Chapter 17

Using Our Understanding of Stress-Related
Effects on Glutamate Neurotransmission

to Guide the Development of Novel
Treatment Strategies

Carly Kiselycznyk and Gerard Sanacora

Abstract The majority of treatments for neuropsychiatric disorders have been
based on serendipitous discoveries, with little understanding of the pathogenic and
pathophysiological mechanisms underlying these disorders. As many of these dis-
orders are sensitive to stress, an understanding of the physiology of stress is impor-
tant in avoiding and reversing stress-sensitive disorders. Increased understanding
of the glutamatergic synapse has revealed a system that is affected by both stress
and multiple neuropsychiatric treatments, suggesting a possible convergent target
in these disorders. This chapter reviews how traditional neuropsychiatric treatments
affect the glutamatergic synapse, and how future therapies may be developed to
more directly target this system.

17.1 Introduction

The biological and behavioral responses to stress can be beneficial or, as is the case
with most neuropsychiatric illnesses, maladaptive and pathogenic. These dual ef-
fects of stress can in part be explained by the similarly dual effects of the neurotrans-
mitter glutamate on the strength of synaptic connections between neurons. This
chapter details how knowledge of stress-induced glutamatergic dysregulation can
be used to develop novel therapeutics to effectively treat neuropsychiatric disorders.

The brain is both the control center for the response to stress, as well as a tar-
get for its effects. Along with refocusing energy to organs and muscles needed for
escape, stress can help increase cognitive performance in the face of a challenge
(Barha et al. 2007; Yuen et al. 2011, 2009). The cognitive effects of stress can be
explained by the response of the glutamatergic neurotransmitter system as gluco-
corticoid stress hormones are known to cause rapid increases in extracellular gluta-
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mate release (Groeneweg et al. 2011; Stein-Behrens et al. 1994; Venero and Borrell
1999). Diverse types of behavioral stress also increase extracellular glutamate lev-
els in the prefrontal cortex (PFC), hippocampus, and amygdala, as well as the stria-
tum (Moghaddam 1993, 2002; Reznikov et al. 2007; Rutherford et al. 2007; Tardito
et al. 2010), and this is dependent on glucocorticoid activation (Lowy et al. 1993).

The timing and amount of glutamate transmission is thought to influence cog-
nitive function through the strengthening or weakening of the synapse. In certain
conditions, stress-induced glutamate release is followed by increases in synaptic
strength and long-term potentiation (LTP) (Luine et al. 1996), as well as corre-
sponding increases in glutamate receptors at the synapse in the hippocampus and
PFC (Groc et al. 2008; Karst and Joéls 2005; Krugers et al. 2010; Yuen et al. 2011,
2009). These alterations in synaptic plasticity are similarly tied to morphological
changes as LTP stimulation leads to new and larger dendritic spines (Engert and
Bonhoeffer 1999; Matsuzaki et al. 2004).

While stress is an everyday part of life that can boost cognitive and physical
performance, it is also a known risk factor for multiple psychiatric conditions (An-
isman and Zacharko 1990; Kessler et al. 2012). Exposure to an extreme stress can
lead to symptoms of posttraumatic stress disorder (PTSD), characterized by height-
ened fear memory of a stressful event and parallels increased synaptic strengthening
after stress. More common though, it is exposure to chronic unpredictable stress
(CUS) that is a risk factor for multiple illnesses such as depression, anxiety, bipolar,
schizophrenia, addiction, among others (Caspi et al. 2003; Hammen 2005; Kendler
et al. 1999a, 1999b; Lupien et al. 2009; Schneiderman et al. 2005; Sinha 2008).
While these illnesses have historically given rise to distinct treatments, their com-
mon sensitivity to chronic stress suggests underlying similarities in etiology that
can be useful guides in the development of future therapies.

While acute stress increases glutamate release, the effects of chronic exposure
to stress on glutamatergic transmission and synaptic strength are still poorly un-
derstood. There are complicated adaptations to additional exposures to stress that
vary between, and even within, brain regions. Extracellular glutamate levels re-
mained elevated in the hippocampus, but not PFC or striatum, after repeated tail
pinch in the same day (Bagley and Moghaddam 1997; Rutherford et al. 2007) and
within the PFC there are diverse responses between populations of neurons (Jack-
son and Moghaddam 2006). Previous exposure to a 21-day chronic restraint stress
(CRS), led to longer lasting elevations of glutamate in the face of a novel acute
stress challenge. Additionally, CUS leads to reduced glutamate cycling in the PFC
as measured by *C-acetate metabolism (Banasr et al. 2010). While acute increases
in glutamatergic transmission can lead to synaptic potentiation, excessive glutamate
release can lead to excitotoxicity or cell damage (Sapolsky 2000, 2003). The poten-
tially damaging effects of glutamate lead to a U-shaped curve of glutamate release
on synaptic health, with acute instances of stress leading to synaptic potentiation
and increased performance on some tasks, and chronic or excessive stress leads to
reduced LTP, cell damage, morphological changes and behavioral deficits (Kim and
Diamond 2002; Luine et al. 1996).

Many of these changes are dependent on glutamatergic receptors, supporting
the role of excessive glutamate in mediating these effects. Once released to the
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extracellular space, glutamate can be bound by ionotropic and metabotropic glu-
tamate receptors. lonotropic receptors include N-methyl-D-aspartate receptors
(NMDARs), alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid recep-
tors (AMPARSs), and kainate receptors, while metabotropic receptors are composed
of subunits mGIuR 1-8. Subunit composition, phosphorylation, kinetics and the lo-
cation of these receptors play important roles in modulating the receptors’ effects on
postsynaptic cells and synaptic plasticity.

In rodents, both CRS and CUS, as well as treatment with chronic glucocorti-
coids, leads to dendritic atrophy and spine loss in pyramidal cells of the CA3 region
of the hippocampus (Magarifios and McEwen 1995a, 1995b; Sapolsky 2000). These
functional and morphological effects of stress are blocked by drugs reducing glu-
tamate release (Watanabe et al. 1992) and by NMDA, but not AMPAR antagonists
(Kim et al. 1996; Magarifios and McEwen 1995b; Martin and Wellman 2011). Simi-
lar changes are observed in select regions of the PFC, where even relatively mild
repeated stressors can lead to dendritic retraction and spine loss and this is blocked
by the presence of NMDAR antagonists (Izquierdo et al. 2006; Li et al. 2010; Mar-
tin and Wellman 2011). CUS also leads to a loss of synaptic proteins, such as the
AMPAR subunit GluA1l and synaptic proteins PSD-95 and synapsin, as would be
expected with a loss of spines (Li et al. 2010). These morphological changes poten-
tially parallel the reduced neuronal size observed in patient populations (Rajkowska
et al. 1999; Stockmeier et al. 2004), but this has not been directly tested.

Together, this evidence suggests that dysregulation of glutamate transmission at
the synapse can link chronic stress exposure to psychiatric illness and can guide fu-
ture therapies. In the past, accidental discoveries with poor understanding of the true
mechanisms of action have characterized the development of novel treatments for
neuropsychiatric disorders. However, reexamination of traditional therapies such as
monoaminergic antidepressants has revealed convergent effects on glutamatergic
targets at the synapse that may reverse changes observed after stress. Similarly,
drugs developed to directly target the glutamatergic system for nonpsychiatric dis-
orders have shown off-label efficacy in many of these illnesses. This chapter sum-
marizes how knowledge of the stressed synapse relates to established traditional
neuropsychiatric therapies and what future therapies might be developed to target
the glutamatergic synapse more directly (see Fig. 17.1 for overview of therapies
targeting the glutamatergic synapse).

17.2 Therapies Regulating Presynaptic Release
of Glutamate

The risk of excitotoxicity after stress suggests that therapies reducing glutamate
release could ameliorate the development of stress-sensitive disorders. In fact mul-
tiple established antidepressants have now been found to reduce stimulated gluta-
mate release, and drugs directly targeting glutamate have efficacy in neuropsychi-
atric disorders. However, glutamate release and stress can both play positive and
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Fig. 17.1 Glutmatergic targets for antidepressant and antistress drug development. AMPA a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid, EAAT excitatory amino acid transporter (1, 2, and
3), EAACI excitatory amino-acid carrier 1, GABA y-aminobutyric acid, GABAR y-aminobutyric acid
receptor, GFAP glial fibrillary acidic protein, GLAST glutamate aspartate transporter, GLT/ gluta-
mate transporter 1, mGIluR2/3 metabotropic glutamate receptors 2 and 3, mGIluR5 metabotropic glu-
tamate receptor 5, MR mineralocorticoid receptor, PSD-95 postsynaptic density protein 95, THIIC
N-(4-{[3-hydroxy-4-(2-methylpropanoyl)-2-(trifluoromethyl)phenoxy]methyl } benzyl)-1-methyl-1
H-imidazole-4-carboxamide, vGLUT vesicular glutamate transporters, NMDAR N-methyl-D-aspar-
tate receptor, AMPAR amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
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negative roles in synaptic strength. Recent work on novel antidepressant therapies
show the therapeutic effects of pharmacologically modulated glutamate release are
complex, suggesting the timing, amplitude, and duration of glutamatergic excitation
may all be critical factors in determining the relative benefits and harmful effects in
relation to neuropsychiatric disorders.

17.2.1 Traditional Neuropsychiatric Therapies Modulate
Presynaptic Glutamate Release

Many traditional antidepressants, such as chronic fluoxetine and desipramine, have
been reassessed for effects on glutamate release and found to reduce stimulated
glutamate release after chronic treatment (Bonanno et al. 2005; Musazzi et al. 2010;
(for a review, see Musazzi et al. 2012). Treatment with the atypical antidepressant
tianeptine can block stress-induced glutamate release and, correspondingly, mor-
phological changes in the hippocampus and amygdala (Czéh et al. 2001; Magari-
flos et al. 1999; McEwen et al. 2010; Reznikov et al. 2007), and corresponding
increases in anxiety-like behavior (McEwen et al. 2010). Similar reductions in
glutamate release are seen in antidepressants of nonmonoaminergic mechanisms.
The antidepressant agomelatine, which targets the melatonergic MT(1) and MT(2)
receptors, as well as a 5-HT(2 C), reduces stress-induced glutamate release in the
PFC (Milanese et al. 2013; Popoli 2009; Tardito et al. 2010, 2012) and can reverse
the effects of prenatal stress in rats (Morley-Fletcher et al. 2011). Treatment with
chronic antidepressants also increased expression of the metabotropic glutamater-
gic receptor, mGluR2/3, activation of which suppresses presynaptic glutamate re-
lease (Matrisciano et al. 2002) and chronic treatment with amitriptyline, a tricyclic
antidepressant, reversed decreases in mGluR2/3 observed in the hippocampus after
olfactory bulbectomy (Wierofiska et al. 2001).

Similarly, anxiolytics can reduce stress-induced increases in glutamate in the
hippocampus and PFC (Bagley and Moghaddam 1997) and reduce hippocampal
atrophy (Magarifios et al. 1999). Anxiolytics such as diazepam and other benzodi-
azepines increase GABAergic cell transmission, increasing inhibition on glutama-
tergic cells that effectively leads to reductions in glutamate release (see Fig. 17.1).

17.2.2 Treatments Targeting Glutamate Release Have Efficacy
in Psychiatric Illnesses

Drugs originally developed to reduce stimulated glutamate release, such as anticon-
vulsants or treatments for amyotrophic lateral sclerosis (ALS), have demonstrated
effects in preclinical rodent models and efficacy in mood disorders. In the preclini-
cal literature, the antiepileptic drug phenytoin is known to reduce glutamate release
and, when administered during chronic stress, blocks the dendritic atrophy observed
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in the hippocampus (Watanabe et al. 1992), but it has not been fully investigated in
clinical mood disorder trials. Other anticonvulsants, such as valproate and lamotrig-
ine are FDA approved for use in the treatment of bipolar disorder, and are used as
off-label treatments for other mood disorders (Calabrese et al. 1999; Du et al. 2007,
McElroy et al. 2004; van der Loos et al. 2009) (for a review of anticonvulsants
in psychiatry, see Ettinger and Argoff 2007; Mula et al. 2007). The drug riluzole,
which has anticonvulsant properties in addition to providing clinical benefit in the
treatment of ALS, also appears to have clinical benefits in relation to anxiety, mood
disorders, OCD in several small nonplacebo controlled clinical trials (Coric et al.
2005; Pittenger et al. 2008; Sanacora et al. 2004). Riluzole has also been shown to
have antidepressant-like properties in several rodent models (Banasr et al. 2010),
and the details of these studies are discussed below. Riluzole is known to reduce
glutamatergic transmission, though it is not clear if it works on presynaptic gluta-
mate release or through other mechanisms affecting extracellular glutamate levels.

17.2.3 Novel Neuropsychiatric Treatments and Glutamate
Release

In sum, the evidence suggests a number of therapies with diverse structures, but
seemingly convergent effects on presynaptic glutamate release in regions impli-
cated in neuropsychiatric disorders, posses antidepressant-like properties in rodent
models and in the clinic. While this may suggest presynaptic glutamate release as
an ideal target for many of these stress-sensitive disorders, a new class of effec-
tive antidepressants suggests that the story is more complicated. Efforts to create
fast-acting therapies that directly target the glutamatergic system have led to the
discovery of the antidepressant properties of drugs that appear to acutely increase
glutamate release such as the NMDAR antagonist ketamine.

Evidence suggesting that antidepressants downregulate NMDAR expression led
to the testing of NMDAR antagonists in preclinical models of depression (Trul-
las and Skolnick 1990). NMDAR antagonists have been found to have fast-acting
antidepressant activity in preclinical and clinical studies (Diazgranados et al. 2010;
Ibrahim et al. 2011; Skolnick et al. 2001, 2009) and the NMDAR antagonist ket-
amine has in particular demonstrated efficacy in clinical trials (Berman et al. 2000;
Zarate et al. 2006a) (for a review of ketamine in depression, see Mathews and Za-
rate 2013). The subanesthetic doses at which ketamine has been shown to have an-
tidepressant-like effects are also known to induce a sharp increase of glutamate ef-
flux in the PFC and hippocampus as measured in microdialysis (Moghaddam et al.
1997). More recently these same doses were found to increase glutamate cycling in
the PFC (Chowdhury et al. 2012) and to stimulate a series of cellular processes that
are associated with changes in synaptic plasticity (Autry et al. 2011; Li et al. 2010).
Preclinical work has suggested that these antidepressant-like effects are dependent
on AMPA/kainate receptor activity, indicating a requirement for increased synaptic
transmission (Autry et al. 2011; Koike et al. 2011; Maeng et al. 2008). Interestingly,
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a similar mechanism involving a rapid increase in glutamate release and activation
of AMPA receptors has also been shown to be related to the rapid antidepressant-
like effects of scopolamine (Voleti et al. 2013). However, it is critical to note that
the increased glutamate efflux produced by these treatments appears to be of short
duration, and to have completely dissipated by the time the antidepressant-like be-
havioral effects are observed. Recent work demonstrating that ketamine treatment
reduces expression of presynaptic release machinery over a period of hours (Miiller
et al. 2013), suggests the overall effect of the treatments on glutamate release is
complex and may vary with time.

The complex role of glutamate release in antidepressant therapies is further dem-
onstrated in the case of mGluR2/3-related treatments. The metabotropic mGluR2/3-
containing glutamate receptor is predominantly located presynaptically (Tamaru
et al. 2001) and its activation exerts negative feedback on additional glutamate re-
lease (Anwyl 1999; Cartmell and Schoepp 2000; Tamaru et al. 2001). mGluR2/3
expression is altered in depressed patients and preclinical models of depression
(Feyissa et al. 2010; Matrisciano et al. 2008; Wieronska et al. 2008) and had been
proposed as a novel target for depression (Sanacora et al. 2008; Witkin et al. 2007).
As noted earlier, treatment with chronic monoaminergic-based antidepressants in-
creases mGlur2/3 expression (Matrisciano et al. 2002). However, pharmacological
strategies both increasing or decreasing mGluR2/3 activation have demonstrated
preclinical efficacy as anxiolytics and antidepressants (Palucha and Pilc 2007; Pilc
et al. 2008). For a review of metabotropic receptors in psychiatry, see Chaki et al.
(2013).

Potentiating these receptors can dampen excessive glutamate release and there-
fore may be beneficial in mediating stress-induced pathophysiology. Administra-
tion of a low dose mGIuR2/3 agonist shortens the latency to therapeutic effects of
chronic antidepressant treatments in preclinical models (Matrisciano et al. 2005,
2007) and agonists of the mGluR2/3 receptor have antidepressant-like efficacy in
preclinical tests (DD and Marek 2002; Swanson et al. 2005). A new positive allo-
steric modulator of mGluR2/3 called N-(4-{[3-hydroxy-4-(2-methylpropanoyl)-2-
(trifluoromethyl)phenoxy]|methyl}benzyl)-1-methyl-1 H-imidazole-4-carboxamide
(THIIC) has robust preclinical antidepressant-like effects (Fell et al. 2011; Johnson
et al. 2005). THIIC and other allosteric modulators only activate metabotropic glu-
tamate receptors under conditions of excessive glutamate release to reduce gluta-
mate release (Johnson et al. 2005).

However, treatments with opposing effects on the mGluR2/3 receptor have
similar antidepressant-like efficacy. Various mGluR2/3 antagonists including
MGS0039, LY341495, and RO4491533 have demonstrated efficacy in the rodent
forced swim test (FST) (Chaki et al. 2004; Palucha-Poniewiera et al. 2010; Yoshi-
mizu et al. 2006). Similar to ketamine, these preclinical effects are dependent on
AMPAR throughput suggesting that an increase in glutamatergic transmission is
necessary for its effects (Dwyer et al. 2012; Koike et al. 2011).

While the efficacy of NMDAR and mGluR2/3-based treatments supports a role
of glutamatergic transmission in antidepressant therapy, it casts doubt on the hy-
pothesis that a simple stress-induced hyperglutamatergic state is the sole contributor
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to the pathophysiology of mood disorders, and that simply reducing presynaptic
glutamate release is necessary and sufficient to mitigate and reverse stress-sensitive
disorders. Instead, it now appears that different pathophysiological processes may
predominate at different stages in the evolution of the illness. It is possible that
the early phases in the evolution of stress sensitive disorders are associated with
excessive glutamate efflux and sustained elevation of extracellular glutamate con-
centrations. This is consistent with reports showing elevated glutamate to be as-
sociated with hippocampal toxicity (Sapolsky 2000). However, once the disorder
has developed, compensatory changes resulting in diminished synaptic glutamater-
gic neurotransmission may dominate in relation to the cognitive, behavioral, and
emotional symptoms associated with the disorder. This may explain why in the
case of some fast-acting antidepressants, decreased glutamate release may actu-
ally block any therapeutic effect. As the number of ketamine clinical trials grows,
some data suggest that drugs reducing glutamate release, such as with anesthet-
ics, may reduce the efficacy of ketamine (Abdallah et al. 2012). However, this re-
mains to be confirmed in more definite studies. As will be further discussed below,
while blocking NMDARs has antidepressant action, therapies that instead boost
AMPAR throughput may be associated with similar types of antidepressant-like
therapeutic effects (Chappell et al. 2007; Knapp et al. 2002; Li et al. 2001; Lind-
holm et al. 2012; Nations et al. 2012). Correspondingly stress-induced pyramidal
cell atrophy can be reduced by blocking NMDAR activation, but not by blocking
AMPA receptors (Magarifios and McEwen 1995b). Together these studies suggest
that the stress-induced increase in glutamate release is not in itself harmful, but its
subsequent postsynaptic effects resulting from the relative activation of the various
glutamatergic receptors may be more important for determining the physiological
or pathophysiological consequences of the enhanced release.

17.3 Therapies Regulating Extracellular Glutamate
Uptake

The ubiquitous nature of glutamate, along with its ability to cause excitotoxicity,
necessitates a tightly regulated system controlling its release and extracellular lev-
els. Once released to the extracellular space, glutamate is not broken down but is
instead taken up by neighboring glia or neurons via excitatory amino acid trans-
porters (EAAT1-5 in humans) (O’Shea 2002). EAAT 1 and 2 (GLAST and GLT]1
in rodents) mainly transport glutamate to astrocytes where it can be converted to
glutamine, while EAAT3 (EAACI in rodents), transports glutamate to neurons (An-
derson and Swanson 2000; Arriza et al. 1994). EAATs and astrocytes placed near
the synapse play a critical role in regulating extracellular glutamate levels and risk
of excitotoxicity (Arriza et al. 1994; Shigeri et al. 2004; Zarate et al. 2002; Zheng
et al. 2008).

While the role of glia cells in neuropsychiatry has been understudied in the past,
there is now an increased understanding of their complexity and roles in glutama-
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tergic transmission and dysfunction. Astrocytes are ideally placed to help restrict
extracellular glutamate to the synapse and limit glutamate to spillover to peri- or
extrasynaptic sites, where transmission is thought to weaken synaptic strength and
damage the cell (Hardingham and Bading 2010). While normally associated with
glutamate uptake, astrocytes may also release glutamate to the extracellular space
in certain conditions (Malarkey and Parpura 2008), leading to increased glutamate
at these potentially damaging extrasynaptic locations (Talantova et al. 2013). As a
single astrocyte can cover multiple synapses, the disruption of individual astrocytes
can have wide-reaching effects (Bushong et al. 2002).

Glial cells also express glutamatergic receptors though their subunit compo-
sition, expression patterns, and function are not well studied (Hansson and Ron-
nbédck 2004; Verkhratsky and Kirchhoff 2007). For example, unlike neuronal
NMDARS, astrocytic NMDARs are unblocked by magnesium at baseline, suggest-
ing NMDARS containing NR3 subunits (Palygin et al. 2011), while NR2B contain-
ing receptors may be expressed after injury or stress such as ischemia (Krebs et al.
2003). A weak magnesium blockade at baseline suggests that these receptors are
more sensitive than neurons to increases in extracellular glutamate (Lalo et al. 2006;
Palygin et al. 2011). The expression of metabotropic glutamatergic receptors on
glia is also debated, with recent evidence that mGIuRS receptors are only expressed
in younger animals (Sun et al. 2013). Functionally, the unique properties of glial
NMDARSs likely explains the differential effects of various NMDAR antagonists on
glia and neurons, with the NR2B-selective antagonist ifenprodil selectively block-
ing an inward current and Ca?" influx in neurons, but not astrocytes, and memantine
and MK-801 blocking both cell types (Palygin et al. 2011).

Interestingly, a reduction in glial density and number is observed in the PFC of
major depressive disorder (MDD) patients (Cotter 2001; Cotter et al. 2002; Ongur
et al. 1998; Rajkowska and Miguel-Hidalgo 2007; Rajkowska et al. 1999; Uranova
et al. 2004) (for recent reviews, see Rajkowska and Stockmeier 2013; Sanacora and
Banasr 2013). These reductions have been observed in depression, bipolar disorder,
and in some cases, schizophrenia, in regions implicated in these disorders such as
Brodmanns area 24, the orbitofrontal cortex, and the dorsolateral PFC (Gittins and
Harrison 2011; Ongur et al. 1998; Rajkowska et al. 1999). Glial fibrillary acidic
protein (GFAP), a marker of astrocytes, reveals reductions in the hippocampus, PFC
and amygdala, with the effect in the PFC is the most consistent in patient popula-
tions (Altshuler et al. 2010; Johnston-Wilson et al. 2000; Miiller et al. 2013; Web-
ster et al. 2001). Changes in glutamate transporters such as EAAT 2 are similarly
observed in depressed patients (Bernard et al. 2011; Choudary et al. 2005; McCul-
lumsmith and Meador-Woodruff 2002; Sequeira et al. 2009).

Changes in glutamatergic uptake and cycling are observed after stress, indicative
of adaptations to increased exposure to glutamate. After CUS, rodents show de-
creases in glutamine cycle rate (Banasr et al. 2010), which could relate to observed
CUS or corticosterone-induced loss of glia in the PFC (Alonso 2000; Banasr et al.
2010; Banasr and Duman 2007). Some forms of stress or corticosterone exposure
have been demonstrated to increase expression of GLT-1 (but not GLAST) in the
PFC and hippocampus of rodents therefore increasing glutamate uptake (Autry et al.
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2006; Zink et al. 2010; Zschocke et al. 2005), possibly as a neuroprotective coun-
termeasure to stress-induced increases in glutamate efflux. Illustrating the potential
pathological behavioral effects of impaired glutamate clearance from the extracellu-
lar space, application of a glial toxin to the PFC in rodents, leads to depressive-like
behaviors after one exposure to stress as opposed to weeks of chronic stress (Banasr
and Duman 2008). Providing additional support to the hypothesis that impaired
glial-mediated glutamate uptake can be associated with depressive-like behaviors,
rats bred for higher levels of learned helplessness showed a significantly suppressed
expression of GLT1 in hippocampus and cerebral cortex compared to nonhelpless
littermates (Zink et al. 2010).

17.3.1 Traditional Neuropsychiatric Therapies on Glutamate
Uptake and Glia

There is evidence that traditional antidepressants have glio-protective effects and
thus can influence uptake of extracellular glutamate. In preclinical studies, treat-
ment with fluoxetine reduced the stress-induced loss of hippocampal GFAP in
tree shrews, but had no effect in nonstressed animals (Czéh et al. 2006). Similarly,
chronic administration of the tricyclic antidepressant clomipramine increased GFAP
expression in stressed animals (Liu et al. 2009). Another study found that chronic
fluoxetine increased GLT1 expression in the hippocampus and cortex in rats, while
desipramine and an monoamine oxidase inhibitor (MAOI) showed more modest
effects (Zink et al. 2011), though this study did not test these antidepressants in rela-
tion to stress. Similarly, the antidepressant paroxetine increased hippocampal GFAP
expression (Sillaber et al. 2008). In contrast, it should be noted that some studies
have failed to find an ability of antidepressants to reverse stress-induced GFAP loss
in the hippocampus (Araya-Callis et al. 2012) or cortex (Fatemi et al. 2008).

17.3.2 Treatments Targeting Glial and Glutamate Uptake Have
Efficacy in Psychiatric Illnesses

While traditional antidepressants have some glio-protective properties, drugs with
well-established effects on glial cell function and glutamate uptake might serve as
more attractive therapies in looking to reverse stress-induced glial loss. Treatment
with B-lactam antibiotics such as ceftriaxone has been shown to increase GLT1
function (Rothstein et al. 2005). Considering this property of ceftriaxone, several
studies have since demonstrated its ability to modify several forms of behavior
believed to be modulated by glutamatergic activation (Trantham-Davidson et al.
2012), including reducing depressive and anxiety-like behaviors in mice (Mineur
et al. 2007). However, side effects and the difficulties related to the delivery of cef-
triaxone have prohibited larger clinical trials in psychiatric patients to date.
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As described earlier, the neuroprotective drug riluzole reduces glutamatergic
transmission; however, the exact mechanism of action of riluzole remains unclear.
More recent studies suggest much of riluzoles neuroprotective effects could be me-
diated through the effects on GLT1 expression (Fumagalli et al. 2008; Yoshizumi
et al. 2012). As also described earlier, multiple open label (nonplacebo controlled)
clinical studies have found riluzole to be effective in the treatment of MDD, bipolar
disorder (BPD), anxiety and obsessive—compulsive disorder (OCD) (Coric et al.
2005; Pittenger et al. 2008; Sanacora et al. 2004). Additionally, riluzole was shown
to alter glutamine/glutamate cycling in BPD patients (Brennan et al. 2010). Pre-
clinical studies show an antidepressant-like action of chronic riluzole, and an ability
to reverse chronic-stress induced depression-like behaviors and loss of GLT-1 and
GFAP (Banasr et al. 2010; Gourley et al. 2012). Ongoing studies will test if GLT-1
or glial activity is necessary for the antidepressant-like activity of riluzole.

17.3.3 Novel Neuropsychiatric Treatments on Glutamate Uptake
and Glia

As mentioned previously, some NMDAR antagonists such as ketamine have an-
tidepressant efficacy, however the exact mechanism behind these treatments still
remains to be elucidated. Most hypotheses have focused on a blockade of NMDARs
on neuronal cells; however, Mitterauer recently suggested a key role of astrocytic
NMDARs in ketamines therapeutic effect (Mitterauer 2012). However, it should
be noted that subunit-specific antagonists such as NR2B-selective antagonists,
also have clinical and preclinical antidepressant-like effects (Li et al. 2010; Maeng
et al. 2008; Preskorn et al. 2008), and previous work found that the NR2B selec-
tive antagonist ifenprodil selectively affects neurons and not astrocytes (Palygin
etal. 2011). NR2B-containing receptors may only be expressed in glia after adverse
events such as ischemia, possibly leading to differential activity of NMDAR an-
tagonists in healthy and diseased states (Krebs et al. 2003).

17.4 Therapies Regulating Postsynaptic Effects
of Glutamate Release

As discussed above, effective antidepressant therapies are known to both increase,
and decrease extracellular glutamate levels. In the case of NMDAR antagonists and
mGluR2/3 antagonists, the antidepressant-like effect appears to require a transient
increase in glutamatergic transmission through AMPARs to initiate the cascade of
cellular changes that have been associated with the antidepressant-like effects (Dw-
yer et al. 2012; Li et al. 2010; Maeng et al. 2008). This suggests that the type of
postsynaptic glutamatergic transmission is critical in generating a rapid treatment
response and possibly also in determining the responses to stress. The administra-
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tion of NMDAR, but not AMPAR, antagonists blocks stress-induced morphological
and plasticity-related changes in pyramidal cells in the hippocampus (Magarifios
and McEwen 1995b), with similar results in the mPFC (Martin and Wellman 2011).
Administration of NMDAR-antagonists also blocks stress-induced alterations of
hippocampal LTP (Kim et al. 1996). Hippocampal CA3 and CA1 pyramidal cell at-
rophy caused by restraint stress was blocked by CA3 pyramidal cell-specific condi-
tional knockout of GluN1, suggesting that these effects are mediated specifically by
pyramidal cell NMDARs (Christian et al. 2011), similarly despair behavior during
chronic swim stress was reduced by a pyramidal cell knockout of NR2B in the cortex
and CA1 (Kiselycznyk et al. 2011). These findings suggest that increased postsynap-
tic NMDAR-mediated glutamate transmission has a critical role in mediating the ef-
fects of stress, and AMPAR throughput is necessary for an antidepressant response.

The importance of postsynaptic NMDAR throughput in mediating excitotoxic
insults is consistent with the aforementioned work showing that excessive gluta-
mate transmission through NMDARs, particularly, extrasynaptic sites, can lead to
cell damage (for a review, see Hardingham and Bading 2010). While activation
of synaptic NMDARs leads to activation of CREB (cAMP response element-
binding protein) and increases in synaptic strength, spillover of glutamate to extra-
synaptic sites enables activation of extrasynaptic NMDARs that decreases CREB
signaling and lead to long-term depression and activation of cell death pathways
(Hardingham et al. 2002). In adulthood, extrasynaptic NMDARs are thought to be
mainly NR2B-containing receptors, while synaptic NMDARs are mainly composed
of NR2A receptors. Whether the location or subunit composition of NMDARs is
important to cell growth pathways is unclear, however recent work suggests it is the
C-terminal tail on the NR2B subunit that is responsible for activating downstream
pathways mediating cell death pathways (Martel et al. 2012). Interestingly, this C-
terminal tail of NR2B can be cleaved in the presence of calpain (Guttmann et al.
2001, 2002), a signaling molecule known to be increased by extrasynaptic NMDAR
throughput (Xu et al. 2009) leaving a functional NR2B-containing NMDAR with
possibly altered trafficking to extrasynaptic sites and altered interaction with down-
stream signaling pathways (Gladding and Raymond 2011). Activation of synaptic
versus extrasynaptic NMDARs is linked to nuclear CREB signaling through the
messenger protein Jacob. Extrasynaptic receptors increase Jacob trafficking to the
nucleus where Jacob triggers CREB shut-off pathways and cell death, while syn-
aptic NMDARs phosphorylate Jacob to block its effects on CREB (Dieterich et al.
2008; Karpova et al. 2013).

17.4.1 Traditional Antidepressants’ Effect on Postsynaptic Sites

Chronic, but not acute, treatment with some antidepressants reduces NMDAR
transmission (Paul and Skolnick 2003; Reynolds and Miller 1988; Skolnick et al.
1996). These same treatments appear to augment AMPAR transmission, as multiple
chronic antidepressant treatments increased phosphorylation of the GluA1 subunit
(McEwen et al. 2010; Svenningsson et al. 2007), and synaptic GluA1 and GluA2
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levels (Du et al. 2007). Similarly, anticonvulsants with primarily antidepressant ac-
tivity such as lamotrigine and riluzole increase GluA1l and GluA2 subunits in the
hippocampus, while therapies with primarily antimanic properties, such as lithium
and valproate, however, reduce GluA1 and GluA2 levels (Du et al. 2007). However,
the efficacy of acute imipramine in the rodent forced swim test is not blocked in
mice lacking the phosphorylation sites on GluA1 that are increased after antidepres-
sant treatment (Kiselycznyk et al. 2013).

17.4.2 Therapies Targeting Postsynaptic Glutamatergic
Receptors

As mentioned earlier, NMDAR antagonists such as ketamine act as fast-acting
antidepressants in treatment-resistant patients (Berman et al. 2000; Diazgranados
et al. 2010; Mathew et al. 2010; Murrough et al. 2013; Valentine et al. 2011; Za-
rate et al. 2006, 2012) and preclinical assays, such as the FST (Autry et al. 2011;
Li et al. 2010; Maeng et al. 2008). Compared with traditional antidepressants that
can take weeks or months to reduce symptoms, ketamine is effective in a matter of
hours and one infusion can reduce depressive symptoms for days to weeks in some
patients. NMDAR antagonists also have been reported to have anxiety-reducing
effects (Cryan and Dev 2007; Barkus et al. 2011). In preclinical models, ketamine
leads to long-term increases in synaptic strength in the PFC, increasing synaptic
proteins like GluA1 and increasing spine density. These same NMDAR antagonists
can reverse CUS-induced spine loss and behavioral changes (Li et al. 2010), and
are known to increase expression of BDNF, and neurogenesis (Gould and Cameron
1997; Metsis et al. 1993).

Acute systemic administration of pharmacological antagonists specific to the
GluN2B-subunit is sufficient to produce the antidepressant-like effects seen with
nonsubunit-selective NMDAR antagonists such as ketamine, both clinically (Pres-
korn et al. 2008) and preclinically (Li et al. 2010; Maeng et al. 2008). Administra-
tion of selective GluN2B antagonists such as Ro 25-6981 produces no effect on
anxiety-like behavior in the mouse elevated plus maze (EPM) (Mathur et al. 2009),
but anxiolytic-like in the novelty-suppressed feeding (NSF) task (Li et al. 2010).
Administration of another GluN2B antagonist, ifenprodil, was also anxiolytic-like
effects in the rat EPM (Fraser et al. 1996).

However, attempts to selectively delete NMDAR subunits with genetic tech-
niques have not produced depression-related behaviors. Constitutive genetic dele-
tion of the obligatory GluN1 subunit are lethal, however viable conditional knock-
outs of this subunit have been generated with postnatal deletion in specific regions
and cell types. Mice with a restricted deletion of GluN1 to pyramidal cells of the
CA3 region of the hippocampus displayed no differences from control mice in
HPA-axis activation or anxiety-like behavior in the EPM (Christian et al. 2011;
Cravens et al. 2006). Similar deletion of the subunit GluN2B in corticohippocampal
pyramidal cells displayed no alterations in the FST and anxiety (Kiselycznyk et al.



326 C. Kiselycznyk and G. Sanacora

2011). The lack of depression-related effect in these selective deletions could be
due to alterations in cell-type, region, or age; however, it suggests that deletion of
NMDA receptors is not enough to induce an antidepressant-like response.

Metabotropic glutamate receptors containing mGluR5 are located postsynapti-
cally and typically located near NMDARs (Brakeman et al. 1997; Lujan et al. 1996;
Tu et al. 1999). mGIluRS activity is tied to NMDARs and help regulate NMDAR
throughput and activation of mGluRS5 receptors increases NMDAR transmission,
while blocking mGluRS5 reduces NMDAR throughput (Attucci et al. 2001; Awad
et al. 2000; Doherty et al. 2000; Pisani et al. 2001). Similarly, repeated treatment
with the mGIluRS antagonist 3-((2-Methyl-4-thiazolyl)ethynyl)pyridine (MTEP)
also reduces NR1 expression (Cowen et al. 2005). mGlur5 is decreased in depressed
patients, as well as rats bred for depression-related phenotypes (Kovacevi¢ et al.
2012). It is similarly decreased in the hippocampus after chronic treatment with
corticosterone in rodents (Iyo et al. 2010).

However, mGlu5 knockout mice appear to have reduced depression-related behav-
ior in the FST (Li et al. 2006). Additionally, mGluRS5 antagonists such as 2-Methyl-
6-(phenylethynyl)pyridine (MPEP) or MTEP have antidepressant- and anxiolytic-
like efficacy in preclinical models (Belozertseva et al. 2007; Brodkin et al. 2002;
Busse et al. 2004; Li et al. 2006; Molina-Hernandez et al. 2006; Patucha et al. 2005;
Pilc et al. 2002; Tatarczynska et al. 2001; Wieronska et al. 2002). Similar antidepres-
sant-like effects are observed with the negative allosteric modulator (GRN-529), in
preclinical tests (Hughes et al. 2012). While the majority of support for mGluR5-
related therapies has been preclinical, some clinical trials have shown efficacy for
the mGluRS5 treatment Fenobam in anxiety (Pecknold et al. 1982; Porter et al. 2005).
As blockade of mGIuRS5 decreases NMDAR transmission, the antidepressant-like
mGlIuRS5 antagonists effects correspond to the efficacy of NMDAR antagonists.

Administration of drugs blocking non-NMDARs (i.e., AMPAR and kainate re-
ceptors), do not affect depression-related activity in the FST (Maeng et al. 2008),
unlike NMDAR antagonists. Administration of drugs selectively targeting AM-
PARs, such as GYKI 52466 or LY32635, have been found to cause anxiolytic-like
(Alt et al. 2006; Kapus et al. 2008; Kotlinska and Liljequist 1998; Matheus and Gui-
mardes 1997), anxiogenic-like (Vekovischeva et al. n.d.), or no changes (Fitzgerald
et al. 2010; Kapus et al. 2008) in anxiety-related behaviors, depending on the rodent
species tested or behavioral paradigm used. Mice lacking key phosphorylation sites
on the AMPA subunit GluA1 also demonstrate decreases in anxiety (Kiselycznyk
et al. 2013).

However, as mentioned earlier, treatments like ketamine transiently increase ex-
tracellular glutamate release and are dependent on AMPAR transmission to gener-
ate the antidepressant-like response, suggesting that increased AMPAR throughput
is necessary for the effect. Additionally, AMPAR potentiators or AMPAkines appear
to have efficacy as antidepressants in a variety of rodent models (Knapp et al. 2002;
Li et al. 2001; Lindholm et al. 2012). In clinical studies, the AMPA potentiator
LY451395 helped relieve depressive symptoms in Alzheimers patients (Chappell
et al. 2007). More recently, a small phase Ib study was completed with the AMPA
potentiating drug Org 26576. While the study demonstrated good safety and toler-
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ability of the drug, along with some numerical advantages in terms of depressive
severity and cognitive functioning, the differences did not reach the level of statisti-
cal significance in this exploratory study with limited power (Nations et al. 2012).

Together with the studies in ketamine, the findings suggest that increased AM-
PAR throughput while blocking NMDARs is necessary for an antidepressant-like
response. Deletion of NMDARs without concurrent increased AMPAR through-
put would therefore not be predicted to have antidepressant-like activity. Ketamine
achieves this by increasing extracellular glutamate while blocking NMDARs and
leaving AMPARs free. Traditional antidepressants, while they may reduce pre-
synaptic glutamate release, also increase levels of AMPAR subunits and reduce
NMDAR transmission. This proposed relationship between synaptic AMPARs and
NMDARs (especially extrasynaptic NMDARS) in regulating synaptic strength sug-
gests multiple new directions for the development of future therapeutics.

17.4.3 Future Directions Targeting Postsynaptic Sites

Increasing AMPAR throughput has antidepressant efficacy and could reverse stress-
induced deficits, and AMPARs have a mainly synaptic localization in adulthood.
Together with the knowledge that extrasynaptic, but not synaptic, NMDARs can
mediate cell-death after excessive glutamate release, this suggests that the balance
between synaptic and extrasynaptic glutamate transmission is a convergent target
for stress-sensitive disorders. Ketamine has the benefit of both increasing glutamate
release and boosting synaptic throughput while simultaneously blocking possibly
extrasynaptic NMDARSs. However, knowledge of the effects of synaptic versus
extrasynaptic throughput may enable the development of better strategies.

As extrasynaptic NMDARs are thought to be NR2B-rich, a potential strategy to
target extrasynaptic receptors would be to use NR2B-selective compounds. NR2B-
selective antagonists have preclinical and clinical efficacy (Li et al. 2010; Maeng
et al. 2008; Preskorn et al. 2008). However, while GluN2B-containing receptors
may be preferentially expressed at extrasynaptic sites, it is not a clear division.
The NMDAR memantine selectively targets extrasynaptic NMDARs at selective
dose range (Xia et al. 2010). Memantine has shown efficacy in preclinical (Moryl
et al. 1993; Rogoz et al. 2002) and clinical studies (Muhonen et al. 2008), though
memantine had no effect in some clinical studies of depression (Zarate et al. 2006).
Recently a more selective version of memantine has been developed called nitrome-
mantine that is reported to more selectively target extrasynaptic receptors (Lipton
2000).

Negative results in memantines antidepressant efficacy may be due to meman-
tines lack of effect on extracellular glutamate release. As memantine is not known to
increase glutamate release, its blockade of extrasynaptic receptors could reduce the
negative effects of stress over time. However without the burst of synaptic through-
put it would not be expected to have antidepressant-like effects at baseline. Instead,
memantine could be combined with another source of stimulated glutamate release
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to generate a more rapidly acting treatment. Combining the selective blockade of
extrasynaptic NMDARs by memantine with the glutamate release of acute stress
exposure could lead to novel treatment strategies. This strategy would block cell
death pathways in only regions and instances of stress, allowing for selectivity not
available with current pharmacological treatments, also known as a pathologically
activated therapeutic (PAT, Lipton 2006). The combination of NMDAR antago-
nists such as memantine and stress has previously been shown to have effects on
morphology not seen with either treatment alone. Administration of the NMDAR
antagonists CPP during CRS lead to a significant increase in PFC spine density
not observed in NMDAR antagonist treatment alone (Martin and Wellman 2011).
Similarly administration of tianeptine during CUS caused hippocampal hypertro-
phy compared to nonstressed animals (Czéh et al. 2001).

17.5 Conclusions

Converging evidence suggests that alterations in the glutamatergic neurotransmitter
system play a key role in the pathogenesis and pathophysiology of stress-induced
psychiatric disorders. The stress-induced release of glutamate, its uptake by glial
cells, and its postsynaptic effects are all potential therapeutic targets (see Fig. 17.1
for overview of convergent targets). However, knowledge of both the positive and
negative effects of stress and glutamate release may guide the design of therapies
that better allow for prophylaxis and recovery from glutamate dysregulation after
stress. We have seen that while multiple antidepressants help block stress-induced
glutamate release, many new classes of antidepressants acutely have the exact op-
posite result and in fact appear to require increases in extracellular glutamate release
to generate the antidepressant-like effect. Knowing that glutamate transmission fo-
cused to synaptic sites can activate cell growth versus cell death pathways, attempt-
ing to reduce stress-induced glutamate release would block these potentially benefi-
cial effects and restrict recovery. However, regulation of the negative feedback on
glutamate release through mGluR2/3 receptors may allow for a therapy selectively
activated in cases of stress and extreme glutamate release and present another PAT,
as with memantine.

Therapies targeting glutamate uptake may present better targets with fewer side
effects. Supporting the health of glial cells to regulate extracellular glutamate levels
could help reduce extrasynaptic activation while maintaining synaptic throughput.
As loss of glial is one of the most consistent findings in depression, and a single
astrocyte can affect many neurons, therapies targeting glial could have broad ef-
fects. However, it is unclear if increasing glutamate uptake itself will only block
subsequent exposures to high glutamate levels or will be able to reverse effects of
stress to have a fast-acting antidepressant effect. The ability of glia to release gluta-
mate into the extracellular space could be used to induce glutamate release similar
to ketamine; however, it would most likely cause an increase of glutamate release



17  Using Our Understanding of Stress-Related Effects ... 329

to extrasynaptic, versus synaptic areas, leading to activation of cell death versus cell
death pathways.

Finally, therapies targeting postsynaptic sites present opportunities to activate
both cell death and cell growth pathways depending on the activation of synaptic
or extrasynaptic receptors. Therapies designed to target these postsynaptic gluta-
matergic receptors pose a substantial risk for side effects if selectivity cannot be
achieved. Memantine, and now nitromemantine have been reported to selectively
block extrasynaptic sites but have a narrow dose range to target extrasynaptic re-
ceptors. Future studies examining the effects of selective blockade of extrasynaptic
NMDARSs, if possible, would be extremely interesting. However, blocking extra-
synaptic receptors would require concomitant increases in glutamate release to have
a burst of synaptic throughput and a fast-acting antidepressant response. Alterna-
tively, AMPARSs could be targeted directly with AMPA potentiators to activate syn-
aptic throughput, however this strategy would not allow for selectivity to regions
activated in pathological scenarios.

The increased understanding of the relationship between the glutamatergic sys-
tem and stress has illuminated potential pathways of regulating synaptic glutamate
transmission to develop novel treatment strategies for stress-sensitive neuropsy-
chiatric disorders. While current antidepressant therapies, such as monoaminergic-
based treatments, have been tied to mediators of synaptic activity their exact mech-
anism of action remains unclear. Traditional antidepressant treatments leading to
increased AMPAR levels may increase synaptic transmission, but not selectively
in regions or cell-types activated in depression. Additionally, mechanisms reduc-
ing glutamate release could protect against the negative consequences of stress,
but also block the increased synaptic transmission possibly needed for recovery.
In total, a lack of understanding of the mechanisms behind current therapies could
explain their lack of consistent effects that ultimately leads to the large gap between
the number of patients prescribed antidepressants and those successfully treated.
Instead, the converging evidence on novel glutamatergic and plasticity-related
therapeutic targets supports a new generation of mechanistically based treatments
that can more directly and consistently address the numerous challenges of treating
stress-related neuropsychiatric illnesses.
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