IN, Ren Y, Feng ], McEwen BS, et al. Mechanisms for acute stress-
induced enhancement of glutamatergic transmission and working memory. Mol Psychiatry
2011;16:156-70.

Zarate Jr CA, Payne ]JL, Quiroz J, et al. An open-label trial of riluzole in patients with treatment-
resistant major depression. Am | Psychiatry 2004;161:171-4.

Zarate Jr CA, Mathews D, Ibrahim L, Chaves JF, Marquardt C, Ukoh I, et al. A randomized trial of a
low-trapping nonselective N-methyl-p-aspartate channel blocker in major depression. Biol
Psychiatry 2013;74:257-64.

Zoncu R, Efeyan A, Sabatini DM. mTOR: from growth signal integration to cancer, diabetes and
ageing. Nat Rev Mol Cell Biol 2011;12:21-35.


http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0565
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0565
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0565
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0570
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0570
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0575
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0575
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0585
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0585
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0590
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0590
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0595
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0595
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0595
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0600
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0600
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0580
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0580
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0805
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0805
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0805
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0805
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0805
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0610
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0610
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0615
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0615
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0620
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0620
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0625
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0625
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0630
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0630
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0635
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0635
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0635
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0635
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0635
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0635
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0640
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0640
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0645
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0645
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0645
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0645
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0650
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0650
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0655
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0655
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0655
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0670
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0670
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0675
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0675
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0685
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0685
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0680
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0680
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0680
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0690
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0690
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0695
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0695
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0700
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0700
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0700
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0705
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0705
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0710
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0710
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0715
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0715
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0715
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0810
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0810
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0810
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0720
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0720
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0720
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0725
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0725
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0730
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0730
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0735
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0735
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0735
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0735
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0735
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0815
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0815
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0815
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0740
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0740
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0740
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0745
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0745
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0750
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0750
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0750
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0755
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0760
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0760
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0760
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0765
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0765
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0765
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0770
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0770
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0770
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0775
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0775
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0775
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0785
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0785
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0780
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0780
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0780
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0780
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0780
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0790
http://refhub.elsevier.com/S0278-5846(15)00049-4/rf0790

	Role of calcium, glutamate and NMDA in major depression and therapeutic application
	1. Background
	2. Glutamate
	3. The glutamate–glutamine cycle
	4. Glutamate receptors
	5. Calcium
	6. Glutamatergic influence on neurogenesis and plasticity
	7. Mammalian target of rapamycin (mTOR) signaling
	8. Antidepressant strategies based on interaction with the glutamatergic system
	8.1. NMDA receptor antagonists

	9. Partial NMDA receptor agonists
	10. Selective NMDA receptor subtype 2B (NR2B) antagonists
	11. Glutamate release inhibitors
	12. AMPA receptor enhancers
	13. Regulators of metabotropic glutamate receptors
	14. Glutamatergic action of 5-HT-Receptors
	15. Glutamatergic action of corticosteroids and noradrenaline
	16. Future perspective
	References


