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Recent clinical studies have demonstrated
that a single subpsychotomimetic dose of
ketamine, an ionotropic glutamatergic N-
methyl-D-aspartate (NMDA) receptor an-
tagonist, produces a rapid antidepressant
response in patients withmajor depressive
disorder, with effects lasting up to 2 weeks.
Despite enthusiasm about this unexpected
efficacy of ketamine, its widespread use as
a fast-acting antidepressant in routine
clinical settings is curtailed by its abuse
potential as well as possible psychotomi-
metic effects. However, the ability of ket-
amine to produce a rapid and long-lasting
antidepressant response in patients with
depression provides a unique opportunity
for investigation of mechanisms that me-
diate these clinically relevant behavioral
effects. From a mechanistic perspective, it
is easy to imagine how activation of NMDA
receptors may trigger cellular and behav-
ioral responses; it is relatively more diffi-
cult, however, to envision how transient
blockade of one of the key pathways for

neuronal communication produces a per-
sistent beneficial effect. The authors discuss
recent work linking ketamine’s mecha-
nism of action to homeostatic synaptic
plasticity processes activated after sup-
pression of NMDA-mediated glutamatergic
neurotransmission. They focus on their
recent work demonstrating that ketamine-
mediated blockade of NMDA receptors at
rest deactivates eukaryotic elongation fac-
tor 2 (eEF2) kinase, resulting in reduced
eEF2 phosphorylation and desuppression
of rapid dendritic protein translation, in-
cluding BDNF (brain-derived neurotrophic
factor), which then contributes to synaptic
plasticity mechanisms that mediate long-
term effects of the drug. The authors also
explore possible molecular strategies to
target spontaneous neurotransmitter re-
lease selectively to help uncover novel
presynaptic avenues for the development
of fast-acting antidepressants and possibly
psychoactive compoundswith effectiveness
against other neuropsychiatric disorders.

(Am J Psychiatry 2012; 169:1150–1156)

Estimates from theNational Institute ofMental Health
indicate that the prevalence of major depressive disorder
is 6.4% of the U.S. adult population. A significant number
of patients with depression do not respond to currently
available medications, such as selective serotonin reup-
take inhibitors, and even in cases of successful treatment,
these compounds typically take weeks or months to trig-
ger an antidepressant response. This delay in onset is
a major drawback to current antidepressant therapies,
leaving a crucial need for the development of faster-
acting antidepressants, especially in patients at risk of
suicide. Recent clinical studies have consistently demon-
strated that a single subpsychotomimetic dose of ket-
amine, an ionotropic glutamatergic N-methyl-d-aspartate
(NMDA) receptor antagonist, produces a rapid antide-
pressant response in patients suffering from major de-
pression. Treatment-resistant depressed patients reported
alleviation of core symptoms of major depression with-
in hours of a single low-dose intravenous infusion of

ketamine, with effects lasting up to 2 weeks (1–3). De-
spite enthusiasm about the unexpected efficacy of ke-
tamine, its widespread use as a fast-acting antidepressant
in routine clinical settings is curtailed by its abuse po-
tential as well as possible psychotomimetic effects.
However, the ability of ketamine to produce a fast-acting
and long-lasting antidepressant response in depressed
patients provides a unique opportunity for preclinical
investigation of cellular mechanisms that mediate these
clinically relevant behavioral effects.

NMDA Receptor Blockade and
Neuronal Activity

The antidepressant effects of ketamine are reportedly
sustained for approximately 1–2 weeks after acute admin-
istration, indicating a key role of neuronal plasticities in
the mediation of the drug’s behavioral effects. Accord-
ingly, in animal models, acute ketamine administration
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has been shown to activate several downstream signaling
cascades that include mammalian target of rapamycin
(mTor) and glycogen synthase kinase-3 (GSK3), which have
been implicated in plasticity mechanisms as well as the
pathophysiology of neuropsychiatric disorders (4, 5).
However, these signal transduction cascades can also
be activated indirectly through increases in synaptic efficacy
and subsequent increases in neuronal activity. Indeed, earlier
work has shown that increases in synaptic efficacy, as seen
after long-term potentiation of synaptic inputs, can augment
the ability of individual synapses to elicit neuronal action
potential firing (6). Therefore, an increase in synaptic efficacy
may lead to an overall increase in neuronal excitability and
activatemultiple downstream signaling cascades that include
mTor and GSK3. In view of these findings, studies that have
been conducted on downstream targets of ketamine action
leave open the question as to how NMDA receptor blockade
by ketamine, which would be expected to decrease synaptic
transmission and long-term potentiation, instead leads to
coordinated increases in postsynaptic signaling and synaptic
efficacy, which in turn may have profound influences on
synaptic network activity patterns.
The basic property of ketamine as a use-dependent

blocker of NMDA receptor-mediated neurotransmission
suggests that the cellular and behavioral effects of this
compound are triggered by suppression of a tonically active
form of glutamatergic signaling in the brain. A prevailing
hypothesis posits that ketamine-induced suppression of
tonic NMDA receptor-mediated glutamatergic input onto
GABA-ergic interneurons leads to a decrease in overall
inhibition, also called disinhibition, tilting the balance of
synaptic transmission toward excitation. The model envi-
sions a purely electrical effect of NMDA receptor blockade
on subsequent signaling and overall neuronal activity (7).
Yet, it is important to note that tonic glutamatergic trans-
mission is also expected to activate ionotropic glutamatergic
2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl)propanoic acid
(AMPA) receptors, as most mature synapses contain both
AMPA and NMDA receptor populations (8, 9). However,
AMPA receptor antagonists alone do not trigger an anti-
depressant-like effect but rather block the action of keta-
mine when coadministered (10, 11). Moreover, neither
disinhibition by pharmacological suppression of inhibi-
tion nor an increase in neuronal activity itself is sufficient
to trigger a rapid antidepressant-like response in animal
models (10). Collectively, these observations point to-
ward a specific role of NMDA receptor blockade on
subsequent synaptic signaling and mediation of rapid
antidepressant-like effects that cannot be mimicked by
other means of altering postsynaptic glutamatergic
responses. To address this conundrum, in the following
sections we focus on recent advances in our understand-
ing of neurotransmission in the brain and then the direct
impact of NMDA receptor blockade on basic synaptic
biology.

Spontaneous and Evoked
Neurotransmission

Studies in the past two decades have dissected the
neurotransmitter release process into molecularly and
functionally distinct components. These studies have
given significant attention to the mechanisms underlying
the process of rapid neurotransmitter release in response
to fast neuronal spiking activity. However, thesemolecular
and functional studies have also uncovered clear mecha-
nistic distinctions between rapid release of a neurotrans-
mitter that is coupled to neuronal activity, which is referred
to as evoked neurotransmission, and neurotransmitter
release that occurs independently of neuronal activity,
which is referred to as spontaneous neurotransmission.
Evoked neurotransmission is described as presynaptic

action potential firing-driven neurotransmitter release
that then acts on postsynaptic receptors to mediate spe-
cific effects on intracellular signaling cascades. There are
two types of evoked neurotransmission: synchronous
release of neurotransmitters, which is tightly coupled to
nervous activity, and asynchronous release of neurotrans-
mitters, which is loosely coupled to nervous activity. Evoked
neurotransmission is a well-studied process that hasmany
important functions in the CNS, including in learning and
memory (12).
The second and less commonly studied form of neuro-

transmission, spontaneous transmission, occurs in the
CNS as a result of a low but not negligible probability
that a synaptic vesicle will spontaneously fuse with the
presynaptic membrane. Recent evidence has demon-
strated that spontaneous neurotransmission may have
important roles in the CNS, including modulating action
potential firing in some neurons, maturation and stability
of synaptic networks, local dendritic protein synthesis, and
mediating effects on homeostatic synaptic plasticity (13).
Several intriguing studies have demonstrated that when
glutamate is released spontaneously in the absence of
presynaptic action potentials (also referred to as “at rest”),
it activates specific NMDA receptors that couple to an
intracellular signaling cascade to mediate cellular and
molecular processes in a manner distinct from when
glutamate is released through evoked transmission (14–16).
The notion that spontaneous transmission may mediate
distinct cellular processes from evoked neurotransmission
raises intriguing possibilities about the role of this form of
neurotransmission in vivo.

Spontaneous Neurotransmission and
Its Impact on Neuronal Signaling

Under at-rest conditions, glutamatergic signaling can
be driven by three sources. First, increases in ambient
glutamate may originate from spillover of normal evoked
synaptic activity (17). In this scenario, depending on the
parameters that affect glutamate diffusion, clearance, and
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buffering, a glutamatergic tone may last several seconds
beyond the time frame of rapid evoked neurotransmis-
sion. Second, baseline glutamate may be nonsynaptic in
origin and driven by reversal of various transporters that
can shuttle glutamate in and out of neurons (18). These
mechanisms may dominate in pathological circum-
stances triggered by hypoxic insults such as stroke (19)
and contribute to glutamatergic excitotoxicity. Third, several
recent studies suggest that spontaneous quantal neuro-
transmitter release can also contribute to tonic glutama-
tergic signaling, especially in cases in which ambient
glutamate levels are estimated to be extremely low (20).

In support of a role for spontaneous glutamate release
in resting glutamatergic signaling, an increasing number
of studies have shown that spontaneous release events
trigger biochemical signaling that leads to maturation
and stability of synaptic networks, local dendritic protein
synthesis, and control of postsynaptic responsiveness
during homeostatic synaptic plasticity (13). Interestingly,
several studies have shown specific effects of postsynaptic
excitatory receptor blockade or inhibition of neurotrans-
mitter release under resting conditions, which could not
be achieved by inhibition of action potential-mediated
signaling alone (21). These observations suggest that selec-
tive regulation of spontaneous glutamatergic transmission
may lead to specific signaling outcomes.

Impact of NMDA Receptor Blockade
on Synaptic Homeostasis

To understand how ketamine may affect synaptic
processes, it is instructive to turn to a historical example of
how suppression of synaptic inputs can influence plastic-
ity. A widespread phenomenon that has puzzled neuro-
physiologists for over a century is the overexcitability of
target membranes after denervation or disruption of their
nerve input (22). The mechanistic basis for this increase in
effector sensitivity remains a current question in neuro-
physiology. Early experiments in the neuromuscular
junction showed that the increase in the sensitivity of
muscle tissue to acetylcholine was due to up-regulation of
acetylcholine receptors (23). More recent experiments
uncovered a similar phenomenon in central synapses and
revealed a powerful mechanism for maintenance of the
homeostatic stability of synaptic networks in the CNS (24).
Such work has also shown that chronic blockade of action
potential firing in neuronal cultures increases trafficking of
AMPA receptor subunits to postsynaptic sites, thus in-
creasing their sensitivity to released glutamate in a process
called “synaptic scaling” (25, 26). From the perspective of
network stability, these mechanisms are activated in
response to global changes in action potential firing and
in turn fine-tune the efficacy of individual synapses.

Studies have also identified more local, synapse-
specific, forms of homeostatic plasticity that are triggered
by blockade of postsynaptic glutamate receptors, in

particular NMDA receptor-mediated transmission (16,
27) or AMPA receptor-mediated transmission (28, 29). In
these experiments, NMDA receptor blockade byMK-801 or
(2R)-amino-5-phosphonovaleric acid (AP5), in the absence
of neuronal activity, could augment protein synthesis
through dephosphorylation of eukaryotic elongation
factor-2 (eEF2), a critical catalytic factor for ribosomal
translocation during protein synthesis (16). Notably, in
these experiments, blockade of action potentials per se
by application of the voltage-gated Na+ channel blocker
tetrodotoxin is not sufficient to trigger eEF2 dephosphor-
ylation. Therefore, according to this paradigm, NMDA
receptor activity at rest causes chronic activation of eEF2
kinase (eEF2K; also called CaMKIII), which phosphorylates
eEF2, effectively suppressing translation. In contrast,
acute NMDA receptor blockade at rest prevents eEF2
phosphorylation, thereby increasing translation of target
transcripts, including AMPA receptor subunits. These
studies by Sutton and colleagues provided a causal link
betweenneurotransmission occurring at rest in the absence
of action potentials and synaptic homeostasis. An impor-
tant point of these studies is that spontaneous neurotrans-
mitter release, rather than evoked neurotransmission, is
a specific regulator of postsynaptic sensitivity to neuro-
transmitters by suppressing the dendritic protein translation
machinery locally and maintaining receptor composition
of synapses.

A Synaptic Mechanism for
Ketamine Action

We recently demonstrated (10) that ketamine, as well as
other NMDA receptor antagonists, produces fast-acting
antidepressant-like effects in mouse behavioral models
that are dependent on rapid protein synthesis of brain-
derived neurotrophic factor (BDNF). Our work indicates
that rapid synthesis of BDNF also requires deactivation of
eEF2 kinase and decreased eEF2 phosphorylation. Pre-
vious studies have linked BDNF to traditional antidepres-
sant action (30); BDNF expression in the hippocampus is
increased by antidepressants (31), and BDNF deletion in
the hippocampus attenuates antidepressant behavioral
responses (32–34). Moreover, intraventricular or intra-
hippocampal BDNF infusion causes rapid and sustained
antidepressant-like behavioral effects lasting up to 6 days
(35, 36). We found that ketamine-mediated blockade of
NMDA receptors at rest deactivates eEF2 kinase, resulting
in a reduction of eEF2 phosphorylation and desuppression
of BDNF translation (Figure 1). These effects were not
mimicked by alterations in neuronal activity levels in vivo,
suggesting that spontaneous glutamate release and sub-
sequent NMDA receptor activation that occurs indepen-
dent of action potentials comprise the primary substrate
for ketamine action. Importantly, we were able to show
that inhibitors of eEF2 kinase trigger fast-acting behavioral
antidepressant-like effects inmice. These data support the
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hypothesis that suppression of spontaneous neurotrans-
mission-mediated NMDA receptor activation is necessary
and sufficient to trigger antidepressant-like responses.
Moreover, these findings highlight a behavioral and
clinically relevant correlate of protein translational regu-
lation by spontaneous release as a viable therapeutic
target for the development of fast-acting antidepressants.
Our current hypothesis is that low-dose ketamine blocks
synaptic NMDA receptor activation, and its blockade of
spontaneous glutamatergic transmission inhibits the eEF2
kinase, which desuppresses protein synthesis, resulting in
an up-regulation of BDNF as well as other dendritic proteins,
which then trigger the evoked transmission mechanisms
that underlie the synaptic plasticities to mediate the long-
term antidepressant effects. It is worthnoting that ketamine
and the other NMDA receptor antagonists have relatively
short half-lives (37–39), so it is not persistent blockade of
NMDA receptors that is mediating the behavioral effect,
but rather a more transient blockade that then resets the
system by engaging eEF2 kinase and the downstream in-
tracellular signaling pathway. Research is needed to examine
whether the psychotomimetic effects of ketamine seen at
higher doses rely on the same signaling pathway or requires
recruitment of additional signal transduction elements.
At this time, we do not have a clear picture of the

regional specificity of the ketamine effect. In principle, the
mechanisms we describe here should be present in several
types of glutamatergic synapses in the CNS. However, our

work so far indicates that ketamine-induced dephosphor-
ylation of eEF2 is most detectable in hippocampus. The
mechanisms that give rise to this apparent regional
specificity remain to be elucidated, but there are many
possibilities, among them regional differences in the rate
of spontaneous glutamate release, the coupling between
NMDA receptors and the eEF2 kinase signaling pathway,
the availability of the BDNF transcripts, and whether all
components of the dendritic protein translational machin-
ery are present and available for fast-acting translation.
Our findings implicating the blockade of spontaneous

NMDA receptors and the inhibition of eEF2 kinase to up-
regulate dendritic protein translation as the trigger for
ketamine’s fast-acting antidepressant action have a num-
ber of implications. First, increased baseline glutamatergic
transmission may be a player in the pathophysiology of
depression. This proposal is supported by a recent study
that uncovered enhanced basal glutamatergic transmis-
sion in a rat model of depression (40). Moreover, several
studies support the involvement of increased glutamate
release in the context of depression and stress-related be-
haviors (41). However, it remains unclear whether there is
overlap between the mechanisms that underlie the path-
ophysiology of depression and those involved in mediating
antidepressant responses. Second, the dendritic protein
translationmachinery, especially processes that affect rapid
translation of BDNF, appears to be a strong target for the
development of novel antidepressants. Third, spontaneous

FIGURE 1. Proposed Model for the Action of Ketamine on Glutamatergic Signaling at Rest and the Regulation of BDNF
Translationa
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a On the left, when neurons are at rest, spontaneous glutamate release and N-methyl-D-aspartic acid (NMDA) receptor activation leads to
activation of eEF2 kinase, triggering eEF2 phosphorylation and silencing of brain-derived neurotrophic factor (BDNF) translation. On the right,
NMDA receptor blockade at rest, in turn, does not activate eEF2 kinase, resulting in a gradual loss of eEF2 phosphorylation and desuppression
of BDNF translation, ultimately triggering TrkB (tyrosine-related kinase B) receptor signaling. Recent work suggests that synaptic vesicles
giving rise to spontaneous neurotransmission (green vesicles) are in part distinct from those that give rise to action potential neurotransmitter
release (red vesicles). Taken together, these observations raise the possibility that one can selectively target spontaneous neurotransmitter
release to elicit rapidly acting antidepressant responses.
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glutamate release itself, when suppressed selectively, could
provide a valuable target for potential antidepressant
action, as discussed in the final section of this review.

Selective Regulation of Spontaneous
Neurotransmitter Release

A traditional extension of the recent studies of ketamine-
mediated rapid antidepressant actionwould entail a detailed
examination of targets downstream of NMDA receptor
blockade (such as inhibitors of eEF2 kinase) for develop-
ment as fast-acting antidepressants. While this is a logical
and worthwhile approach, it has been extremely difficult
to develop kinase-selective drugs for use in patient pop-
ulations. Furthermore, an NMDA receptor blocker such as
ketaminemediates effects onboth spontaneous andevoked
transmission, although its impact on spontaneous neuro-
transmission appears to be necessary and sufficient to elicit
the behavioral antidepressant effect. NMDA receptor activa-
tion during evokedneurotransmission is awell-characterized
pathway underlying several forms of long-term synaptic
plasticity, and its inhibition is known to trigger several
cognitive side effects of NMDA receptor blockers; there-
fore, it is possible that simply developing other NMDA
receptor blockers may not be enough to avoid the side
effects associated with blocking evoked transmission.
Indeed, it is interesting to speculate whether the adverse
psychotomimetic effects observed with higher doses of
ketamine may be due to a more pronounced effect on
evoked neurotransmission. To circumvent these potential
problems, an “upstream” strategy that selectively sup-
presses spontaneous neurotransmitter release and leaves
evoked neurotransmission intact may present several
advantages.

One possible upstream approach for selectively target-
ing spontaneous transmission may take advantage of the
differences in presynaptic vesicles involved in the two
forms of neurotransmission. A number of studies have
provided evidence that presynaptic vesicle populations
giving rise to spontaneous release events are distinct from
those that carry out action potential-driven neurotrans-
mission (42–44). Recent work has uncovered several
molecular candidates that may be involved in this di-
chotomy. For instance, a noncanonical SNARE molecule,
Vps10p-tail-interactor-1a (vti1a), previously shown to
reside on synaptic vesicles, could only be slowly mobilized
during activity comparedwith themore abundant vesicular
SNARE synaptobrevin2 (also called VAMP2). Under resting
conditions, vti1a showed robust trafficking that could be
partly matched by synaptobrevin (45). Subsequent experi-
ments demonstrated that loss of vti1a function selectively
reduced spontaneous neurotransmitter release detected
postsynaptically, with no effect on evoked neurotransmit-
ter release. These results provide evidence that vti1a in its
native form selectively maintains spontaneous neuro-
transmitter release and thus constitutes a specific marker

for this form of neurotransmission. From these results, it is
tempting to hypothesize that small molecules that suppress
vti1a trafficking should selectively impair spontaneous
release and thus mediate synaptic as well as behavioral
effects that in partmimic ketamine’s antidepressant effect.
One proof of principle for this approach would be to
selectively delete vti1a in particular brain regions of rodents
and assess the animals’ ability to respond to ketamine as a
fast-acting antidepressant. The success of this type of
approach would provide further support for the develop-
ment of small molecules to target presynaptic targets such
as vti1a for the treatment of depression.
In addition to vti1a, VAMP7 and VAMP4, which are also

noncanonical synaptic vesicle-associated SNARE mole-
cules, have been shown to specifically drive spontaneous
and asynchronous forms of neurotransmission, respectively
(46, 47). These examples suggest several novel presynaptic
synaptic vesicle traffickingpathways thatmaybe targeted to
elicit specific alterations in neurotransmitter release and
modify subsequent synaptic signal transduction events,
leading to specific behavioral outcomes.

Conclusions

The recent findings on the specific presynaptic mole-
cules that selectively regulate spontaneous release render
feasible the development of screens that will identify
compounds that rapidly suppress spontaneous neuro-
transmitter release without significantly altering evoked
neurotransmission. Our prediction is that compounds that
act presynaptically to selectively impair spontaneous neuro-
transmitter release in an acute manner should trigger a
behavioral response similar to ketamine’s rapid antide-
pressant response but without ketamine’s side effects,
whichmay arise from its blockade of evoked transmission.
An important aspect of this strategy will be delineating
acute from chronic inhibition of spontaneous neurotrans-
mitter release, which may lead to neuronal adaptations
that hinder the rapid antidepressant action. The selective
suppression of spontaneous neurotransmission represents
a novel and intriguing target, and if validated, this approach
may uncover a novel avenue for the development of fast-
acting antidepressants and possibly psychoactive com-
pounds with effectiveness against other neuropsychiatric
disorders.
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