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Abstract

Major depressive disorder (MDD) is a chronic, recurring, and debilitating mental illness that is the
most common mood disorder in the United States. It has been almost 50 years since the
monoamine hypothesis of depression was articulated, and just over 50 years since the first
pharmacological treatment for MDD was discovered. Several monoamine-based pharmacological
drug classes have been developed and approved for the treatment of MDD; however, remission
rates are low (often less than 60%) and there is a delayed onset before remission of depressive
symptoms is achieved. As a result of a “proof-of-concept” study in 2000 with the noncompetitive
NMDA antagonist ketamine, a number of studies have examined the glutamatergic systems as
viable targets for the treatment of MDD. This review will provide a brief history on the
development of clinically available antidepressant drugs, and then review the possible role of
glutamatergic systems in the pathophysiology of MDD. Specifically, the glutamatergic review will
focus on the N-methyl-D-aspartate (NMDA) receptor and the efficacy of drugs that target the
NMDA receptor for the treatment of MDD. The noncompetitive NMDA receptor antagonist
ketamine, which has consistently produced rapid and sustained antidepressant effects in MDD
patients in a number of clinical studies, has shown the most promise as a novel glutamatergic-
based treatment for MDD. However, compounds that target other glutamatergic mechanisms, such
as GLYX-13 (a glycine-site partial agonist at NMDA receptors) appear promising in early clinical
trials. Thus, the clinical findings to date are encouraging and support the continued search for and
the development of novel compounds that target glutamatergic mechanisms.

Major Depressive Disorder

Major depressive disorder (MDD) is the most common mood disorder in the United States
with a lifetime prevalence of 14.4% (Kessler, Petukhova, Sampson, Zaslavsky & Wittchen,
2012). MDD is a chronic, recurring, and debilitating mental disorder that significantly
impairs occupational and/or social functioning. Most individuals suffering from MDD have
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recurring depressive episodes (10.3%) rather than a single lifetime episode (4.1%) (Kessler
etal., 2012). It is important to differentiate MDD from major depressive episode (MDE),
which includes individuals with bipolar disorder. Because of the inclusion of bipolar
disorder, MDE (16.6%) typically has higher prevalence rates as compared to MDD (14.4%)
(Kessler et al., 2012). MDD also has been found to have comorbidity with other DSM
disorders such as anxiety disorder, substance abuse and impulse control disorder (Kessler et
al., 2003).

According to the Diagnostic and Statistical Manual of Mental Disorders (DSM) 5™ edition
(American Psychiatric Association, 2013), an individual is required to exhibit a minimum of
five depressive symptoms every day for a period of at least two weeks, which are newly
presented or clearly worsened prior to the onset of the depressive episode, in order to be
diagnosed with MDD. One of these five symptoms must include a depressed mood
(Criterion A1), which is described as being depressed, or having a loss of interest/pleasure in
hobbies/activities that were considered pleasurable (Criterion A2). In addition to one of
these two symptoms, an individual must have four other depressive symptoms which may
include significant changes in appetite or weight (Criterion A3); sleep (Criterion A4);
psychomotor activity (Criterion A5); loss of energy or fatigue (Criterion A6); feelings of
worthlessness (Criterion A7); diminished ability to think or concentrate (Criterion A8); or
suicidal ideation (Criterion A9). All of these symptoms, with the exception of weight loss/
gain and suicidal ideation, need to be present every day for the two week period to meet the
DSM-V criterion for MDD. Furthermore, depressive episodes must significantly impair
social or occupational functioning (Criterion B). Lastly, episodes must not be attributed to
substance abuse (Criterion C) or better explained by other psychological disorders (Criterion
D and E) such as schizophrenia, bipolar, etc.

Depressive episodes may appear at any age; however, MDD is most prevalent in adults
(18-64 years) with a median age of onset in the 20s. For example, adults are twice as likely
to be diagnosed with MDD as compared to both adolescents (13-17 years) and older adults
(65+ years) (Kessler et al., 2003; Kessler et al., 2012). This decline of diagnosis in older
adults may be attributed to a failure to report previous episodes, memory loss of past
episodes, or sampling bias. Females are two-to-three times more likely to be diagnosed with
MDD as compared to their male counterparts regardless of age group (Kessler et al., 2012).

Although there are several treatment options (both pharmacological and
nonpharmacological) for MDD, 34-46% of MDD patients do not adequately response to
treatment (Fava & Davidson, 1996). These patients are categorized as having treatment-
resistant depression, which typically is defined as an inadequate response (i.e. fail to achieve
full remission) to one or more antidepressant treatments following adequate duration and
dose (Fava & Davidson, 1996; Fava, 2003). Treatment-resistant depression is well
documented in the literature and is discussed as a subtype of depression; however, there is
not a unified definition. For this review, the definition above (i.e. full remission) will be
used because the goal for treatment should be to return the patient to the premorbid state of
social and occupational functioning. An additional serious issue for the treatment of MDD is
that even for the patients that do respond to currently available antidepressant drugs, there is
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a delayed onset of 4-12 weeks before adequate symptom remission is achieved (Schulberg,
Katon, Simon, & Rush, 1998; Uher et al., 2011).

A group of clinicians have developed a strategic plan for treatment-resistant depression
called Sequenced Treatment Alternatives to Relieve Depression (STAR*D). STAR*D
provides a four step treatment plan, in which a patient proceeds to the next treatment step if
they do not achieve full remission under the current treatment step (Fava et al., 2003). SSRIs
are the first treatment step and as patients progress through the treatment steps they will be
introduced to new antidepressant drugs with different mechanism of actions (e.g. bupropion,
tricyclic antidepressants, etc.). Patients that achieve full remission and tolerate treatment at a
specific step are then placed on long term treatment with that drug. The results from a large-
scale long-term study found a cumulative remission rate of 67% (across all four treatment
steps); however, those patients who progressed through more treatment steps had higher
relapse rates as compared to those patients that achieved remission in the first treatment step
(Rush et al., 2006).

MDD has significant economic and social consequences worldwide, which are driven by
prevalence, medical treatment, and unemployment rates. For example, in the United States
36.7% of individuals suffering from MDD are either unemployed or out of labor force and
only 59.8% of the MDD population in the workforce is receiving medical treatment for
MDD (Greenberg et al., 2003). In 2000, the total economic impact of MDD was $83.1
billion for the United States. The total direct medical treatment costs (which include
inpatient, outpatient, and pharmaceutical costs) reached $26.1 billion, and suicide-related
costs (i.e. estimated lost lifetime earnings) exceeded $5.4 billion. Interestingly, workplace-
related costs (e.g. missed worked days, reduced productivity, and health care expenses) were
$51.5 billion (Greenberg et al., 2003). Individuals with severe MDD cost their employers
approximately double in health care expenses, are more likely to file for disability and/or be
unemployed, and missed approximately 13.7 MORE hours per month as compared to
healthy individuals (Birnbaum et al., 2010).

ne Hypothesis and Monoamine Based Pharmacological
ts

Monoamine Hypothesis

It has been almost 50 years since the monoamine hypothesis of depression was articulated.
The monoamine hypothesis proposes that patients with depression have depleted
concentrations of serotonin, norepinephrine, and dopamine (Bunney & Davis, 1965;
Delgado, 2000; Hirschfeld, 2000; Schildkraut, 1965). Two primary lines of evidence led to
the development of the monoamine hypothesis: 1) the effects of reserpine on serotonin and
catecholamines; and 2) the pharmacological mechanisms of action of antidepressant drugs.
Reserpine, an alkaloid extracted from the Rauwolfia serpentina, was utilized as a treatment
for hypertensive vascular disease in the 1950s; however, reserpine was found to precipitate
depression in some patients. The depression produced by reserpine was reversed after the
treatment was terminated and following either rest or electric shock therapy (Muller, Pryor,
Gibbons, & Orgain, 1955). Additionally, reserpine was found to produce depressive-like
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effects in animals (Hirschfeld, 2000). Reserpine was found to inhibit vesicular monoamine
transporter, and as a result, depletes brain monoamines (i.e. serotonin and catecholamines),
which provided evidence for the role of serotonin, norepinephrine, and dopamine in
depression (Kirshner, 1962; Shore, Pletscher, Tomich, Carlsson, Kuntzman, & Brodie, 1957,
Shore, Silver, & Brodie, 1955; Weiner, Cloutier, Bjur, & Pfeffer, 1972). The second line of
evidence was based on the underlying pharmacological mechanisms of action of monoamine
oxidase (MAO) inhibitors and tricyclic antidepressants (TCA). For example, antidepressant
drugs primarily target the monoamine neurotransmitters (i.e. serotonin, norepinephrine, and
dopamine) in an attempt to increase the presence of these monoamine neurotransmitters in
the synaptic space to activate postsynaptic receptors. The selective serotonin reuptake
inhibitors (SSRI), which were developed later, provided additional support for the
monoamine hypothesis. More recent clinical studies have provided evidence suggesting that
the monoamine hypothesis for MDD needs to be revised and is not as simple as depleted
concentrations of serotonin, norepinephrine, and dopamine leading to MDD. For example,
monoamine depletion in healthy subjects does not produce depressive symptoms (Salomon,
Miller, Krystal, Heninger, & Charney, 1997). Furthermore, monoamine or tryptophan
depletion does not increase depressive symptoms in unmediated MDD patients (Berman et
al., 2002; Delgado et al., 1994). Thus, the revised monoamine hypothesis suggests that
monoamine depletion may play more of a modulatory role such that it influences other
neurobiological systems (e.g. intracellular signaling or other neurotransmitter and
neuropeptide systems) or must be present in the context of stressors (Charney, 1998;
Heninger, Delgado, & Charney, 1996). A brief history of the development and description of
the mechanisms of actions for each of the seven major antidepressant drug classes is
presented below.

Monoamine oxidase inhibitors

Much like the discovery of the first antipsychotic drug chlorpromazine, serendipity played
an important role in the discovery the first pharmacological treatment for depression.
Chemists at Hoffmann-La Roche Ltd USA had developed isonicotinyl hydrazide (isoniazid)
for the treatment of tuberculosis and isoniazid proved to be a successful antitubercular
compound as the mortality rate of tuberculosis significantly decreased after the drug had
been on the market for only one year (Lopez-Munoz, Alamo, Juckel, & Assion, 2007;
Pletscher, 1991). While developing new antitubercular compounds, Fox and Gibas (1953)
synthesized isopropyl-isonicotinyl hydrazide (iproniazid), a monoalkyl derivative of
isoniazid, which would later serve as a catalyst for pharmacological treatment of MDD.
Clinical observations reported marked “side effects” of iproniazid in patients being treated
for tuberculosis, which included euphoria, psychostimulation, increased appetite, and
improved sleep. The “side effects” produced by iproniazid were not originally identified as
therapeutic effects because these side effects were not consistent across studies (Lopez-
Munoz et al., 2007; Pletscher, 1991). Loomer, Saunders, and Kline (1958) conducted a
systematic clinical study on patients with depression, in which the patients were treated with
iproniazid for several weeks. Loomer and colleagues reported significant improvements in
70% of these patients (Loomer et al., 1958). While iproniazid was marketed as an
antitubercular compound under the trade name Marsilid® in 1958, it was used off-label to
treat patients suffering from MDD.
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Thus, iproniazid became the first successful pharmacological treatment for depression and is
classified as a MAO inhibitor. MAO is an enzyme that produces oxidative disamination (or
break down) of biogenic amines (e.g. serotonin, dopamine, epinephrine, and norepinephrine)
and sympathomimetic amines (e.g. tyramine, benzylamine, etc). There are two isoenzymes,
MAO, and MAOg, and the distribution of these isoenzymes varies throughout the body.
MAOA, is primarily responsible for the enzyme activity for the deaminate of serotonin,
melatonin, noradrenaline, and adrenaline (Billett, 2004; Shulman, Herrman, & Walker,
2013). In contrast, MAOg is responsible for enzyme activity for the breakdown of
phenethylamine and benzylamine (Campbell, Marangos, Parma, Garrick, & Murphy, 1982;
Shulman et al., 2013). Interestingly, both isoenzymes deaminate dopamine, tyramine, and
tryptamine. MAOs responsible for the breakdown of biogenic amines are located in the
presynaptic terminal. A result of inhibiting MAO is that monoamine neurotransmitter
concentrations increase in the presynaptic terminal and are readily available for release
when action potentials reach the nerve terminal. Iproniazid is a non-selective irreversible
MAQ inhibitor, which led to safety concerns (e.g. hypertensive crises), and ultimately led to
the removal of iproniazid from the US market. One example of the safety concern was
termed the “cheese reaction.” The combination of foods containing high amounts of
tyramine, such as cheese or dairy products, and MAO inhibitors, which increase
concentrations of tyramine and norepinephrine in the sympathetic nervous system, would
lead to increased heart rate, hypertension and sweating. It was later determined that
inhibiting MAO was functionally involved in the antidepressant effects of MAO inhibitors
(Lopez-Munoz et al., 2007; Shulman et al., 2013).

In an attempt to improve the safety of MAO inhibitors, drug development has focused on
reversible and selective MAQ, inhibitors (e.g. moclobemide [Manerix®] and brofaromine
[Consonar®]). For example, a meta-analysis revealed that the reversible inhibitor of
monoamine oxidase type A (RIMAS) moclobemide was as effective as SSRIs, nonselective
MAQ inhibitors and TCAs for depressive symptom reduction. Additionally, moclobemide
was generally well tolerated with the most common side effect being nausea and insomnia,
and only one reported case of hypertensive crisis. It is important to note that moclobemide is
available in over 50 countries worldwide, but is not available in the United States, and
brofaromine is no longer being developed as an antidepressant drug (Lotufo-Neto, Trivedi,
& Thase, 1999).

Tricyclic antidepressants

As a result of the discovery and success of chlorpromazine for the treatment of
schizophrenia, the search for more potent antipsychotic drugs intensified. Many of these
novel compounds were molecularly modified from the classic antihistamine structure. One
compound in particular, G22355 (imipramine), was derived from promethazine by
substituting a sulfur bridge of the phenothiazine ring with an ethylene bridge (Domino,
1999; Fangmann, Assion, Juckel, Gonzalez, & Lopez-Munoz, 2008). The Geigy Chemical
Corp supplied imipramine, which was synthesized by Hafliger and Schinder, to Dr. Roland
Kuhn to test in psychiatric patients. Although imipramine did not exhibit antipsychotic
properties in patients with schizophrenia, Kuhn found that imipramine produced marked
improvements in patients suffering from severe depression. In an essay written by Kuhn
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(1958), he states “They commence some activity of their own, again seeking contact with
other people, they begin to entertain themselves, take part in the games, become more
cheerful and are once again able to laugh... The patients express themselves as feeling much
better, fatigue disappears, the feeling of heaviness in the limbs vanish, and the sense of
oppression in the chest gives way to a feeling of relief” (p. 459). Kuhn also stated that no
serious side effects were recorded in the 500 patients treated with imipramine, which was a
vast improvement over MAO inhibitors.

Imipramine (Tofranil®) was approved in 1959 by the Food and Drug Administration (FDA)
for the treatment of MDD, which established the class of drugs called tricyclic
antidepressants (TCA). The classification of TCAs was based on the three benzene ring
molecular core, in part, because the mechanism of action was unknown at the time of
discovery. Thus, the classification of TCAs differs from other classes of antidepressant
drugs, which are classified based on their mechanism of action. TCAs have a diverse
pharmacological profile with significant pharmacological action at two reuptake transporters
and three receptor proteins: inhibiting presynaptic norepinephrine reuptake transporters;
inhibiting presynaptic serotonin reuptake transporters; blocking postsynaptic adrenergic aq
and ay receptors; blocking postsynaptic muscarinic receptors; and blocking postsynaptic
histamine Hq receptors (Cusack, Nelson, & Richelson, 1994; Owens, Morgan, Plott, &
Nemeroff, 1997; Sanchez & Hyttel, 1999: Vaischnavi et al., 2004). The inhibitions of
norepinephrine and serotonin reuptake at the transport proteins are thought to be responsible
for the therapeutic effects of TCAs and result in increased concentrations of norepinephrine
and serotonin in the synaptic cleft, respectively. The selectivity for norepinephrine or
serotonin transporters depends on the compounds; however, as most TCAs are more
selective for the norepinephrine transporter over the serotonin transporter (Owens et al.,
1997; Sanchez & Hyttel, 1999; Thomas, Nelson, & Johnson, 1987). For TCAs, the
antagonism of adrenergic, muscarinic, and histaminergic receptors contribute primarily to
the side effects of dizziness, memory impairments, and drowsiness, respectively.

Selective serotonin reuptake inhibitors

In the late 1960s evidence began to emerge suggesting a significant role of serotonin in
MDD. For example, a postmortem study revealed decreased concentrations of serotonin in
depressive suicides (Shaw, Eccleston, & Camps, 1967). As a result, the pharmaceutical
company Eli Lilly began developing ligands that would selectively inhibit the reuptake of
serotonin at serotonin transporters, and as a result would increase serotonin concentrations
within the synaptic cleft to further stimulate postsynaptic serotonin receptors. In 1974, the
first report on the selective serotonin reuptake inhibitor (SSRI) LY110140 (fluoxetine) was
published and in that publication the authors suggested that fluoxetine would be an
antidepressant drug (Wong, Horng, Bymaster, Hauser, & Molloy, 1974). The following year
Wong and colleagues demonstrated that fluoxetine, an analogue of the
phenoxyphenylpropylamine nisoxetine (LY 94939), was a potent and selective serotonin
reuptake inhibitor with relatively weak affinity for the norepinephrine transporter (Wong,
Bymaster, Horng, & Molloy, 1975), which separated fluoxetine pharmacologically from
other antidepressant drugs. Fluoxetine was approved by the FDA in December of 1987 and
was launched to the market in January 1988 under the trade name Prozac® (for an
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excellence review on the development of fluoxetine see Wong, Bymaster, & Engleman,
1995; Wong, Perry, & Bymaster, 2005). Since the introduction of fluoxetine to the market,
several other SSRIs have been approved by the FDA (e.g. sertraline [Zoloft®], citalopram
[Celexa®], paroxetine [Paxil®], and escitalopram [Lexapro®]).

Although fluoxetine was the first SSRI approved and marketed in the United States, the
clinical trials (Phase I-Phase I11) lasted more than seven years and during that time Astra AB
introduced the first SSRI zimeldine (Zelmid®) to the European market in March 1982.
Zimeldine, which was derived from pheniramine, was removed from the European market in
September 1983 due to severe side effects such as hypersensitivity reactions and Guillain-
Barre syndrome, which is acute peripheral neuropathy. The hypersensitivity reactions
resembled a flu- like syndrome which included fever, joint/muscle pain, headaches and
hepatic effects. The estimated occurrence of the hypersensitivity reaction was 3:1000.
Interestingly, zimeldine produced the hypersensitivity reactions in 1.5% of patients during
clinical trials, but was still approved in the European market (Montgomery, Gabriel, James,
Hawley, & Burkitt, 1989; Nilsson, 1983). During the 16 months that zimelidine was on the
market there were 10 confirmed cases of Guillain-Barre syndrome and all of these patients
were under zimeldine treatment (Fagius, Osterman, Siden, & Wiholm, 1985).

SSRIs are 20-1500 fold more selective for inhibiting serotonin over norepinephrine at their
respective transporter proteins and have minimal binding affinity for other postsynaptic
receptors such as adrenergic as, ap, and f, histamine Hq, muscarinic, and dopamine D;
receptors (Owens et al., 1997; Thomas et al., 1987). SSRIs (e.g. fluoxetine and citalopram)
also do not stimulate the release of serotonin or norepinephrine presynaptically (Rothman et
al., 2001) and have weak or no direct pharmacological action at postsynaptic serotonin
receptors (e.g. 5-HT1a, 5-HToa, and 5-HT,.) (Owens et al., 1997; Snchez & Hyttel, 1999;
Thomas et al., 1987). Therefore, the increase in activity at the postsynaptic serotonin
receptors produced by SSRIs is a result of increased concentrations of serotonin in the
synaptic cleft via reuptake inhibition rather than direct binding at the postsynaptic receptor.
The most common side effects associated with SSRIs are nausea, insomnia, and sexual
dysfunction (Papakostas, 2008).

tidepressant drug bupropion

Several new antidepressant drugs have been developed in the past couple of decades;
however, the mechanisms of action for these drugs are similar to established antidepressant
drugs in that these drugs target the monoamine neurotransmitter systems. Shortly after the
introduction of fluoxetine, the immediate release (IR) form of bupropion (Wellbutrin®) was
approved by the FDA in 1989 for the treatment of MDD with the aim to improve efficacy
and safety. Bupropion IR requires three daily doses; thus, to reduce daily dosing regimens,
the sustained-release (SR) and extended-release (XL) were developed and approved by the
FDA in 1996 and 2003, respectively (Fava et al., 2005; Stahl et al., 2004). Bupropion is an
“atypical” antidepressant drugs belonging to a unique chemical class (aminoketone) and its
binding profile is very different from other antidepressant drugs (i.e. TCAs, SSRI, SNRI).
For example, bupropion is primarily a dopamine-norepinephrine reuptake inhibitor.
Bupropion displays its highest binding affinity for dopamine transporters and is at least two-
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fold more selective for dopamine transporters as compared to norepinephrine transporters
(Bymaster et al., 2002; Letchworth et al., 2000; Pristupa, Wilson, Hoffman, Kish, & Niznik,
1994). Additionally, bupropion displays minimal or no binding affinity for serotonin
transporters or other pre- and postsynaptic receptors (Bymaster et al., 2002; Cusack et al.,
1994; Sanchez & Hyttel, 1999). Clinical research has shown that bupropion is as efficacious
as other antidepressant drugs for the treatment of MDD and is well tolerated with the three
most frequent side effects of bupropion being dry mouth, nausea, and insomnia (Feighner,
Hendrickson, Miller, & Stern, 1986; Feighner, Meredith, Stern, Hendrickson, & Miller,
1984; Moreira, 2011). Furthermore, bupropion has the lowest risk of sexual dysfunction
(nearly half) as compared to TCAs, MAOIs, SSRIs, and SNRIs (Clayton et al., 2002; Stahl
et al., 2004). There are no other selective dopamine-norepinephrine reuptake inhibitors on
the market for the treatment of depression.

Serotonin-norepinphrine reuptake inhibitors

The next “atypical” antidepressant drug, venlafaxine, was introduced to the United States
market in 1993, and this drug selectively targets the serotonin and norepinephrine
transporters. The immediate release form of venlafaxine (Effexor®), a serotonin-
norepinephrine reuptake inhibitors (SNRI), was approved by the FDA for the treatment of
MDD in 1993 and in 1997 the extended release form of venlafaxine was also approved for
MDD (Papakostas, 2009). Since the approval of venlafaxine, several other SNRIs (e.g.
duloxetine [Cymbalta®] and milnacipran [Savella®]) have been approved for the treatment
of MDD. SNRIs are similar to TCAs in that SNRIs inhibit the reuptake of serotonin and
norepinephrine at the serotonin and norepinephrine transporters, respectively. Unlike TCAs,
SNRIs have minimal or no pharmacological action at adrenergic (aq_ay, and ), histamine
(H4), muscarinic, dopamine, or postsynaptic serotonin receptors (Bymaster et al., 2001;
Millan et al., 2001; Owens et al., 1997; Sanchez & Hyttel, 1999; Vaischnavi et al., 2004).
There is some evidence that suggests SNRIs may be more effective for the treatment of
MDD as compared to SSRIs; however, these differences are relatively modest (Papakostas,
Thase, Fava, Nelson, & Shelton, 2007; Stahl, Grady, Moret, & Briley, 2005). The clinical
tolerability and the prevalence of sexual dysfunction of SNRIs are comparable with other
antidepressant drug treatments (Clayton et al., 2002; Stahl, Grady, Moret, & Briley, 2005).

Atypical antidepressant drug vortioxetine

In September 2013, vortioxetine (Brintellix®) became the most recent antidepressant drug
approved by the FDA for the treatment of MDD. Lu AA21004, which was named
vortioxetine, was synthesized by H. Lundbeck A/S, but was co-developed by H. Lundbeck
AJS and Takeda Pharmaceutical Company Ltd (Gibb & Deeks, 2014). Vortioxetine belongs
to the piperazines chemical class and has been marketed as a “multi-modal” drug because
vortioxetine displays high binding affinity and complementary mechanisms of action for
several serotonin receptors (i.e. 5-HTya, 5-HT1g, 5-HT3a, 5-HT7, and serotonin
transporters). Specifically, vortioxetine is a serotonin 5-HT 4 receptor agonist, 5-HT1g
receptor partial agonist, 5-HT3a and 5-HT7 receptor antagonist, and a potent serotonin
reuptake inhibitor (Bang-Andersen et al., 2011; Mork et al., 2012). Vortioxetine has
considerable receptor affinity for dopamine and norepinephrine transporters; however,
vortioxetine is approximately 3 to 12 times more selective for serotonin transporters as
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compared to dopamine and norepinephrine transporters, respectively (Bang-Andersen et al.,
2011). The clinical efficacy and tolerability of vortioxetine is comparable to other
antidepressants with the most common side effects being nausea and headaches.
Vortioxetine appears to have a low risk for sexual dysfunction and weight gain (Alam,
Jacobsen, Chen, Serenko, & Mahableshwarkar, 2014; Boulenger, Loft, & Florea, 2012;
Boulenger, Loft, & Olsen, 2014; Gibbs & Deeks, 2014; Pearce & Murphy, 2014). It is
important to note that clinical (Mclntyre, Lophaven, & Olsen, 2014) and preclinical (du
Jardin, Jensen, Sanchez, & Pehrson, 2014; Jensen et al., 2014; Mork et al., 2013) studies
have shown that vortioxetine may help improve cognitive functioning.

Although there are seven antidepressant drug classes, all of which work to produce an
immediate increase in monoamine neurotransmitter concentrations, there is still a population
of patients that do not respond to these medications. This lends further support for the
revised monoamine hypothesis which suggests that depleted monoamine concentrations may
play more of a modulatory role to other neurobiological systems, rather than a major direct
role in MDD (Charney, 1998; Heninger, Delgado, & Charney, 1996). Thus, more recent
research has focused on finding novel, non-monoaminergic based, receptor targets for
treatment-resistant depression (e.g. Lee, Jeong, Kwak, & Park, 2010; Palucha & Pilc 2005).
In particular, the glutamatergic system has become a focal point for drug development
research.

Glutamatergic Systems and Major Depressive Disorder

Glutamatergic systems

In the central nervous system, glutamate is the major excitatory neurotransmitter and makes
functional contributions to more than half of all synapses in the brain. The glutamate system
has an integrated tripartite synapse that consists of 1) a presynaptic neuron, 2) a postsynaptic
neuron, and 3) an astrocyte. The presynaptic neuron releases glutamate in response to action
potentials. The released glutamate then binds to various pre- and postsynaptic receptors, as
well as to receptors on the surrounding astrocytes. Synaptic glutamate reuptake is performed
primarily by astrocytes, specifically, the excitatory amino acid transporter 2 (EAAT?2).
Within the astrocyte, glutamate is converted to glutamine (glutamate/glutamine cycle) by
glutamine synthetase and then resupplied to the presynaptic neuron where it is used for
synthesis of glutamate (Kew & Kemp, 2005; Machado-Vieira, Manji, & Zarate, 2009;
Mathews, Henter, & Zarate, 2012). Figure 1 shows the tripartite glutamatergic synapse.

The glutamatergic system consists of two receptor types, ionotropic and metabotropic.
lonotropic glutamatergic receptors include N-methyl-D-aspartate (NMDA) receptors, a-
amino-3- hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and kainate receptors.
These ionotropic receptors are ion channels that are permeable to cations (i.e. sodium [Na*]
and calcium [CaZ*]), which in turn depolarize the neuron and/or promote intracellular
signaling cascades (Kew & Kemp, 2005). There are eight G-protein-coupled metabotropic
glutamate receptors subtypes (mGIuR1-8) that are divided into three distinct groups that are
based on their homology and function: Group | (mGIluR1 and mGIuR5), Group Il (mGIuR2
and mGIluR3), and Group 1l (mGluR4, mGIuR6, mGIuR7, and mGIuR8). Group | mGIuRs
are localized on the postsynaptic neuron and are coupled to G4/Gy; subunits; whereas Group
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I1 and Group |11 are localized on the presynaptic neuron and are couple to Gi/G, subunits.
mGIuRs can mediate intracellular signaling cascades by activating second messenger
pathways and/or through By subunits. Group | and Group Il mGIluRs have been investigated
in the pathophysiology and treatment of MDD. Specifically, mGIuR5 (e.g. AZD2066 and
R0O4917523) and mGIluR2/3 (RO4995819) negative modulators have been tested in Phase Il
clinical trials for treatment-resistant patients, and some compounds (e.g. RO4917523and
R0O4995819) have shown promise (for full review see Holly, LaCrosse, & Hillhouse, 2014).
Assessing all glutamate receptors and their respective implications in MDD are beyond the
scope of this review. Therefore, the present review will primarily focus on NMDA
receptors.

N-methyl-D-aspartate (NMDA) receptors

NMDA receptors are a heteromeric complex that has seven subunits, NR1, NR2A-D, and
NR3A-B and functional NMDA receptors must be comprised of a NR1 subunit and at least
one NR2 subunit. Unlike other ligand-gated ion channels, NMDA receptors require two
distinct mechanisms in order to be activated. First, NMDA receptor channels require co-
agonist binding at the glycine binding site on the NR1 subunit and at the glutamate binding
site on the NR2 subunit (Kew & Kemp, 2005; Marsden, 2011). Thus, if one of these co-
agonists (glycine or glutamate) is not bound to their respective binding site, the ion channel
will not open. Second, the NMDA receptor channels are blocked by magnesium (Mg2*) ions
during the resting state. Depolarization of the neuron is required to dispel the Mg?* ion from
NMDA receptor channels, which is usually achieved by activation of AMPA receptors. The
NMDA receptor ion channel is non-selective and will allow both Na* and Ca2* to enter. The
influx of Ca2* is associated with the induction of various signaling cascades (Kew & Kemp,
2005; Marsden, 2011).

Glutamatergic dysfunction in MDD

Clinical research has used both indirect and direct measures to evaluate the glutamatergic
system in patients suffering from MDD, and have found evidence of glutamatergic
dysfunction in MDD. For example, clinical studies that have used indirect measures for
analysis, such as plasma, cerebrospinal fluid, and serum concentrations, have found
differences in glutamate and glutamine in patients diagnosed with MDD as compared to
healthy controls (Table 1). Specifically, several studies have found increased concentrations
of glutamate in plasma (Altamura et al., 1993; Kiiciikibrahimoglu et al., 2009; Mauri et al.,
1998) and increased concentration of glutamine in cerebrospinal fluid (Levine et al., 2000).
Furthermore, antidepressant drug treatment has been found to reduce the serum and plasma
glutamate concentrations (Kigukibrahimoglu et al., 2009; Maes, Verkerk, Vandoolaeghe,
Lin, & Scharpé, 1998), as well as cerebrospinal fluid glutamine concentrations (Garakani,
Martinez, Yehuda, & Gorman, 2013). These findings suggest that these monoamine-based
antidepressant drugs are modulating the glutamatergic system. However, there are
limitations when using indirect measures, such as the inability to determine central and
peripheral substrates and metabolic effects, which make it difficult to interpret these
findings. Additionally, peripheral measurements of CNS chemicals/metabolites may be
seriously compromised by their inability to easily cross the blood brain barrier.

Exp Clin Psychopharmacol. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hillhouse and Porter

Page 11

Clinical studies that have used more direct measures (Table 2), such as proton magnetic
resonance spectroscopy (H-MRS), to evaluate the glutamatergic dysfunction in MDD have
found reduced metabolic, typically unresolved, glutamate/glutamine exchange (GIx) in
subcortical and cortical brain regions of MDD patients. For example, a reduction of GIx
were found the hippocampus (Block et al., 2009) and anterior cingulate cortex (Auer et al.,
2000; Mirza et al., 2004; Pfleiderer et al., 2003), which are purported to play an important
role in MDD. Further *H-MRS studies found that cortical regions also had a reduction in
GIx which include the dorsomedial and ventromedial prefrontal cortex (Hasler et al., 2007),
and left dorsolateral prefrontal cortex (Michael et al., 2003). Following ECT treatment, the
anterior cingulate cortex and left dorsolateral prefrontal cortex GIx concentrations were
significantly increased and recovered back to healthy control GIx concentrations (Michael et
al., 2003; Pfleiderer et al., 2003). Furthermore, these studies found that ECT responders had
a great increase of GlIx as compared to the non-responders. On the other hand, Sanacora and
colleagues (2004) found elevated concentrations of Glx in the occipital cortex, and while
this finding is not consistent with the other 1H-MRS, it is consistent with the elevated
concentrations of glutamate found in plasma (Altamura et al., 1993; Kiiclikibrahimoglu et
al., 2009; Mauri et al., 1998) and by recent studies that found decreased concentrations of
EAAT2, the main source the glutamate reuptake, in postmortem brain tissue, which would
result in the accumulation of extracellular glutamate (Bernard et al., 2001; Choudary et al.,
2005). It is important to note that there are limitations when using the magnetic resonance
imaging protocol. For example, these studies were measuring glutamate/glutamine cycle
rather than glutamate exclusively.

Several postmortem studies have found changes in the expression of NMDA receptor
subunits in MDD patients (Table 3), which are likely compensatory effects to the changes in
glutamatergic substrate concentrations, and appear to be brain region specific. For example,
the NR2B and NR2C subunits have been shown to have increased expression in the locus
coeruleus in postmortem tissue of MDD patients (Chandley et al., 2014; Karolewicz,
Stockmeier, & Ordway, 2005). Additionally, the expression of NR2A subunits has been
found to be elevated in the lateral amygdala (Karolewicz et al., 2009). Furthermore, MDD
patients have shown an increase in glutamate binding in the hippocampus (Beneyto,
Kristiansen, Oni-Orisan, McCullumsmith, & Meador-Woodruff, 2007) and a greater
sensitivity to glutamate as measured by intracellular calcium influx (Berk, Plein, & Ferreira,
2001). On the other hand, the NR2A and NR2B subunits transcription have been shown to
be reduced in the perirhinal and prefrontal cortices in postmortem tissue from MDD patients
(Beneyto et al., 2007; Beneyto and Meador-Woodruff, 2008; Feyissa, Chandran,
Stockmeier, & Karolewicz, 2009). Moreover, postmortem studies have found decreased
levels of the NR1subunit in the superior temporal cortex (Nudmamud-Thanoi and Reynolds,
2004) and prefrontal cortex (Beneyto and Meador-Woodruff, 2008). NR1 and NR2 subunits
are required for functional NMDA receptor heteromeric complexes, and thus, increases/
decreases in the levels of these NR1/NR2 subunits can be interpreted as changes in total
number of functional NMDA receptors. Based on these results, it would be hypothesized
that depression may be associated with hyperfunction of NMDA receptors in subcortical
regions (i.e. hippocampus, locus coeruleus, and amygdala); whereas, depression may be
associated with a hypofunction of NMDA receptors in cortical regions (i.e. prefrontal,
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perirhinal and temporal cortices). Moreover, the results from the 1H-MRS studies would
support the notion of a hypofunction of the glutamatergic system in cortical regions.
However, pervious drug treatment is a common limitation when interpreting plasma, 1H-
MRS, or postmortem human data. The majority of these studies used patients that were drug
free for at least three to four weeks, but there is a possibility that previous pharmacological
treatments produced neurobiological changes in the brain that were still evident postmortem.

Collectively, the clinical data suggest the involvement of the glutamatergic system in the
pathophysiology of MDD, which includes disruptions in glutamatergic substrate
concentrations and NMDA receptor alterations. Although the role of glutamatergic systems
have yet to be fully elucidated, a “proof of concept” clinical study reported that the
noncompetitive NMDA antagonist ketamine produced rapid and prolonged antidepressant
effects in patients suffering from MDD (Berman et al., 2000). This has generated
tremendous interest in developing new drugs that target glutamatergic mechanisms for the
treatment of MDD. Figure 1 shows potential drug targets on the NMDA receptor and
EAAT2.

: Noncompetitive NMDA Receptor Antagonist, Drug of Abuse and

Antidepressant

Drug of abuse

Ketamine, a dissociative anesthetic with hallucinogenic properties, is a derivative of
phencyclidine and was developed in the 1960s by Dr. Calvin Lee Stevens of Wayne State
University for the pharmaceutical company Parke-Davis. In 1964, ketamine was
experimentally administered to human subjects to test the safety and general anesthetic
properties of ketamine, and the subjects reported few side effects and described feelings of
floating or having no feeling in their limbs. Ketamine was approved by the FDA in 1970 for
use as a short-acting anesthetic in humans and animals and was given to injured American
soldiers during the Vietnam War (Domino, 2010). Ketamine, which is distributed under the
trade names Ketalar®, Ketaset®, and Vetamine®, is still widely used in human and
veterinary medicine with approximately 16,000 dispensed ketamine prescriptions in 2012
(Domino, 2010; Drug Enforcement Administration, 2013).

Ketamine, also known as “Special K,” became popular as a recreational drug in the mid-
1990s. As a result of its increased recreational use, ketamine became a Schedule 111 non-
narcotic substance under the Controlled Substances Act in 1999 (Drug Enforcement
Administration, 2013). Although the illicit use of ketamine appears to be relatively low in
the United States with less than 2% of the population using hallucinogens (Substance Abuse
and Mental Health Services Administration, 2013), which also includes lysergic acid
diethylamide, phencyclidine, peyote, mescaline, psilocybin mushrooms, and “ecstasy,” the
popularity of ketamine continues to grow in other countries. For example, ketamine (23.2%)
is the second most abused substance in Hong Kong with heroin (61.7%) being the most
abused substance (Shek, 2007). The use of ketamine also has been on a rise over the past
decade, specifically among “dance” or “club” drug users in Europe (McCambridge,
Winstock, Hunt, & Mitcheson, 2007, 2007; Shek, 2007; Winstock, Mitcheson, Gillatt, &
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Cottrell, 2012). At subanesthetic or emergence from anesthetic doses, ketamine produces
hallucinations (i.e. distorts perceptions of sight and sounds), mood and body image changes,
and make the user feel disconnected (or dissociated) from their body/reality. The
hallucinogenic effects of ketamine have been termed the “K-hole” by users, and the duration
of these effects are relatively short, 30 to 60 min, as compared to phencyclidine (Drug
Enforcement Administration, 2013).

of action

Ketamine is a noncompetitive NMDA receptor antagonist (aka channel blocker) that binds
to the phencyclidine site inside the ion channel of the NMDA receptor, blocking the channel
in a way that is similar to how Mg2* blocks NMDA receptors, and is non-selective for the
NR2A-D subunits of the NMDA receptor channel (Lord et al., 2013; Yamakura, Mori,
Masaki, Shimoji, & Mishina, 1993; Yamakura & Shimoji, 1999). While many have
categorized ketamine as a high affinity NMDA receptor antagonist, in vivo autoradiography
studies suggest that ketamine has relatively low affinity for the NMDA receptor (K =
659-1190 nM) (Bresink, Danysz, Parsons, & Mutschler, 1995; Roth et al., 2013).
Additionally, selectivity of ketamine for the NMDA receptor appears to be weak as
compared to other receptors. For example, ketamine has been shown to have higher receptor
affinity for in vitro human cloned dopamine D, receptors (Kj = 55 nM) than for NMDA
receptors (Kj = 659-1190 nM) (Seeman, Ko, & Tallerico, 2005); however, a follow up study
found that ketamine did not exert functional activity (i.e. as a full agonist, partial agonist, or
antagonists) at in vitro dopamine D5 receptors (Jordan et al., 2006). Ketamine is
approximately 12 and 20-fold more selective for NMDA receptors as compared to serotonin
5-HT,A and mu opioid receptors, respectively (Kapur & Seeman, 2002; Smith et al., 1987).
Furthermore, ketamine also has weak binding affinity for sigma (Mendelsohn, Kalra,
Johnson, & Kerchner, 1985), muscarinic (Hirota, Hashimoto, & Lambert, 2002), and x and &
opioid receptors (Smith et al., 1987), as well as dopamine, norepinephrine, and serotonin
transporters (Nishimura et al., 1998).

Antidepressant clinical studies

Tables 4 provide a summary of the clinical trial results and the current status of ketamine for
the treatment of MDD. In 2000, the noncompetitive NMDA receptor antagonist ketamine
was first used in a “proof of concept” randomized, double- blind study to assess the effects
of ketamine on MDD in seven patients who received both vehicle and ketamine treatment
(counterbalanced). A single, subanesthetic dose of ketamine (0.5 mg/kg) was intravenously
(i.v.) infused over 40 minutes, and the antidepressant effects of ketamine were assessed
using the Hamilton Depression Rating Scale (HDRS) and Beck Depression Inventor (BDI).
In comparison, an anesthetic dose for ketamine in humans ranges from 1.0 mg/kg to 4.5
mg/kg intravenous and from 6.5 mg/kg to 13.0 mg/kg intramuscular. In this study, ketamine
produced rapid, within four hours, and prolonged antidepressant effects that lasted up to 72
hours as compared to placebo control (Berman et al., 2000). This rapid antidepressant effect
of ketamine is far superior to the 4-12 week delay with current antidepressant drugs
(Schulberg et al., 1998; Uher et al., 2011). The hallucinogenic (or psychotomimetic) effects
(e.g. out of body experience, hallucinations, etc.) of ketamine subsided (within two hours)
prior to the onset of the antidepressant effects as measured by the Visual Analog Scales for
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intoxication “high” (VAS-high) and Brief Psychiatric Rating Scale (BPRS) (Berman et al.,
2000). This was the first clinical study to demonstrate that glutamatergic drugs may be
effective for the treatment of MDD.

One limitation of the Berman et al. (2000) study was the limited three day follow-up period.
In that study, the ketamine-treated patients did not return baseline depression scores during
the follow-up period, which makes it difficult to determine the duration of the antidepressant
effects of ketamine. Thus, Zarate and colleagues conducted a clinical study to assess the
antidepressant effects of ketamine in patients with treatment-resistant MDD and to
determine a better understanding of the duration of the antidepressant effects. Following a
single 0.5 mg/kg infusion of ketamine, treatment-resistant patients showed a significant
reduction in depression scores at 110 min that lasted up to seven days as measured by HDRS
(Zarate et al., 2006). Specifically, 71% of the patients achieved response criteria one day
after the infusion, while 29% achieved full remission. Additionally, 35% maintained
response criteria on day seven (Zarate et al., 2006). Again, the hallucinogenic (or
psychotomimetic) effects diminished before the onset of the antidepressant effects of
ketamine (within two hours). This study confirmed the finding in the Berman et al. (2000)
study that ketamine produces rapid and prolonged antidepressant effects in the treatment of
depression and extended ketamine's efficacy to treatment-resistant MDD.

Two studies have evaluated the effects of repeated ketamine infusion in patients suffering
from treatment-resistant MDD to determine if repeating dosing could extend the
antidepressant effects of ketamine beyond seven days. In both studies, patients received six
ketamine infusions over approximately 12 days. One study found that the average relapse
rate was 19 days after the sixth and final ketamine infusion, with one patient remaining in
remission for more than three months (ann het Rot et al., 2010). In the second study,
ketamine infusions produced an antidepressant effect in 70.8% of the patients and these
antidepressant effects lasted for a median of 18 days (four participants were still in
remission at the last follow up visit [83 days]) (Murrough et al., 2013). Both of these studies
reported safety and tolerability similar to the single ketamine infusion studies.

In the study by Murrough et al. (2013), they compared the effects of a single low dose of
ketamine (0.5 mg/Kkg, i.v.) to an active placebo, the anesthetic benzodiazepine midazolam
(0.045 mg/kg, i.v.), in treatment-resistant patients. Following drug infusion, the ketamine
group showed a 64% response rate at 24 hours and 46% response rate on day seven;
whereas, the midazolam group showed a response rate of 28% at 24 hours and 18% on day
seven (Murrough et al., 2013). These results suggested that the antidepressant effects of
ketamine are not a result of its anesthetic properties. Another study compared the effects of
ketamine and electroconvulsive therapy (ECT) in patients suffering from MDD. This study
found that both ketamine and ECT produced antidepressant effects; however, ketamine
produced superior antidepressant effects in terms of response onset. For example, ketamine
produced rapid antidepressant effects starting at 24 hours; whereas, the antidepressant
effects of ECT were not expressed until day two. The antidepressant effects of both
ketamine and ECT lasted until the completion of the study, which was seven days (Ghasemi
et al., 2014). These results suggest that ketamine is as efficacious, if not more efficacious, as
ECT for treating MDD.
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In addition to the previously mentioned studies, several other clinical studies have found that
i.v. infusions of low-dose ketamine produce rapid and sustained antidepressant effects in
patients with MDD (Machado-Vieira et al., 2009; Mathew et al., 2010; Rasmussen et al.,
2013) and a rapid reduction in suicidal ideation/cognition in patients with treatment-resistant
MDD (DiazGranados et al., 2010; Price, Nock, Charney, & Mathew, 2009; Price et al.,
2014; Zigman & Blier, 2013). An anti-anhedonic effect of ketamine treatment in treatment-
resistant bipolar depression was recently demonstrated by Lally et al. (2014). Ina
randomized, placebo- controlled, double-blind crossover design, 36 treatment-resistant
bipolar depression patients were treated with a single, low intravenous dose of 0.5 mg/kg
ketamine. They found that ketamine rapidly reduced anhedonia in these patients within 40
minutes and that these effects preceded reductions in other depressive symptoms. Also, the
decrease in anhedonic symptoms persisted up to 14 days. The authors concluded that these
findings demonstrate the importance of glutamatergic mechanisms for the treatment of
treatment-refractory bipolar depression and especially for the treatment of anhedonia
symptoms.

Researchers have started to evaluate alternative routes of administration for ketamine to
improve safety and possibly reduce the psychotomimetic side effects of ketamine.
Furthermore, the hospital visits and the duration associated with the i.v. administration of
ketamine may become an issue for patient compliance. Two case studies have demonstrated
that orally administered low doses of ketamine were effective in relieving depressive
symptoms in several MDD patients (Irwin & Iglewicz, 2010; McNulty & Hahn, 2012). This
finding was extended in a 28-day, open-label, proof-of-concept trial of daily, low dose (0.5
mg/kg) oral with 8 patients with symptoms of depression or depression mixed with anxiety
(Irwin et al., 2013) and in a study using sublingual administration of low dose ketamine in
26 out-patients with refractory unipolar or bipolar depression (Lara, Bisol, & Munari, 2013).
Both of these studies reported minimal to no psychotomimetic effects of ketamine with oral
administration. Another small, open-label study found that intramuscular administration of
ketamine (0.5 and 0.25 mg/kg) produced rapid (two hours) and sustained (four days)
antidepressant effects to a similar magnitude to that of i.v. administration of ketamine (0.5
mg/kg). Psychotomimetic or dissociative effects were not evaluated in this study (Chilukuri
et al., 2014). Finally, a double-blind, crossover clinical study has shown that intranasal
administration of ketamine (50 mg) produced rapid (40 min) and sustained (two days)
antidepressant effects with minimal psychotomimetic and dissociative side effects (Lapidus
et al., 2014). These studies demonstrate that there may be effective alternative routes of
administration of low-dose ketamine treatment for MDD that have a reduced risk of adverse
side effects, which are likely a result of reduced levels of bioavailable ketamine as compared
to i.v. administration of ketamine.

Several studies have evaluated potential biomarkers to determine which MDD patients may
respond to ketamine treatment. For example, baseline D-serine plasma concentrations and
baseline neurocognitive performance (specifically processing speed and attention) prior to
initiation of ketamine infusions were significantly lower for treatment-resistant MDD
patients that responded to ketamine as compared to non-responders (Moaddel et al., 2014;
Murrough et al., 2014; Shiroma et al., 2014). Other potential predictors include higher body
mass index (BMI), family history of alcohol abuse (i.e. first degree relatives), and no history
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of suicide attempts (Niciu et al., 2014). Furthermore, the dissociative side effects produced
by ketamine at 40 min (as measured by the Clinician Administered Dissociative States Scale
[CADSS]) are negatively correlated to the antidepressant effects of ketamine at 230 min and
day seven (i.e. higher CADSS scores were associated with lower HDRS scores)
(Luckenbaugh et al., 2014). In contrast, the relationship between peripheral concentrations
of brain-derived neurotropic factor (BDNF) and ketamine responders is not fully
understood. Several clinical studies have reported a negative correlation between patients
that respond to ketamine treatment and BDNF concentrations such that reductions in
depressive symptoms are associated with increased concentrations of peripheral BDNF
(Duncan et al., 2013; Haile et al., 2014; Laje et al., 2012). Conversely, the plasma
concentrations of BDNF were not associated the antidepressant effects of ketamine as there
was no difference in BDNF levels between ketamine responders and non- responders
(Machado-Vieira et al., 2009). Moreover, a single ketamine infusion did not change the
amino acid neurotransmitter (i.e. glutamate, glutamine, and GABA) concentrations in the
occipital cortex as measured by IH-MRS (Valentine et al., 2011), suggesting that changes in
the amino acid neurotransmitter concentrations in the occipital cortex are not associated with
the antidepressant effects of ketamine. At the time of this review, there are more than 20
clinical trials evaluating the antidepressant effects of ketamine, which include studies
focused on treatment-resistant MDD (e.g. NCT01920555 and NCT00088699), suicide risk
(e.g. NCT02094898), and the potential biomarkers for ketamine responders (e.g.
NCT02165449 and NCT01945047).

Other Glutamatergic Drugs for the Treatment of Major Depressive Disorder

Tables 5 provides a summary of the clinical trial results and the current status of the
glutamatergic drugs described below for the treatment of MDD.

Noncompetitive NMDA receptor antagonists

Memantine, which was approved by the FDA for the treatment of Alzheimer's disease in
2013 and marketed by Forest Pharmaceuticals in the United States under the trade name
Namenda® (Mount & Downton, 2006), is a selective low-affinity NMDA receptor
antagonist that has been evaluated as a treatment for MDD. Unlike ketamine, memantine did
not produce rapid or sustained antidepressant effects in clinical research. In fact, three
clinical studies found that daily memantine (5-20 mg) was not superior to placebo for the
treatment of MDD (Lenze et al., 2012; Smith et al., 2013; Zarate et al., 2006). A single
clinical study found that daily memantine produced antidepressant effects in patients
suffering from MDD comorbid with alcohol dependence, but it was not superior to the SSRI
escitalopram (Muhonen, Lonngvist, Juva, & Alho, 2008). Memantine was generally well
tolerated. Although ketamine and memantine possess similar binding affinity for the NMDA
receptors, these NMDA antagonists do not produce similar antidepressant effects.

Low trapping NMDA receptor channel blocker

AstraZeneca originally developed the low affinity and low trapping NMDA receptor open-
channel blocker AZD6765 (lanicemine) as a neuroprotective agent, but later decided to
pursue lanicemine as a treatment for patients with treatment-resistant MDD with the goal of
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improving safety and tolerability as well as reducing the hallucinogenic (or
psychotomimetic) side effects associated with ketamine. There are published results on three
different Phase 11 clinical trials with lanicemine. In two clinical trials (NCT00491686 and
NCT00986479), a single i.v. infusion of lanicemine failed to produce any meaningful
antidepressant effects in treatment-resistant MDD patients (Sanacora et al., 2013; Zarate et
al., 2013). Specifically, in the first clinical trial (NCT00491686) lanicemine (100 mg) failed
to produce a statistically significant reduction in depressive symptoms, which was
confounded by a large placebo effect (Sanacora et al., 2013). In the second clinical trial
(NCT00986479), lanicemine (150 mg) produced rapid (at 80 min) antidepressant effects
following a single infusion, but these antidepressant effects dissipated by 230 mins (Zarate
et al., 2013). In a third clinical trial (NCT00781742), three weeks of repeated lanicemine
treatment (100 or 150 mg) was tested as an adjunctive treatment to ongoing antidepressant
treatment. Lanicemine (100 and 150 mg) produced antidepressant effects after two weeks of
repeated dosing, and these antidepressant effects continued until week five of the study,
which was two weeks after the last lanicemine i.v. infusion (Sanacora et al., 2013). In these
three clinical trials, lanicemine was well tolerated and did not produce a significant change
in psychotomimetic effects (Sanacora et al., 2013; Zarate et al., 2013). However, by the end
of 2013, AstraZeneca discontinued projects for lanicemine as a treatment for treatment-
resistant MDD citing lack of efficacy in Phase Il clinical trials.

nit selective NMDA receptor antagonists

Pfizer developed the potent and NR2B subunit selective NMDA receptor antagonist
CP-101,606 (traxoprodil) as a neuroprotectant for head injury and stroke, but later it was
evaluated as an adjunctive treatment for patients with treatment-resistant MDD (Butler et al.,
1998). The selectivity of traxoprodil for NR2B subunits of the NMDA receptor complex
was believed to reduce the psychotomimetic effects that have been associated with the
nonspecific NMDA receptor antagonist ketamine. A single eight hour infusion of
traxoprodil (0.75 mg/kg per hour for 1.5 hours, then 0.05 mg/kg per hour for 6.5 hours) was
evaluated as an adjunctive treatment to paroxetine (40.0 mg/day) in a double-blind between
subjects design clinical study. Traxoprodil produced rapid (five days) antidepressant effects
with 60% of the patients meeting response criteria. However, traxoprodil produced
psychotomimetic effects in four of the nine patients that met response criteria (Preskorn et
al., 2008). Although a phase Il clinical trial was conducted in 2005-2006 to evaluate the
effects of monotherapy traxoprodil in patients with treatment-resistant depression
(NCT00163059), to date, there are no published results from these clinical trials.

Recently, the NR2B subunit selective NMDA receptor antagonist MK-0657, which was
developed by Merck for the treatment of Parkinson's disease, was the first oral formulation
NMDA receptor antagonist to be tested in treatment-resistant MDD patients. This was a
double- blind, placebo-controlled study in which the patients received either MK-0657
(4.0-8.0 mg/d) or placebo for 12 days. MK-0657 produced inconsistent antidepressant
effects from day 5 to day 12 as measured by HDRS and BDI, receptively; however,
MK-0657 failed to produce a significant reduction in depression symptoms as measured by
Montgomery-Asberg Depression Rating Scale (MADRS). MK-0657 did not produce
psychotomimetic or adverse side effects. One possible explanation for the inconsistent

Exp Clin Psychopharmacol. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hillhouse and Porter

Page 18

results is that the study was terminated after only five patients completed both phases of the
study. Early termination of the study was due to recruitment challenges and Merck
discontinued the manufacturing of the compound (Ibrahim et al., 2012). In April 2013, the
neuroscience biotech company Cerecor Inc. announced that it had acquired exclusive rights
from Merck to develop and commercialize MK-0657 for all human indications. Cerecor Inc.
will continue to pursue MK-0657 as a rapid treatment for depression as well as other central
nervous system disorders.

Partial agonist at the glycine binding site of NMDA receptors

D-cycloserine, which is a broad spectrum antibiotic used to treat tuberculosis and marketed
by Eli Lilly under the trade name Seromycin®, has been evaluated in patients with
treatment-resistant MDD because of the pharmacological actions produced by D-cycloserine
at the NMDA receptor. D-cycloserine binds to the glycine binding site on the NMDA
receptor complex and pharmacological functions as a partial agonist. Typically, partial
agonists will produce agonist effects at low doses, but will produce antagonist effects at high
doses. In 2006, the antidepressant effects of adjunctive D- cycloserine (250 mg/day)
treatment was evaluated in a double-blind 6 week crossover study. While D-cycloserine was
well tolerated and did not produce psychotomimetic effects, D- cycloserine failed to produce
antidepressant effects (Heresco-Levy et al., 2006). In a recent study, a high dose (titrated up
to 1000 mg/day) adjunctive treatment of D-cycloserine produced antidepressant effects after
six weeks of treatment (or two week after the final 2000 mg/day was reached) (Heresco-
Levy et al., 2013). To date, there are no published studies evaluating D- cycloserine as a
monotherapy for the treatment of MDD. At the time of this review, participants with bipolar
depression are being recruited for a Phase 1V clinical trial to evaluate D-cycloserine for
relapse prevention in patients that response to ketamine infusions (NCT01833897).

Naurex Inc. developed a novel compound, GLY X-13, which is a tetrapeptide (TPPT-
amide), for the treatment of MDD with the goal of producing rapid antidepressant effects
without producing psychotomimetic side effects. Unlike the NMDA receptor antagonists
and channel blockers, GLY X-13 binds to the glycine-site of the NMDA receptor and acts as
a functional partial agonist and this difference in pharmacological action is believed to
reduce psychotomimetic side effects (Burgdorf et al., 2013; Moskal et al., 2005). In a Phase
Il clinical study comprised of 112 MDD patients across 12 United States centers, GLYX-13
produced rapid and sustained antidepressant effects following a single infusion (5.0-10.0
mg/kg; 3-15 min infusion), and, most importantly, did not produce psychotomimetic effects.
Specifically, the antidepressant effects of GLY X-13 were apparent at the end of day one and
persisted until day seven following the single infusion (Moskal et al., 2014). At the time of
this review, a Phase Il double-blind, placebo control, multi-dose clinical trial is underway
(NCT01684163).

In addition to GLY X-13, Naurex Inc. has developed another novel compound NRX- 1074,
which is similar to GLY X-13; however, NRX-1074 is an orally bioavailable compound and
is more potent than GLY X-13. In Phase | clinical trials, NRX-1074 was well tolerated
(Naurex Inc., 2014). At the time of this review, Naurex Inc. is recruiting for Phase | safety
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and pharmacokinetics (NCT01856556) and Phase Il multi-dose single infusion for patients
with MDD (NCT02067793) clinical trials.

Excitatory amino acid transporter 2 (EAAT2) enhancer

The EAAT2 glutamate reuptake enhancer riluzole, which is approved by the FDA for the
treatment of amyotrophic lateral sclerosis (ALS) and marketed by Sanofi-Aventis under the
trade name (Rilutek®), has been evaluated under a number of conditions for the treatment of
MDD including monotherapy, adjunctive therapy, and ketamine relapse prevention. Riluzole
was evaluated as a treatment for MDD because of its duel pharmacological in the
glutamatergic system. Specifically, riluzole increases the reuptake of glutamate into
astrocytes via EAAT2 (Azbill, Mu, & Springer, 2000) and inhibits glutamate release (Wang,
Wang, & Wang, 2004), which produces pharmacological effects similar to the effects
NMDA receptor antagonists such that riluzole can reduce NMDA receptor activation by
decreasing the concentrations of glutamate available to bind to postsynaptic NMDA
receptors. The antidepressant effects of riluzole were first evaluated in an open-label clinical
study in patients with treatment-resistant MDD. In the open-label clinical study, daily
riluzole (mean dose of 169 mg/day) produced antidepressant effects on weeks three through
week six as compared to baseline MADRS score. There was not a placebo control in this
study (Zarate et al., 2004). In a small scale clinical study (n = 10), adjunctive riluzole (100
mg/day) treatment produced a rapid decrease in depressive symptoms from week one
through week six as compared to baseline HDRS scores. There was not a placebo control in
this study (Sanacora et al., 2007). Two double-blind clinical studies evaluated riluzole as
relapse prevention for patients that response to a single infusion of ketamine; however, both
studies found that riluzole was no more effective than placebo for ketamine relapse
prevention (Ibrahim et al., 2012; Mathew et al., 2010). Moreover, riluzole did not produce
antidepressant effects in patients that did not response to ketamine infusions (i.e. ketamine
non-responders) (Niciu et al., 2014). In general, riluzole was well tolerated in these studies
and psychotomimetic effects were not observed. At the time of this review, two Phase |1
double-blind, placebo control, adjunctive treatment clinical trial are underway for patients
with treatment-resistant MDD (NCT01204918 and NCT01703039).

Conclusion

While a majority of MDD patients respond to monoamine based pharmacological
treatments, there is a large subgroup of patients that do not response to these treatments (i.e.
treatment-resistant patients). Since the first proof-of-concept study in 2000, researchers have
evaluated the glutamatergic system and pursued glutamatergic-based drugs as novel
mechanism for the treatment of these patients with some success. Specifically, the
noncompetitive NMDA receptor antagonist ketamine produces rapid and sustained
antidepressant effects in open-label, double-blind, and active-placebo clinical trials, but it
also produces psychotomimetic effects (albeit, of short duration). Several potential
biomarkers, such as baseline D-serine concentrations and neurocognitive baseline
performance, have been identified as predictors for the patients that respond to ketamine
treatment. Additionally, the glycine-site partial agonist GLY X-13 has produced rapid and
sustained antidepressant effects in Phase I clinical trials with no significant
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psychotomimetic effects. Other glutamatergic-based drugs (e.g. memantine and MK-0657)
have failed to produce meaningful antidepressant effects in MDD patients. Tables 4 and 5
provide a summary of the clinical trial results and the current status of ketamine and other
glutamatergic drugs for the treatment of MDD. Currently, preclinical research is evaluating
the pharmacological and intracellular effects that are responsible for the antidepressant
effects of ketamine (e.g. Li et al., 2010; Autry et al., 2011), which will aid the development
of novel glutamatergic drugs (for an excellent review on the preclinical findings see Browne
& Lucki, 2013). In conclusion, the clinical findings to date are encouraging and support the
continued search for and the development of novel compounds, such as ketamine and
GLYX-13, which target glutamatergic mechanisms for the treatment of MDD and for
treatment-resistant depression.
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Glutamatergic System

Glutamatergic Drug Targets

Resupplies presynaptic

Reuron Glutamine

Glutamate

Glutamine

Glutamine
Synthetase

i

Presynaptic neuron %

Figure 1.

Tripartite glutamatergic synapse and potential drug targets. Left panel: The presynaptic
neuron releases glutamate in response to action potentials. Glutamate can bind to ionotropic

(i.e. NMDA, AMPA, kainate) and metabotropic (i.e mGIuR) receptors located on the

presynaptic and postsynaptic neuron as well as on astrocytes. Synaptic glutamate reuptake is
performed primarily by the EAAT2 located on astrocytes. Within the astrocyte, glutamate is

converted to glutamine (glutamate/glutamine cycle) via glutamine synthetase and then

resupplied to the presynaptic neuron where it is used for synthesis of glutamate. Right panel:
Potential NMDA and EAAT2 drug targets: (A) Noncompetitive NMDA receptor antagonist
(e.g. ketamine and memantine) and low-trapping NMDA receptor channel blockers
(lanicemine [AZD6765]); (B) NR2B subunit selective NMDA receptor antagonists (e.g.

traxoprodil [CP-101,606] and MK-0657); (C) Partial agonist at the glycine binding site of
NMDA receptors (e.g. D-cycloserine, GLYX-13, and NRX- 1074); (D) EAAT2 enhancers
(e.g. riluzole). Abbreviations: NMDA, N-methyl-p-aspartate; AMPA, a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid; mGIuR, metabotropic glutamate receptors;

EAAT2, excitatory amino acid transporter 2.
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Alterationsin glutamatergic substratesin major depressive disorder using indirect

Table 1

measures for analysis

Interest Region of Analysis

Change

Reference

Glutamate Serum

Plasma

Platelet-rich plasma®
Glutamine Serum
Plasma

Cerebrospinal fluid

No Difference

Increased

Supersensitivity to glutamate
Increased

Decreased
Increased

No Difference

Maes et al., 19982

Altamura et al., 1993

Mauri et al., 1998
Kictkibrahimoglu et al., 2009
Berk et al., 2001

Maes et al., 19982
Altamura et al., 1993
Levine et al., 2000

Garakani et al., 2013P

a . . .
decrease after 5-week antidepressant; however, no difference prior to treatment

b . . .
decrease after 8-week antidepressant; however, no difference prior to treatment

c . . . .
platelet intracellular calcium response to glutamate stimulation
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Table 2

Page 34

Alterationsto glutamatergic concentr ations measur ed by proton magnetic resonance

spectroscopy (*H-MRS)

Interest Region of Analysis Change Reference
Glutamate Occipital cortex Increased Sanacora et al., 2004
Glutamate/Glutamine (GIx)  Anterior cingulate cortex Decreased  Auer et al., 2000
Pfleiderer et al., 20032
Mirza et al., 2004
Hippocampus Decreased Block et al., 2009b
Dorsolateral prefrontal cortex Decreased  Michael et al., 20032

Dorsomedial and ventromedial prefrontal cortex — Decreased

Hasler et al., 2007

a . Lo .
GIx major depressive disorder levels recovered to healthy control following ECT treatment

b . . .
no change in GIx levels following 8-weeks of citalopram treatment
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Alterationsin N-methyl-p-aspartate (NM DA) receptor subunit expression in postmortem

Table 3

tissue from major depressive disorder patients

Page 35

Receptor Subunit/site Region of Analysis Molecular Assay Change Reference
NR1 Superior temporal cortex ~ Western blot Decreased Nudmamud-Thanoi et al.,
2004
Prefrontal cortex In situ hybridization Decreased Beneyto et al., 2008
Western blot No change Feyissa et al., 2009
NR2A Perirhinal cortex In situ hybridization Decreased Beneyto et al., 2007
Prefrontal cortex In situ hybridization Decreased Beneyto et al., 2008
Western blot Decreased Feyissa et al., 2009
Lateral amygdala Western blot Increased Karolewicz et al., 2009
NR2B Perirhinal cortex In situ hybridization Decreased Beneyto et al., 2007
Prefrontal cortex Western blot Decreased Feyissa et al., 2009
Locus coeruleus Polymerase chain reaction (PCR)  Increased Chandley et al., 2014
NR2C Locus coeruleus Western blot Increased Karolewicz et al., 2005
Polymerase chain reaction (PCR)  Increased Chandley et al., 2014

Glutamate Binding site

Hippocampus

Autoradiography [3H]CGP39653

Increased binding

Beneyto et al., 2007
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