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Abstract
Existing treatments for major depressive disorder (MDD) usually take weeks to months to achieve
their antidepressant effects, and a significant number of patients do not have adequate improvement
even after months of treatment. In addition, increased risk of suicide attempts is a major public health
concern during the first month of standard antidepressant therapy. Thus, improved therapeutics that
can exert their antidepressant effects within hours or a few days of their administration are urgently
needed, as is a better understanding of the presumed mechanisms associated with these rapid
antidepressant effects. In this context, the N-methyl-D-aspartate (NMDA) antagonist ketamine has
consistently shown antidepressant effects within a few hours of its administration. This makes it a
valuable research tool to identify biomarkers of response in order to develop the next generation of
fast-acting antidepressants. In this review, we describe clinical, electrophysiological, biochemical,
and imaging correlates as relevant targets in the study of the antidepressant response associated with
ketamine, and their implications for the development of novel, fast-acting antidepressants. We also
review evidence that alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) to
NMDA throughput may represent a convergent mechanism for the rapid antidepressant actions of
ketamine. Overall, understanding the molecular basis of this work will likely lead to the ultimate
development of improved therapeutics for MDD.

Keywords
antidepressant; depression; glutamate; ketamine; rapid onset

1. Introduction
The need for new, improved antidepressants

Major depressive disorder (MDD) is a serious, recurrent, heterogeneous, and disabling
psychiatric illness that affects millions of individuals worldwide, and has a major negative
impact on public health and productivity (Baune, Adrian, & Jacobi, 2007; Kessler et al.,
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2006). More than half a century ago, it was observed that the antidepressant imipramine was
clinically effective in treating MDD. Since then, a great many other antidepressants have been
developed; these are largely similar to imipramine in their mechanism of action, but are more
selective. For instance, selective serotonin reuptake inhibitors (SSRIs) are safer and better
tolerated than tricyclic antidepressants, but they have not been equivocally shown to offer
advantages in terms of efficacy or speed of onset of action. Most surprisingly, recent studies
clearly show that antidepressants are of only limited effectiveness for many patients. For
example, in the largest open-label study (STAR*D) evaluating standard therapies for MDD,
less than one-third of patients receiving standard antidepressants experienced remission after
up to four months of treatment (Thase et al., 2005; Trivedi et al., 2006). Furthermore, remission
in half of the patients often required six months of treatment and two antidepressant trials
(Judd et al., 2002).

In addition to the issue of efficacy, the delayed onset of therapeutic effects associated with
standard antidepressants is still a major challenge in the treatment of MDD. This is a critical
public health problem, because high rates of mortality and morbidity are present during this
latency period, and these are associated with a worse long-term course (Machado-Vieira,
Salvadore, Luckenbaugh, Manji, & Zarate, 2008). Furthermore, despite the relatively large
number of antidepressants available (Rush et al., 2006; Trivedi et al., 2006), our limited
understanding of both the pathophysiology of MDD and the mechanisms of action involved
in the therapeutic effects of antidepressants have been significant impediments to developing
improved treatments. The key mechanism of action in the effects of standard antidepressants
is thought to be their ability to increase monoamines in the synapses. Given that the clinical
efficacy of these traditional agents is typically observed only after weeks of treatment, recent
theories have suggested that monoamines are only primary effectors, modulating downstream
signaling pathways responsible for their therapeutic efficacy (Manji & Lenox, 2000; Payne,
Quiroz, Zarate, & Manji, 2002).

In recent years, it has become increasingly clear that there is an urgent need to develop
pharmacological treatments for MDD that exert rapid and sustained antidepressant effects
within hours or even a few days. In this context, the finding that the N-methyl-D-aspartate
(NMDA) antagonist ketamine induces a rapid antidepressant response within hours has led to
exciting new research into cellular mechanisms that affect rapid antidepressant action.
Relatedly, accumulating evidence suggests that alterations in the regulation of glutamatergic
neurotransmission contribute to the pathophysiology of MDD, as well as to the mechanism of
existing antidepressants. This supporting evidence comes from: 1) findings of glutamatergic
abnormalities in patients with MDD; 2) effects of existing antidepressants and mood stabilizing
medications on the glutamatergic system; 3) preclinical evidence suggesting that drugs
targeting various components of glutamate neurotransmission possess antidepressant and
anxiolytic properties; and 4) recent studies demonstrating the effectiveness of glutamate-
modulating agents in the treatment of mood disorders.

Thus, it appears that agents targeting the glutamatergic system may be key to developing a new
generation of improved treatments for this devastating illness. In this article, we describe recent
advances in this area with a special focus on the role of ketamine as a proof of concept agent
for the development of new, improved treatments for MDD (Sanacora, Zarate, Krystal, &
Manji, 2008).

General overview of the glutamatergic system
Glutamate is a critical excitatory neurotransmitter in the human brain system and is known to
play a major role in cellular plasticity and cellular resilience (Sanacora et al., 2008). Diverse
clinical studies have supported a critical role for the glutamatergic system in the
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pathophysiology of MDD, and it is believed to be a key target in mood regulation (reviewed
in (Maeng & Zarate, 2007; Sanacora et al., 2008; Zarate, Quiroz, Payne, & Manji, 2002)).

Glutamate acts pre- and postsynaptically through the activation of diverse receptors
characterized by structural characteristics. Ionotropic glutamate receptors—NMDA, alpha-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and kainate (KA)—are ion
channels that open the channel pore and allow ionic influx to the cell when activated. This
influx regulates the neuronal surface’s polarization, thus activating intracellular signaling
cascades. In contrast, the metabotropic receptors (mGluRs) are G-protein–coupled receptors
that directly modulate the second messenger pathways. The mGluRs in group I, including
mGluR1 and mGluR5, stimulate the hydrolyzation of phosphoinositide phospholipids in the
cell’s plasma membrane. The receptors in groups II (including mGluR2 and mGluR3) and III
(including mGluRs 4, 6, 7, and 8), with some exceptions, prevent the formation of cyclic
adenosine monophosphate (cAMP) by activating a G protein that inhibits the enzyme adenylyl
cyclase, which forms cAMP from adenosine triphosphate (ATP). This review focuses on the
ionotropic NMDA and AMPA receptors, which are believed to be directly involved in the
antidepressant actions of ketamine.

NMDA and AMPA receptors
The NMDA receptor channel includes the combination of NR1, NR2 (NR2A–NR2D), and
NR3 (NR3A and NR3B) subunits. Glutamate’s binding site is believed to be in the NR2 subunit,
while the NR1 subunit is the binding site for the glutamate co-agonist glycine. Two sites have
been identified inside the ion channel: the “s” site, and the phencyclidine (PCP) site; the latter
is ketamine’s binding site. The AMPA receptors mediate the rapid, desensitizing excitation at
most of the synapses, and are responsible for the early synaptic response to glutamate. When
activated, AMPA receptors open the pore, thus allowing the influx of sodium and the
consequent neuronal membrane’s depolarization. The AMPA receptors comprise four subunits
(GluR1–GluR4). At mature synapses, AMPA receptors are frequently c-oexpressed with
NMDA receptors, where in concert they contribute to the synaptic plasticity processes involved
in learning, memory, and neuroprotection (Malinow & Malenka, 2002).

2. Evidence for the involvement of the glutamatergic system in the
pathophysiology of MDD: findings from human studies

Changes in the glutamatergic system have been described in the central nervous system (CNS)
(CSF and brain tissue) as well as the periphery in subjects with MDD (Sanacora et al., 2008).
It is not clear whether these peripheral changes in glutamate levels are a central dysfunction
or represent a secondary finding regulated by other variables, including use of medication and
peripheral sources of glutamate (Altamura et al., 1993; Frye, Tsai, Huggins, Coyle, & Post,
2007; Kim, Schmid-Burgk, Claus, & Kornhuber, 1982; Mauri et al., 1998; Mitani et al.,
2006); central glutamatergic measurements thus appear to be more reliable. However, the rapid
turnover between glutamate and glutamine, as well as the current lack of replication and
contradictory findings in this area have limited our understanding of the potential role of
glutamatergic biomarkers in the pathophysiology of MDD (Altamura, Maes, Dai, & Meltzer,
1995; Cortese & Phan, 2005; Francis, 2003; Levine et al., 2000; Maes, Verkerk, Vandoolaeghe,
Lin, & Scharpe, 1998).

Imaging, post-mortem, and genetic studies
Brain glutamate levels have been measured in vivo using proton magnetic resonance
spectroscopy (1H-MRS), which quantifies the peak of glutamate resonances, comprising
glutamate, glutamine, and gamma-aminobutyric acid (GABA) components. This lack of
specificity for glutamate, as well as the few studies able to measure this peak in areas other
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than the occipital cortex (which has a limited role in behavioral regulation), supports the need
for new studies or tools to further evaluate brain glutamatergic system regulation in MDD.
Overall, data indicating elevated glutamate levels in the occipital cortex and reduced levels in
the anterior cingulate cortex are the most relevant findings in this area (Hasler et al., 2007;
Sanacora et al., 2004). Notably, modern 13C-MRS studies able to measure glutamate/glutamine
cycling rate may soon provide detailed data about glutamatergic function changes associated
with MDD (de Graaf, Mason, Patel, Behar, & Rothman, 2003; Sanacora et al., 2008).

Similarly, post-mortem and genetic studies support the role of glutamatergic system
dysfunction in MDD. For instance, increased levels of glutamate and decreased levels of GluR2
and GluR3 receptor levels have been found in the prefrontal cortex of individuals with MDD
(Beneyto & Meador-Woodruff, 2006; Hashimoto, Sawa, & Iyo, 2007; Scarr, Pavey, Sundram,
MacKinnon, & Dean, 2003). Reduced NMDA receptor binding, NR1 subunit expression,
excitatory amino-acid transporters 1 and 2 of the glia, and glutamine synthetase have also been
found in the temporal and two frontal brain regions of subjects with MDD (Choudary et al.,
2005; Nudmamud-Thanoi & Reynolds, 2004). A similar decrease in the expression of SAP102
(a synapse-associated protein that primarily interacts with the NR2B subunit) has been
observed in the striatum of subjects with MDD (Kristiansen & Meador-Woodruff, 2005).

3. The role of NMDA and AMPA receptor modulators as MDD therapeutics
Emerging data suggest that glutamate plays a critical role in both the acute and long-term action
of antidepressants. Both in vitro and human studies show that new glutamate modulating agents
as well as traditional antidepressants (Pittaluga et al., 2007; Sernagor, Kuhn, Vyklicky, &
Mayer, 1989) directly or indirectly target the glutamatergic system; furthermore, recent
investigations specifically indicate the antidepressant efficacy of glutamate modulating agents
in MDD. The glutamatergic modulators being studied have been shown to either target
glutamate receptors (NMDA, AMPA, and metabotropic) directly, or to target glutamate before
its release into the extracellular space (reviewed in (Maeng & Zarate, 2007; Sanacora et al.,
2008; Zarate et al., 2002)).

With regards to MDD, the role of the glutamatergic system has been studied for decades
(Skolnick, 1999; Skolnick, Legutko, Li, & Bymaster, 2001) mainly in the form of preclinical
studies. Early reports described the action of antidepressants on glutamatergic receptors and
the antidepressant-like effects of NMDA antagonists in animal models. Indeed, diverse animal
studies have demonstrated a role for glutamatergic agents in the treatment of depressive-like
states (Manji et al., 2003). In this context, stress and neuroplasticity have also been shown to
play a role in MDD, and these are also critically regulated by the glutamatergic system
(Pittenger & Duman, 2008). However, for unclear reasons, work on glutamate in mood
disorders remained at a lull until recently, when a series of preclinical and clinical studies “re-
discovered” the importance of glutamate in mood disorders; it is now a very active area of
research.

Several other glutamatergic modulators have been tested in both human and animal studies of
treatment-resistant MDD and found to be of considerable utility. These promising agents
include NMDA antagonists, AMPA potentiators, inhibitors of glutamate-release agents, and
enhancers of glutamate transporters. For instance, NMDA receptor antagonists have
antidepressant-like effects in diverse paradigms (Maeng & Zarate, 2007; Moryl, Danysz, &
Quack, 1993; Papp & Moryl, 1994, 1996; Przegalinski, Tatarczynska, Deren-Wesolek, &
Chojnacka-Wojcik, 1997; Trullas & Skolnick, 1990) (reviewed in (Zarate et al., 2003; Zarate
et al., 2002)). Studies have noted that dizocilpine (MK-801), a channel blocker, and CGP
37849, an NMDA receptor antagonist, have antidepressant-like effects when administered
alone or in combination with standard antidepressants (Maj, Rogoz, Skuza, & Sowinska,
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1992; Meloni et al., 1993; Padovan & Guimaraes, 2004; Papp & Moryl, 1993; Skolnick, Miller,
Young, Boje, & Trullas, 1992; Trullas & Skolnick, 1990).

Notably, Preskorn and colleagues recently investigated the antidepressant efficacy of the NR2B
subunit-selective antagonist CP-101,606 (Preskorn et al., 2008). NMDA receptors containing
the NR2B subunit are localized primarily in the forebrain, including the hippocampus, which
is implicated in the pathophysiology of MDD (Campbell & MacQueen, 2004). Unlike
ketamine, which blocks the receptor-gated ion channel, CP-101,606 inhibits NMDA receptors
by an allosteric mechanism (Mott et al., 1998). The study evaluated a group of patients who
did not respond to the SSRI paroxetine, and who were subsequently randomized to receive a
single, double-blind, IV infusion of either CP-101,606 (1.5 hours at a dose of 0.75mg/kg) or
placebo adjunctive to paroxetine 40mg/day. An initial higher dose during an eight-hour
infusion had been previously tested and found to induce dissociative symptoms in four of seven
patients. In this study, CP-101,606 was superior to placebo on the primary outcome measure
(Montgomery-Asberg Depression Rating Scale (MADRS) score at Day 5). Sixty percent of
these treatment-resistant patients with MDD using the active compound met criteria for
response (50% improvement), and 33% were in remission at Day 5. It is important to note that
among responders at Day 5, more than half maintained a sustained response after 12 days, and
32% maintained a response one month after infusion. Dissociative side effects were present in
four of the first seven subjects randomized and, subsequently, the study medication dose was
significantly lowered. Six out of 15 (40%) patients in the CP-101,606 group experienced
dissociative side effects, compared with two of 15 (13%) in the placebo group. An 8.4-point
greater reduction in MADRS scores was observed in patients receiving CP-101,606 than those
receiving placebo. This study did have several limitations, including that the study compound
was not tested as monotherapy, and that paroxetine also affects the glutamate system (Zarate
& Manji, 2008). In addition, because the dissociative side effects of the study compound were
quite apparent and required dose modification (both total dose and duration of the infusion),
blinding in the study may have been compromised. Nevertheless, these results are quite
promising and warrant further exploration in a larger study.

This article cannot review the role of all these different agents in mood disorders; the interested
reader is referred elsewhere for more information (see (Sanacora et al., 2008)). Instead, this
paper will focus on one agent—the NMDA antagonist ketamine—as an example of how our
understanding of one agent can lead to novel insights into the pathophysiology of mood
disorders, as well as the development of biomarkers and improved therapeutics.

4. Ketamine studies in MDD: a valuable proof of concept tool for the
development of improved therapeutics
Ketamine: overview

Ketamine (dl2-(o-chlorophenyl)-2-(methylamino) cyclohexanone hydrochloride) is a non-
competitive NMDA antagonist (Harrison & Simmonds, 1985) and a derivative of PCP. The
original name for ketamine was CI581, and its discovery is credited to Dr. Calvin Stevens
(Wayne State University) who isolated the compound in 1961. Ketamine is water- and lipid-
soluble, and is easily administered through diverse routes with ample distribution in the body.
Ketamine metabolism is regulated by hepatic microsomal enzymes. It causes bronchodilation
and stimulation of the sympathetic nervous system and cardiovascular system. In clinics,
ketamine, and particularly S(+)-ketamine, is used for premedication, sedation, and induction
and maintenance of general anesthesia; indeed, ketamine has been widely used as a standard
anesthetic in children and adults at doses higher than 2mg/kg (Green et al., 1998). Ketamine
is a suitable anesthetic agent for trauma victims, septic shock, patients with pulmonary diseases,
and hypovolemia (Sinner & Graf, 2008). Metabolites are excreted renally (90%) and fecally
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(5%), with 4% of an administered dose excreted unchanged in urine. Anesthesia lasts five to
10 minutes for IV administration and 12-25 minutes for IM administration.

Ketamine’s primary mechanism of action is blocking the NMDA receptor at the PCP site within
the ionotropic channel. It has a high affinity for the NMDA receptor, with slow open-channel
blocking/unblocking kinetics, and a specific type of channel closure (called “trapping block”).
Simultaneously, it induces a substantial presynaptic release of glutamate by increasing the
firing rate of glutamatergic neurons after activating GABAergic inputs (Moghaddam, Adams,
Verma, & Daly, 1997). As mentioned previously, many animal models have noted ketamine’s
significant antidepressant and anxiolytic effects (Aguado, San Antonio, Perez, del Valle, &
Gomez, 1994; Garcia et al., 2008; Maeng et al., 2008; Mickley et al., 1998; Silvestre, Nadal,
Pallares, & Ferre, 1997; Zarate et al., 2003), and it has been suggested that some of the
properties described above are critical to these effects.

Clinical studies
One initial study found improvement in treatment-resistant depressive symptoms within 72
hours after ketamine infusion in seven subjects with MDD (Berman et al., 2000). More recently,
a fast (within two hours), robust, and relatively sustained antidepressant effect (lasting one to
two weeks) was found after infusion of ketamine in patients with treatment-resistant MDD
(Zarate et al., 2006). In this randomized, double-blind placebo-controlled crossover study, a
single intravenous subanesthetic dose of ketamine (0.5 mg/kg for 40 minutes) induced this
significant, rapid, and sustained effect. More than 70% of patients met the criteria for response
(50% improvement) at 24 hours after infusion, and 35% showed a sustained response after one
week. Two patients maintained their response for at least two weeks in the ketamine group. In
contrast, no patient presented sustained response after one day following infusion in the placebo
group. Mild perceptual disturbances were observed in most patients only in the first hour after
infusion; no serious adverse events occurred.

Patients were rated 60 minutes prior to infusion and at 40, 80, 110, and 230 minutes, as well
as one, two, three, and seven days after the single intravenous dose. Significant improvement
in the Hamilton Depression Rating Scale (HAM-D) with ketamine over placebo was
continuously observed from 110 minutes through seven days. The effect size for the drug
difference was very large (d = 1.46; 95% CI, 0.91–2.01) after 24 hours, and moderate to large
(d = 0.68; 95% CI, 0.13–1.23) after one week. Similar improvements were noted using the
Beck Depression Inventory and Visual Analogue Scale depression scores. The core symptoms
of MDD were significantly attenuated or, in many cases, completed remitted in the first few
hours following ketamine infusion. A linear mixed model with HAM-D showed significant
main effects for drug, time, and an interaction between drug and time (Zarate et al., 2006).

Notably, the response rates obtained with ketamine after 24 hours (71%) are comparable to
those reported after six to eight weeks of treatment with standard monoaminergic-based
antidepressants (65%) (Entsuah, Huang, & Thase, 2001; Thase et al., 2005), highlighting the
relevance of these findings. It is important to mention that the antidepressant efficacy of
ketamine has been noted much beyond its short half-life (Zarate et al., 2006). There has never
been a report of any other somatic or pharmacological intervention that consistently and
reproducibly results in such a dramatically rapid and prolonged response—well beyond the
half-life of the drug—with a single administration. Furthermore, the findings of a rapid
antidepressant response to ketamine in patients with treatment-resistant MDD have now been
replicated in a different cohort involving 26 subjects (Phelps et al., 2008). The magnitude and
time-frame of response to ketamine in this study was similar to our previous finding.

Subsequent reports of ketamine’s antidepressant effects concur with the studies described
above. For instance, similar effects were observed with ketamine in depressed patients who
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were in pre- and post-operative states (Goforth & Holsinger, 2007; Kudoh, Takahira, Katagai,
& Takazawa, 2002), in patients with MDD and concurrent pain syndrome (Correll & Futter,
2006), as well as during a course of ECT (Ostroff, Gonzales, & Sanacora, 2005), thus
reinforcing its relevance as a therapeutic tool to achieve rapid antidepressant response in MDD.
In addition, case reports of ketamine’s rapid antidepressant efficacy in treatment-resistant
MDD comorbid with alcohol dependence and pain syndrome have also been described
(Liebrenz, Stohler, & Borgeat, 2007).

Despite ketamine’s safety profile and lack of physical dependence (Britt & McCance-Katz,
2005; Green et al., 1998), one issue of particular import is ketamine’s sedative and
psychotomimetic side effects, which will probably continue to limit its clinical use in larger
samples. Relatedly, an increased propensity to psychotomimetic effects and tolerance to
ketamine’s antidepressant effects might occur after repeated doses. For instance, a recent case
report noted that a second infusion of ketamine showed limited effect one month after an initial
infusion (Liebrenz et al., 2007). Similarly, repeated exposure to ketamine increases the risk of
severe psychosis, dissociative episodes, and severe emotional distress or euphoria in patients
and healthy subjects (Dillon, Copeland, & Jansen, 2003). Misuse and abuse of therapeutically
relevant agents in psychiatry is not a new phenomenon. Previous reports of misuse of agents
such as benzodiazepines, anti-cholinergic drugs, and stimulants were common.

Despite ketamine’s sedative and psychotomimetic side effects, it does induce a consistently
reproducible antidepressant effect within a short period of time. Thus, its true worth may be
as a research tool. Currently, our laboratory is using ketamine to develop biomarkers of
response in order to develop the next generation of antidepressants. More specifically, we are
examining clinical (e.g, family history), electrophysiological (magnetoencephalographic
(MEG) and anterior cingulate cortex (ACC) activity), biochemical, and imaging correlates of
antidepressant response to ketamine. Such work is important because identifying the biological
correlates associated with ketamine’s rapid antidepressant effects may help identify valuable,
specific biomarkers and novel targets for the development of new compounds that can similarly
produce rapid antidepressant effects, but without ketamine’s side effects. Below, we describe
some of the clinical, electrophysiological, and biochemical correlates of antidepressant
response to ketamine.

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

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

ACC activity
In a study using conventional antidepressants, Mayberg and colleagues (1997) were the first
to show that higher rostral ACC (BA 24a/b) metabolism differentiated treatment responders
from non-responders at six weeks (Mayberg et al., 1997). A recent functional MRI study found
that faster improvement of depressive symptoms with fluoxetine was predicted by more
positive functional activation of the ACC during the face emotional task (Chen et al., 2007).
Similarly, patients with better antidepressant response to nortriptyline also had hyperactivity
(higher theta activity) in the rostral ACC (Brodmann’s area 24/32), thus supporting the role of
ACC activation as a predictor of antidepressant response (Pizzagalli et al., 2001). Other
antidepressants, as well as sleep deprivation, have also been shown to produce similar effects
(Saxena et al., 2003; Wu al., 1999).

Interestingly, the antidepressant effects of ECT also appear to be correlated with increased
metabolism in the left subgenual ACC (McCormick et al., 2007). Likewise, high pretreatment
ACC activity predicted better response to repetitive transcranial magnetic stimulation (rTMS)
(Langguth et al., 2007). A consistent association between increased subgenual cingulate (Cg25)
activity and acute sadness has also been noted using positron emission tomography (PET); in
this study, application of chronic deep brain stimulation (DBS) close to the subgenual cingulate
region (Brodmann’s area 25) reduced the elevated activity in this area, and this reduction was
associated with a significant and sustained remission of depressive symptoms in four out of
six patients (Mayberg et al., 2005).

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

Brain-derived neurotrophic factor (BDNF)
BDNF is the most studied neurotrophin in the pathophysiology of MDD. One model suggested
that the pathophysiology of mood disorders was associated with decreased neurotrophin levels
during mood episodes; treatment with antidepressants and mood stabilizers is associated with
clinical improvement. Because of this association, we investigated whether changes in BDNF
levels were associated with the initial antidepressant effects of ketamine, but found that these
antidepressant effects were not mediated by BDNF. Plasma BDNF levels showed no changes
from baseline after ketamine infusion and up to 230 minutes post-infusion (a time point when
antidepressant effects and response were manifest) using an anti-BDNF sandwich-ELISA kit.
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Given that BDNF levels were evaluated only during the first day of treatment, it might be also
important to study its role in ketamine’s sustained antidepressant effects. The study did,
however, confirm ketamine’s efficacy as a fast-acting antidepressant (Machado-Vieira et al.,
in press).

Intriguingly, both ketamine and standard monoaminergic antidepressants seem to act directly
at the NMDA and AMPA receptors (Du et al., 2004; Du et al., 2007; Maeng et al., 2008);
however, it appears that ketamine’s glutamatergic targets may rapidly activate early
neuroplastic changes and synaptic potentiation through AMPA receptors, but not be related to
BDNF effects. In contrast, traditional antidepressants need to activate long neurotrophic
signaling cascades, which may be the reason for their delayed effects.

5. Enhancing AMPA to NMDA throughput as a convergent mechanism for the
rapid antidepressant actions of ketamine

In order to develop the next generation of therapeutics that work more rapidly than ketamine
and are better tolerated, it becomes crucial to understand the molecular and cellular basis for
ketamine’s antidepressant effects. With this goal in mind, our laboratory conducted a series of
preclinical tests with ketamine in animal models of MDD. Preclinical evidence indicates a
relevant interplay between AMPA and NMDA receptors in the rapid antidepressant effects of
ketamine (Maeng & Zarate, 2007; Maeng et al., 2008). Indeed, ketamine decreased immobility
time in the forced swim test—an animal model of depression—and this effect was abolished
when the AMPA antagonist NBQX was given prior to its infusion. Conversely, AMPA
inhibition with NBQX did not regulate imipramine’s antidepressant-like effects (Maeng et al.,
2008), thus reinforcing the selectivity of this effect to ketamine and maybe other glutamatergic
modulators. More recently, studies from our laboratory found that Ro 25-6981, a selective
NR2B subunit antagonist, had antidepressant-like properties in rodents. As with ketamine,
these effects appear to be largely mediated through AMPA receptors (Maeng et al., 2008).

This issue is particularly interesting because synaptic potentiation is thought to be involved in
ketamine’s acute antidepressant effects (Salvadore et al., 2008). As noted previously, ketamine
may produce AMPA-mediated synaptic potentiation rapidly, whereas traditional
antidepressants do so in a delayed manner through a cascade of intracellular signaling changes
(Sanacora et al., 2008), thus potentially explaining the differential time of onset for
antidepressant effects. Sleep deprivation, which is also known to induce rapid antidepressant
effects, similarly enhances AMPA-mediated synaptic plasticity (Faraguna, Vyazovskiy,
Nelson, Tononi, & Cirelli, 2008). Furthermore, ketamine appears to potentiate synaptic
efficacy in the amygdala–accumbens pathway (Kessal, Chessel, Spennato, & Garcia, 2005).
Notably, synaptic potentiation is known to involve AMPA trafficking, which enhances AMPA
throughput. Therefore, it is possible that enhanced glutamatergic throughput of AMPA relative
to NMDA receptors after ketamine treatment may result in increased synaptic potentiation and
activation of early neuroplastic genes (possibly not related to increased BDNF levels). The
consequent increase in glutamate release then preferentially favors AMPA receptors over
NMDA receptors because the latter are blocked by ketamine; thus, the net effect of ketamine’s
antidepressant effect on a cellular level is increased glutamatergic throughput.

Similar to NMDA antagonists, the antidepressant-like effects of the mGluR2/3 (group II
mGluRs) antagonists can be prevented by co-administration of an AMPA receptor antagonist,
suggesting that increased synaptic AMPA receptor activity may be a common pathway by
which glutamatergic-mediated antidepressant effects originate. Specifically, the mGlu2/3
receptor antagonist (LY341495) appears to shorten the time required for standard
antidepressants to exert their full effects (Matrisciano et al., 2005). Moreover, another recent
study found that the AMPA antagonist 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f ]
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quinoxaline-7-sulfonamide blocked the antidepressant-like activity of a similar group II
mGluR antagonist (MGS-0039) in the tail suspension test, another animal model of depression
(Karasawa, Shimazaki, Kawashima, & Chaki, 2005). Finally, Chourbaji and colleagues
(2008) recently found that mice with a deletion of the main AMPA receptor subunit GluR1
appeared to be a good animal model for depression, thus reinforcing the role of increased
AMPA activity or decreased NMDA function as relevant paradigms for MDD (Chourbaji et
al., 2008).

It is important to note that downregulation in NMDA receptor function has also been described
as an important downstream target for standard monoaminergic antidepressants. The period of
latency necessary to achieve antidepressant effects with these agents may represent the time
necessary to exert direct modulatory effects at the NMDA receptor-channel complex. At the
same time, inducing direct regulation of the NMDA receptors should result in more rapid
antidepressant effects.

There is also evidence that AMPA receptors appear to respond to chronic treatment with
standard antidepressants (Paul & Skolnick, 2003), but the mechanisms involved seem be
unrelated to those associated with ketamine’s rapid onset of antidepressant effects. Indeed,
chronic treatment with standard antidepressants has also been shown to enhance AMPA
receptor surface levels (Du et al., 2004; Du et al., 2007). Taken together, these findings suggest
that AMPA receptor amplification reduces NMDA receptor function through activation of
plasticity pathways. AMPA-mediated synaptic potentiation is involved in the early
antidepressant effects of ketamine, while AMPA-activating neurotrophic intracellular
signaling cascades modulate long-term antidepressant effects involving monoaminergic
regulation.

6. Conclusion and perspectives
The fact that monoaminergic antidepressants take weeks to achieve their full effect leaves
patients receiving these medications particularly vulnerable to impairment in global
functioning and at high risk of self-harm. The long and risky period of latency in MDD, as well
as the persistent residual symptoms, low rates of remission, and frequent relapses are challenges
that need to be better addressed by the next generation of improved therapeutics.

Several glutamatergic compounds are being tested in “proof-of-concept” studies in patients
with severe mood disorders (Sanacora et al., 2008). As this article has explored, using ketamine
as a proof of concept tool to 1) develop biomarkers of response to further our understanding
of what bio-signatures are necessary, and 2) determine what aspects of glutamatergic receptor/
subunit modulation are relevant to the next generation of improved therapeutics for the
treatment of MDD is likely to enhance drug discovery. Specifically, using ketamine as a starting
point to explore improved therapeutics for MDD can stimulate the continuous development
and testing of new fast-acting antidepressants displaying increased selectivity. For instance,
initial results with specific drugs that have fewer side effects than ketamine, such as NR2B
antagonists, are promising. It will also be important to determine whether antagonizing other
NMDA subunits would lead to antidepressant effects. Evidence is mounting that upregulation
and/or overstimulation of the NR2A receptor subtype of the NMDA receptor plays a pivotal
role in the etiology of MDD (Boyce-Rustav & Holmes, 2006; Sanacora et al., 2008); for
instance, it was recently reported that NR2A knockout mice exhibit a highly robust anxiolytic-
and antidepressant-like phenotype. For that reason, it will be important to test selective NR2A
antagonists and mixed NR2A and NR2B antagonists in proof-of-concept studies in MDD to
determine their relevance to therapeutic antidepressant effects.
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Given the urgency associated with our need to develop new treatments for MDD that are more
effective and work more rapidly than existing ones, it is heartening that so many further studies
on the potential mechanisms involved in the faster antidepressant actions of new glutamatergic
modulators are underway. We believe this represents a major and important step forward in
the development of the next generation of antidepressants. As the search for effective
treatments in MDD continues, it is crucial to change the way we understand and conduct drug
development. As with other areas of medicine, our gradual understanding of the
pathophysiology of MDD and the mechanism of action of antidepressants suggests that an
antidepressant response occurring within hours is now an obtainable goal. Despite ketamine’s
sedative and psychotomimetic adverse effects, overall it has been shown to induce a
consistently reproducible antidepressant effect within a short period of time. Thus, its true
worth may be as a research tool in our search for similar agents that can induce sustained effects
after repeated doses. The work with ketamine described above provides a direct example that
rapid response is possible. Most significantly, pharmacological treatments that exert a rapid
and sustained antidepressant effect within hours or even a few days could significantly impact
care for our patients as well as public health worldwide.
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Figure 1. Potential targets for ketamine and similar agents induce rapid and sustained
antidepressant effects
Glutamate is packaged into presynaptic vesicles by the vesicular glutamate transporters
(VGLUTs), which critically modulate glutamate concentration in the synaptic vesicles and its
consequent release in the synaptic cleft. Also, presynaptic group II mGluR modulation controls
glutamate accumulation in the synaptic vesicles. Glutamate clearance from the extracellular
space occurs through the high-affinity EAATs presented in the glia and presynaptic neuron.
The EAATs play a key role in maintaining adequate neuronal function by reducing potentially
toxic extracellular glutamate levels. Notably, ketamine’s rapid antidepressant effects have been
shown to be modulated by AMPA relative to NMDA throughput. Excessive glutamate also
stimulates the extrasynaptic NMDA receptors, which antagonizes the activation of
neurotrophic cascades. The potential sustained (sub-acute) antidepressant effects of ketamine
are hypothesized to be mediated by increases in CREB and BDNF expression, as well as the
anti-apoptotic protein Bcl-2.
AMPA (alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid); NMDA (N-methyl-D-
aspartate); VGLUTs (vesicular Glu transporters); metabotropic Glu receptors (mGluRs);
EAAT (excitatory amino-acid transporters); BDNF (brain-derived neurotrophic factor); CREB
(cAMP response element binding); B-cell lymphoma 2 (Bcl-2)
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